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Abstract We have used density-functional theory to investi-
gate the neighboring-group stabilization of iodine, arsenic,
and phosphorus-centered oxyanionmoieties in species such as
deprotonated 2-iodoxybenzoic acid (IBX) and its analogs. The
magnitudes of different stabilizing effects and further candi-
dates for analogous stabilization are analyzed.
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Introduction

The well-established concept of halogen bonding (for a
review, see [1]) has recently been extended to a more
general approach that uses the concept of the σ-hole [2].

Briefly, the σ-hole is an area of positive molecular
electrostatic potential collinear with, and opposite, to a
bond between an electronegative element in groups 5–7 and
of the second long period or higher and an electronegative
partner. More recently, the σ-hole concept has been
extended to the group 4 elements Si and Ge [3]. The
σ-hole results from an electron deficiency in the area of
space opposite the covalent bond. It is the result [2] of the
s-like nature of lone pairs on elements of the higher periods
in the periodic table and can be rationalized by hybridiza-
tion arguments within the linear combination of atomic
orbitals (LCAO) approximation. σ-hole bonds can be
viewed as a combination of electrostatic and collinear
donor-acceptor interactions, much like hydrogen bonds.
The σ-hole concept has been demonstrated to be applicable
to a surprisingly large number of intermolecular interactions
[4–10]. However, as the σ-hole is a general phenomenon, it
should also result in intramolecular effects such as
neighboring-group stabilization. This result will be most
obvious in anions, whose negative centers can be stabilized
by interactions with the σ-hole, but intramolecular σ-hole
bonding has already been identified for 1,4-intramolecular
S...O and Se...O interactions in thiazole and selenazole
drugs [8].

Analysis of σ-hole bonding from calculations is difficult
because familiar concepts such as the net atomic charge
have very little meaning for atoms whose molecular
electrostatic potential is very anisotropic [11]. This means
that conventional population analyses or schemes to divide
the electron density into atomic contributions are not
applicable. The donor-acceptor component of σ-hole
bonding is related to the established concept of negative
hyperconjugation [12, 13] and the anomeric effect [14], but
differs in its directionality and in the fact that the σ-hole
itself is an observable phenomenon in the isolated mole-
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cule. In the following, we present an energetic and
geometrical analysis of intermolecular interactions in which
σ-hole bonding plays a role.

We now present some examples of this type of stabilization
and discuss its effect on, for instance proton affinities.

We recently reported pKa measurements [15], density-
functional theory (DFT) calculations [15, 16], and experi-
mental determinations of the gas-phase proton affinities
[16] of the anions of the hypervalent iodine species IBX
2-iodoxybenzoic acid), 1 and IBA (2-iodosobenzoic acid),
2 (Scheme 1).

IBX was found to be quite acidic in solution (pKa=6.7 in
water [8]) and its anion to have an experimental proton
affinity 21.5 kcal mol-1 lower than IBA (310.7 vs.
332.2 kcal mol-1) [16]. DFT calculations supported these
conclusions. X-ray crystallographic structures [17] of
2-iodyl-4-nitrobenzoate salts reveal the long I-O ring bond
shown in the scheme below as a dashed blue line and also
revealed by ab initio calculations [18] on model compound
3 without the benzo-annelation (Scheme 2).

How do we explain the enhanced acidity of IBX over
IBA? In order to analyze this effect, we can regard
deprotonated IBX 4 and IBA 5 as benzoates stabilized by
a neighboring oxidized iodine center [17, 18] (Scheme 3):

We can use PhIO2 and PhIO as models for the
neighboring iodine acceptor. The molecular electrostatic

potential projected onto isodensity surfaces for these two
species shows typical areas of positive potential (red) at the
backside of the I-O bonds (the σ-hole [2]). One I-O bond in
PhIO2 has been held coplanar with the phenyl ring to mimic
the conformation found in the IBX anion.

