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Abstract

Unexpected trends in the strengths of halogen-bond based adducts of CY;l (Y = F, Cl, Br, I)
with two typical Lewis bases (chloride and trimethylamine) show that the halogen-bond donor
strength (Lewis acidity) of a compound R-X is not necessarily increased with higher
electronegativity of the (carbon-based) group R.

Halogen bonds (XBs), 1 i.e. non-covalent interactions between electrophilic terminal halogen
substituents and Lewis bases, have recently gained increased interest and by now form the
basis of various applications in the solid state 2 and in solution. 3 The interaction itself has been
known for more than 150 years 4 and was for a long time considered as a special case of a
charge-transfer complexation. 5 The most prominent visualization of the electronic origin of XBs
is the so-called “o-hole”, 6 i.e. a region of positive electrostatic potential on the electron
isodensity surface of the halogen atom X of the halogen-bond donor (i.e. the Lewis acid; cf. Fig.
1). As it was repeatedly shown 7 that the strengths of XB-based adducts correlate linearly to the
most positive electrostatic potential on the XB donor (i.e., the magnitude of the o-hole, Vs nax).
XBs have often been portrayed as predominantly electrostatically driven interactions. It is
currently also widely accepted that an XB donor RX with a more electronegative group R will
form stronger XBs with Lewis bases.

However, when we performed orientating computations to complement our experimental
investigations, 8 we found trends in the strengths of XB-based adducts that run opposite to what
would be predicted by the electronegativity trend of the groups attached to the electrophilic
halogen atom (and likewise the magnitude of the corresponding o-hole, Vs ..,)- In the following,
we will present these cases and rationalize the findings by energy decomposition analyses.

We will focus our discussion on a few select examples featuring CY;l derivatives (Y = F, Cl, Br,
I) as representative strong XB donors in complexes with chloride and trimethylamine as typical
charged and neutral Lewis bases (Scheme 1). Table 1 shows the relevant data for the



complexes of CY;l of hydrogen bonds. 12 Another established decomposition scheme, the ETS
method, 13 arrives at the same conclusions (see ESlw).

The NEDA analyses allow the partition of the chemical bond between the XB donor and the
Lewis base into few chemical relevant contributions: the electrostatic interaction, the charge
transfer and the lone pair repulsion.

The electrostatic term includes the Columbic nuclei-nuclei, nuclei—electron and
electron—electron interaction between the two adducts, as well as the effect of the induced
polarization exerted by the field of one fragment over the other. This term is usually attractive,
i.e. with a negative energy, shown in Table 1. The charge transfer term defines the amount of
electrons transferred from one adduct to the other upon formation of the chemical bond. It is
also an attractive contribution. The lone pair repulsion term (with the acronym “Core” in Table 1)
is a consequence of the Pauli exclusion principle, i.e. same spin electrons cannot occupy the
same region of space. This term, as the word defines it, is always positive. Several qualitative
trends become apparent:

Firstly, and most significantly, both the electrostatic contribution (Table 1, line 4) and the
charge-transfer contribution (line 5) to the overall interaction energy (line 7) increase with less
electronegative groups CY;, i.e. from Y = F to Y = |. Along this trend, the charge-transfer
contribution changes by a larger amount than the electrostatic contribution. The magnitude of
charge-transfer from the chloride to the XB donor was also analysed by Natural Population
Analysis (line 8), 14 which confirms the previous findings. The increased charge transfer for the
heavier halogen substituents Y can be explained by the energy levels of the respective C—I
o*-orbitals of the XB donors CY;l (Fig. 3). These orbitals become lower in energy and thus more
favourable for an interaction with the HOMO of the Lewis base fromY = F to I.

Secondly, the magnitude of the o-hole of the XB donors examined (Vs max, line 1) does not even
correlate to the actual electrostatic contribution (line 4). Thus, while Cl, features a less positive
Vsmax than CF;l, the electrostatic term is more favourable for the former. Clark et al. have
previously elegantly shown for hydrogen bonds 15 that the magnitude of the o-hole changes in
the presence of an external electric field (a point charge in that case). Using the same approach
by locating a negative point charge of 1.0, along the C-I axis, at the computed equilibrium
position of Cl for each given CY;I-Cl complex, it becomes apparent that although the o-hole of
the isolated Cl, is smaller than that of CFl, it is the opposite in the presence of an external field
due to the higher polarizability of the Cl, molecule (Fig. 1), thus explaining the more favourable
electrostatic term for the complex of Cl, with chloride (see also Table 1 for concrete values of
Vsmax in the presence of a point charge: Vs .« (induced)). However, this inversion of the trend is
still mostly qualitative, since the progression of the Vs .., (induced) values (lines 2 and 11) is not
regular enough to fully explain the trend of the interaction energies.

