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Strong halogen bonds can provide a foundation for reliable

supramolecular strategies for effective self-assembly and design

of functional materials. A new class of halogen-bond donors have

been developed using structural and theoretical tools and these

3-iodo-1-phenylprop-2-yn-1-ones demonstrate several features

that make them promising additions to the crystal engineering

tool-box.

Halogen bonds (XB), which fall under the umbrella of “σ-hole
interactions” are often described as an attractive force
between the electrophilic region on a halogen atom located
along the extension of its covalent bond, and a nucleophilic
region on the same or a different molecular entity.2 Although
known for decades,4 the halogen bond has only relatively
recently been recognized as a key synthetic driver in a wide
range of applications involving e.g. liquid crystalline,6

phosphorescent,7 non-linear optical8 and functional
materials,9,10 medicinal chemistry11 and crystal engineering.12

The structural importance of halogen bonds can be ascribed
to high directionality, tunability and strength, which can be
rationalized by the anisotropic molecular electrostatic
potential (MEP) distribution around the halogen atom. The
magnitude of the positive σ-hole potential is often used as a
qualitative yardstick to assess the halogen-bond donor ability;
the larger the positive value, the stronger the bond.13 A more
reliable interaction results in synthon robustness, which
facilitates molecular recognition,14 structural prediction15 and
self-assembly,16 which are key features for effective and
selective binding in biological systems.17 In order to develop
new materials that require specific structural properties that
rely on directional intermolecular interactions, it is essential

that we identify new halogen-bond donors capable of forming
robust non-covalent interactions.

‘Activation’ of a halogen-bond donor with an electron
withdrawing group (EWG) has been widely employed to reduce
the electron density at the σ-hole and thus strengthen the
resultant halogen bond.18,19 The halogen atom can also be
activated by attaching it to an sp-hybridized carbon atom which
facilitates polarization and enhances the σ-hole potential
further.20–22 However, there are relatively few examples of a
combination of both electron-withdrawing groups and
polarization through an sp-hybridized carbon atom in order to
affect ‘doubly activated’ halogen-bond donors.5,23

In the work presented herein, we demonstrate how a new
class of exceptional halogen-bond donors can be synthesized
by combining three different electron withdrawing moieties
in parallel to affect a ‘triply activated’ σ-hole. The step-wise
progression is illustrated in Scheme 1 where we show how
the positive electrostatic potential on the iodine atom
increases from 95 kJ mol−1 on iodobenzene, by introducing
an sp-hybridized carbon atom (168 kJ mol−1),24,25 an EWG
ketone adjacent to the CC bond (199 kJ mol−1), and finally
another EWG on the aromatic backbone (225 kJ mol−1).
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Scheme 1 Design strategy employed in creating the library of triply
activated XB donors, showing the σ-hole potentials on the iodine
atom computed using DFT at B3LYP/6-311++G** level of theory at
iso = 0.002.
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This value is among the very highest σ-hole potentials that
have been reported to date, exceeding those displayed by ‘doubly
activated’ molecules such as 1-(iodoethynyl)-3,5-dinitrobenzene
(IEDNB, 217.7 kJ mol−1),5 4-(iodoocta-1,3,5,7-tetrayn-1-yl)
benzonitrile (CNC8I, 208.4 kJ mol−1)3,26 and 1,3,5-triiodo-2,4,6-
trinitrobenzene (TITNB, 207.0).1 The triply activated molecule
offers additional synthetic scope as compared to TITNB,
since the aromatic backbone can be further functionalized
thereby allowing us to ‘dial-in’ the resulting σ-hole potential
and, thus, halogen-bond (XB) donor capabilities.