Results and discussion

Figure 1 shows the molecular electrostatic potential
calculated at an isodensity surface of PhIO2 and PhIO. In
contrast to other XO2 groups [10], PhIO2 shows only one
σ-hole in the conformation in which one I-O bond is held
coplanar to the phenyl ring. The fully optimized (Cs)
conformation exhibits two smaller and less positive σ-holes

Scheme 1

Scheme 2

Scheme 3

Fig. 1 Calculated (PW91/dnp) molecular electrostatic potentials
projected onto the 0.017 e-.Bohr-3 isodensity surfaces of deprotonated
PhIO2 (above) and PhIO (below). The potential scale is the same in
both cases and is given in atomic units. The molecular orientation is
chosen to view exactly along the in-plane I-O bond
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collinear with the I-O bonds. We can therefore conclude
that the electrostatics around the iodine atom are being
influenced strongly by the π-conjugation with the phenyl
group. PhIO shows the expected σ-hole collinear with the
I-O bond. The σ-hole in PhIO is surprisingly slightly larger
than that in PhIO2. The most positive potential on the
isodensity surface is found in the σ-hole for both molecules
and is significantly more positive (+52.5 kcal mol-1) for
PhIO than for PhIO2 (+48.5 kcal mol-1). The enhanced
stability of the IBX anion compared with that of IBA is
therefore not a pure electrostatic effect.

However, the intramolecular halogen bonds denoted by
blue dashed lines in 4 and 5 also have an electron donor-
acceptor (Lewis base-Lewis acid) component. As the
electronic nature of the carboxylate anion moiety should
be approximately the same for the two systems, the

difference must lie in the acceptor properties of the iodine
group.

The strength of the substituted iodine moiety can best be
judged by calculating the electron affinities of the model
compounds PhIO and PhIO2. Table 1 shows the B3LYP/
aug-cc-pVTZ [19–25] calculated Born-Oppenheimer
total energies and electron affinities for fully optimized
PhIO and PhIO- and for PhIO2 and its radical anion with
one I-O bond constrained to lie in the plane of the phenyl
group.

The relaxed electron affinities are of little relevance
because PhIO- dissociates into a phenyl radical and IO- on
one-electron reduction and PhIO2

- gives a T-shaped radical
anion with long I-O bond lengths (see Supporting informa-
tion). The vertical electron affinities, however, show clearly
that PhIO2 is a significantly better (by 10 kcal mol-1)
electron acceptor than PhIO.

The highest occupied molecular orbital (HOMO) of
deprotonated IBX and the HOMO-1 of IBA demonstrate
the donor-acceptor interaction between an in-plane car-
boxylate lone pair and the opposing σ*IO antibonding
orbital between iodine and oxygen. Figure 2 shows these
two orbitals.

Fig. 2 The HOMO of deprotonated IBX (above) and the HOMO-1 of
deprotonated IBA (below)

Table 1 Total energies (B3LYP/aug-cc-pVTZ, a.u.) and electron
affinities (kcal mol-1) for PhIO and PhIO2 and their radical anions.
One I-O bond in PhIO2 and its radical anion has been constrained to
lie in the plane of the phenyl ring. The Gaussian archive entries for
these calculations are given in the Supporting information

Total energy Electron affinity

Neutral
molecule

Radical anion

Vertical Relaxed Vertical Relaxed

PhIO -602.41621 -677.58277 -602.44319 -8.39 16.92

PhIO2 -677.57998 -602.40285 -677.63418 1.75 34.01

Scheme 4

Scheme 5
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In both cases, the in-plane lone pair of the carboxylate
interacts with a σ*IO orbitals, as we would expect in
σ-hole bonding [1, 3]. However, the second oxygen in
deprotonated IBX also contributes significantly to stabi-
lizing the σ*IO orbital, thus making it a stronger acceptor
than in deprotonated IBA. Thus, the relative acidities of
IBX and IBA can be explained by intramolecular halogen
bonding between the incipient carboxylate anion and the
IOn moiety. In this particular case, the electrostatic effect
of the σ-hole should be larger for IO than for IO2, but the
latter is a better electron acceptor, so that the donor-
acceptor component of halogen bonding dominates and
makes IBX a stronger acid than IBA. The lengthening of
the I-O bonds anti to the carboxylate (from 1.862 in PhIO2

to 1.884 Å in deprotonated IBX and from 1.907 in PhIO to
1.931 Å in deprotonated IBA, all values calculated at the
B3LYP/aug-cc-pVTZ level) underline the importance of
electron donation from the carboxylate into the σ*IO
orbital. The fact that the perpendicular IO bond in
deprotonated IBX is only marginally lengthened (to
1.864 Å from 1.856 Å) emphasizes the directionality of
the interaction.