Thirdly, the repulsive contribution to the overall interaction energy (line 6), i.e. the Pauli repulsion
including the lone-pair repulsion of the iodine p orbitals with the Lewis base, partly compensates
the trend set by the attractive forces (compare lines 4 and 5), as itincreases fromY =FtoY = 1.



Overall, however, the trend of the interaction energy is dominated by the variations of the
attractive contributions. The fact that the complexes of CY;l with chloride become more
favourable towards the heavier halogens is also reflected by a shortening of the corresponding
I-Cl interaction distances fromY = F to Y = | (Table 1, line 9).

Parallel to chloride as a Lewis base, we also performed calculations employing trimethylamine
as a prototypical neutral nucleophile (see Table 1). 16 All relevant trends described for the
chloride complexes are also observed for the adducts with trimethylamine. Since the overall
interaction energies are smaller for the trimethylamine complexes, the trends also become more
subtle and are in some cases probably within the error of the computational methods. Even so,
the trimethylamine complexes once again show that the interaction strength of XB-based
adducts cannot easily be predicted by a simple measure (e.g. the electronegativity of the
fragment CY5).

In conclusion, we have presented a series of XB-based adducts which contradict the general
consensus that more electronegative (carbon-based) groups R, bound to the electrophilic
halogen atom X, will lead to more stable complexes of R—X with Lewis bases. 17 We note that
elemental iodine could serve as a further example for this point, as it forms strong XB adducts
despite the lack of an electronegative substituent (see e.g. the recent detailed discussions by
Laurence et al., Taylor et al., and Zou et al.). 18

In addition, the magnitude of the c-hole on the relevant halogen atom apparently does not
always forecast trends of interaction strengths correctly. Although the o-hole itself provides a
very intuitive visualization of the rather intriguing electron distribution around the halogen atom,
the concept behind it might have to be expanded by taking into account quantum chemical
effects like charge transfer and the Pauli repulsion. As a direct consequence of these findings,
the design of highly potent XB donors R—-X may not necessarily rely on the use of very
electronegative groups R (e.g. perfluorinated backbones). Instead, highly polarizable groups, or
groups that help to stabilize the C—X o*-orbital might be more effective for selected cases.
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Fig. 1 Electrostatic potentials mapped on the electron isodensity surface of CF;l (A) and Cl, (C)
at the same contour value of 0.001 electron per Bohr®. The red color shows the most negative
potential, while the blue color represents the most positive one. The o-holes of CF;l (B) and Cl,
(D) in the presence of a 1.0 point charge are also depicted. Energies are expressed in a.u.
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Scheme 1. XB-based adducts considered in this study.



# CY;1-Cl™ Y =F Y=C Y =Br Y =1

I Vs max 28.5 274 26.6 25.5
2 Vs max (Induced) 92.4 100.2 997 102.1
3 AE L (MP2) ~20.3 ~33.5 ~35.6 —37.0
NEDA

4 Electrostatic —67.7 ~76.7 -794 —80.6
5 Charge-transfer —64.5 —85.1 —B9.8 —95.6
6 Core 97.3 121.5 126.5 132.3
? .ﬁfq |1L[DFT:| —345" —4”3 —4_.’.? —43_‘#'
%  NPA charge transfer 0.29 0.37 0.40 0.43

9 Dist I-Cl DFT(MP2) 2772800 2.69(2.70) 2.67(2.67) 2.652.64)
# CYi;l-NMe; Y=F Y=CI Y=B8Br Y=1
10 Vs max 28.5 274 26.6 25.5
11T Vs ay (Induced) S0.8 502 49.2 474
12 AE,,(MP2) 110 134 —142  —146
NEDA

13 Electrostatic —28.1 ~36.7 ~36.6 ~37.7
14 Charge-transfer —27.5 -37.9 —38.1 —39.4
15 Core 47.1 643 638 66.2
16 AE,,(DFT) ~8.5 103 —109 —10.9
17 NPA charge transfer (.10 0.15 0.16 0.17

I8 Dist I-N DFT(MP2) 2.77(2.76)" 2.66(2.64) 2.67(2.61) 2.66(2.59)

4277 A from experiment, see Legon er al.'®

Table 1. Computed data for the complexes of CY;l with chloride and trimethylamine. Distances
are in A. Energies are in kcal mol.
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Fig. 3. Energy levels for the CY;l molecules, as obtained by the DFT calculations (see
supporting information; o* orbitals in red).
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Fig. 2. Absolute value of the computed interaction strength DE int (MP2) for the CY;|-ClI (Y = F,
Cl, Br, I) halogen bond vs. Vs ., for CY;l, each relative to CF;I(CI), set at 100%. The lines serve
only illustrative purposes.