In valence-bond terms, this stabilization can be
expressed by the no-bond resonance structures shown in
Scheme 4 [17, 18].

In this case, the I = O double bond is simply used to
denote a “normal” hypervalent iodine-oxygen bond and
I+-O- denotes a more highly polarized iodine-oxygen bond

than normal. We will not consider the question of whether
“d-orbitals are involved” as it has no meaning outside the
(LCAO) approximation and our results can be rationalized
using purely s,p-hybridization arguments and the existence
of relatively low-lying A-O antibonding orbitals [2]. This
does not mean that we cannot discuss the form and character
of MOs; only the partitioning into AO-contributions is
restricted to the LCAO approximation.

Other anions stabilized by σ-holes on neighboring
groups

The prerequisites for neighboring group stabilization of the
type discussed above are:

1. A potentially good leaving group (in the above case
carboxylate) bound to the σ-accepting center

2. Possibly strain (in the above cases in the five-membered
ring) to promote dissociation of the leaving group

3. At least one electronegative substituent (X) on the heavy
atom (Y) of the neighboring group to provide a σ-hole

4. A relatively weak X-Y bond to provide a low-lying
σ*XY acceptor orbital

Scheme 6

Fig. 3 The B3LYP/ aug-cc-pVTZ optimized structures of acid 8 (left)
and its anion (right)

Fig. 4 The B3LYP/ aug-cc-pVTZ optimized structures of acid 9 (left)
and its anion (right)

Scheme 7
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As a direct analog of IBX, the phosphonic acid 6 might
be a candidate for enhanced acidity. However, its anion 7
shows some geometrical evidence of partial dissociation of
the ring P-O bond on deprotonation (1.831 Å in the anion,
1.703 Å in the acid), but the effect is not strong. In this
case, the strength of the P-O bond renders the σ*PO orbital
a relatively poor acceptor. The relatively short P-O bond
also introduces less strain into the five-membered ring than
an I-O bond (Scheme 5).

Obviously, heavier group 5 elements are better candi-
dates for the neighboring group stabilization of the anions,
but the corresponding compounds are not isolable. A
literature search for compounds that contain the IBX/IBA-
like a hydroxyl-substituted heteroatom bound to the oxygen
in the five-membered ring suggested that derivatives of the
arsenic and selenium compounds 8 [26–28] and 9 [29–32]
may be candidates for the type of enhanced acidity
described above (Scheme 6).

Calculations on 8 and its anion show the expected
geometrical effect, but it is no stronger than that for the
phosphonic acid 6. The ring As-O bond length in 8 is
calculated to be 1.881 Å, compared with 2.057 Å for the
anion. The optimized geometries are shown in Fig. 3 and
given in the Supporting information.

The selenium compound 9 would not normally be ex-
pected to be strongly acidic. However, B3LYP/ aug-cc-
pVTZ geometry optimizations show a large increase in the
ring O-Se bond length; from 2.067 Å in the acid 9 to
2.628 Å in the anion. The optimized geometries are shown in
Fig. 4,

Another alternative is the reported sulfonic analog of
IBX, IBS 10 [33], in which the potential carboxylate anion
is replaced by a sulfonate (Scheme 7).

The optimized structures of 10 and its anion show a
strong geometrical effect of deprotonation. The ring O-I
bond lengthens for 2.158 Å in the acid to 2.605 Å in the
anion. The optimized geometries are shown in Fig. 5 and
are given in the Supporting information.

Proton affinities

In order to analyze the stabilization of the anions, we
introduce the three structures I-III, that represent 1, 2, 6,
8, 9 and 11, their anions and model compounds, and their
deprotonated forms. The unsubstituted acid III serves as
the standard for the inherent proton affinity of the acid
group AX (X is usually OH). The anion of the IBX-analog
I is stabilized by two main effects; the σ-hole neighboring
group effect discussed above and the additional inductive
or conjugative stabilization provided by the second
substituent B on the aromatic ring. In order to estimate
the magnitude of this second effect, we have used the
para-substituted analog II, for which the stabilization by
the para-substituent must be similar to that given by the
ortho-equivalent in I. Model compound III also allows us
to assess the energy difference between the oxyanion
formed by deprotonation of A and the alternative anion
that can be obtained by deprotonating the BY substituent
if Y = OH. These model compounds have been designed
to allow us to eliminate well-known and common
electronic effects such as the inherent proton affinity of
the AX(OH) group (e.g., the equivalent of “COOH is more
acidic than CH2OH”) and the substituent effect of this
group on the aromatic system in the AX(OH)-C6H4-BY
system (Scheme 8).

Fig. 5 The B3LYP/ aug-cc-pVTZ optimized structures of acid 10
(left) and its anion (right)

Scheme 8

Scheme 9
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The individual stabilization energies have been estimated
using the following scheme (Scheme 9):

ΔEstab represents the total stabilization of the oxyanion
of the bicyclic IBX analog, ΔEπ due to the para-
carboxylic acid substituent and ΔEσ due to the intramo-
lecular bond A-O bond. This intramolecular bond is a
combination of the purely electrostatic and donor-acceptor
components of the σ-hole interaction and the residual
covalent A-O bond minus the additional strain introduced
by partially closing the five-membered ring. Table 2 shows
that this contribution is relatively small (from 3–5 kcal mol-1)
for the phosphorus, arsenic and selenium anions, but
significantly larger for the iodine ones. The carboxylate
group provides less stabilization (15 and 19 kcal mol-1 in
deprotonated IBA and IBX, respectively) than the sulfonate
in the IBS anion (28 kcal mol-1).

It is not possible to separate the three stabilizing effects
outlined above uniquely and is not necessary in the context
of this study.

An alternative ring system

If we retain iodine as the central atom of the neighboring
group, we can consider alternatives to the IBX-like bicyclo
[4.3.0] ring structure using, for instance, phenolate anions
as the neighboring potentially acidic group. One possibility
is the napthoate anion 12 obtained from the acid 11. In this
case, B3LYP/aug-cc-pVTZ calculations show the I-O ring
bond length in 12 to be 2.531 Å compared with 2.196 Å in
11. The B3LYP/cc-pDVZ optimized structures of 10 and 11
are shown in Fig. 6 and given in the Supporting information
(Scheme 10).

Table 2 Calculated (B3LYP/aug-cc-pVTZ) stabilization energies (kcal mol-1) as defined in the scheme above. The relevant total and zero-point
vibrational energies are shown in Table S1 of the Supporting information

A B X III II I

Proton affinity Proton affinity ΔEπ Proton affinity ΔEstab ΔEσ

PO2
- C = O OH -327.1 -320.3 -6.8 -315.2 -11.9 -5.0

P = O(OH) C = O O- -329.4 (9.1)

AsO- C = O OH -346.3 -340.8 -5.5 -335.3 -11.0 -5.5

AsOH C = O O- -332.9 (-7.9)

Se(CH3)O
- C = O OH -354.0 -347.8 -6.2 -344.4 -9.6 -3.4

Se(CH3)OH C = O O- -334.1 (-13.7)

IO2
- C = O OH -339.6 -337.8 -1.8 -319.3 -20.3 -18.5

I = O(OH) C = O O- -326.2 (-11.0)

IO- C = O OH -356.9 -347.9 -9.0 -333.0 -23.9 -14.9

I(OH) C = O O- -331.5 (-16.3)

IO2
- SO2 OH -339.6 -333.8 -5.9 -306.3 -33.4 -27.5

I = O(OH) SO2 O- -319.1 (-14.6)

Scheme 10
Fig. 6 The B3LYP/ aug-cc-pVTZ optimized structures of acid 11
(left) and its anion 12 (right)
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