In this study we focus our attention on five triply
activated alkyne–ketones: 4-fluoro (4F), 3-cyano (3CN),
4-cyano (4CN), 3-nitro (3N) and 4-nitro (4N) targets (Fig. 1).
We benchmark our results against the unsubstituted parent
(US), as well as to previously reported molecules TITNB,1

CNC8I
3 and IEDNB,5 which were the top performers in their

respective studies.
Molecular electrostatic potential surfaces were first

generated using Spartan '14 software package at the B3LYP/6-
311++G** level of theory and iso = 0.002 for all molecules
explored in this study (Fig. 2). σ-Hole potentials on the iodine
atoms increased as follows: US < 4F < TITNB < CNC8I <

IEDNB < 3CN < 4CN < 3N < 4N. In order to evaluate how
this σ-hole potential and the relative differences between
different EWG's affect the XB donor ability of the iodine
atom, counterpoise (CP) corrected interaction energies (IE)
were calculated between these targets and ammonia as a

model acceptor at MP2/6-311++G** level of theory. I⋯NH3

halogen bond distances for these optimized dimers were
obtained and compared with the respective reduction in their
combined van der Waals (vdW) radii27 (Table 1).

The results, Table 1, indicate the that lowest σ-hole
potential and IE belong to US, whereas the 4-nitro species
(4N) shows the largest values among the alkyne–ketones.
There is a linear relation between computed σ-hole potentials
and IE with ammonia, with TITNB being the sole outlier with
a much higher IE than expected, Fig. 3. In short, there is a
generally excellent correlation between computed σ-hole

Fig. 1 Library of target molecules explored in this study, along with the benchmark molecules from literature TITNB,1 CNC8I
3 & IEDNB.5

Fig. 2 MEP surface computed at B3LYP/6-311++G** level of theory at iso = 0.002 showing σ-hole potential (top, in kJ mol−1) on the iodine atoms
of targets and benchmark compounds TITNB,1 CNC8I

3 and IEDNB5 explored in this study.

Table 1 σ-Hole potential computed at B3LYP/6-311++G** at iso =
0.002 and counterpoise corrected interaction energies and halogen bond
distances for dimers with ammonia computed at MP2/6-311++G**

Target

σ-Hole potential Interaction energy
Calculated
XB distance

kJ mol−1 kcal mol−1 Å
% vdW
reduction

US 199.3 −5.33 3.04 14.0
4F 206.9 −5.49 3.03 14.2
3CN 221.3 −5.84 3.01 14.6
4CN 222.0 −5.85 3.01 14.7
3N 224.1 −5.87 3.01 14.7
4N 225.2 −5.90 3.01 14.8
TITNB1 207.0 −6.50 2.93 16.9
CNC8I

3 210.5 −5.57 3.02 14.5
IEDNB5 217.7 −5.73 3.01 14.6
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potential and increasing interaction energy. This trend is also
reflected in the % reduction in the computed combined vdW
radii for these halogen bonds (Table 1).

The targets were subsequently synthesized using modified
versions of previously reported procedures (Scheme 2).28–30

Detailed information along with characterization data are
presented in the ESI.†

In the crystal structure of all six alkyne–ketones, there is,
as expected, only one primary intermolecular interaction;
the XB between the triply activated iodine atom and a
suitable acceptor.

The crystal structure of US with only one major bond
donor and acceptor, shows the expected I⋯O halogen bond,
with a 2.887(2) Å distance and an C–I⋯O angle of 167.25(10)°
(Fig. 4, Table 2). By adding a fluorine atom to the aromatic
backbone, a ‘triply activated’ XB donor is produced, and the
crystal structure of 4F contains a near-linear halogen bond
with a 2.836(8) Å distance and a 173.3(3)° XB angle.

The addition of cyano and nitro groups not only provides
activation of the iodine XB donor, but also introduces
potential XB-acceptor competitors to the CO moiety. In fact,
in the crystal structures of 3CN and 4CN, the CN moiety is
shown to be the dominant acceptor site, and the resulting
halogen bond is an I⋯NC interaction. In the crystal
structure of 3CN, the I⋯N halogen bond distance is 2.980(6)
Å with a 174.06(17)° XB angle, and in 4CN the I⋯N halogen
bond measures 3.001(5) Å with a 169.47(19)° XB angle. The
3N crystal structure contains two disordered molecules in the
asymmetric unit, and each of those molecules have two
disordered positions for the iodine atom. Yet, it is clear that
the iodine atom prefers to bind to the oxygen atom of the
nitro group instead of to the carbonyl group, with only one
pair of iodine and oxygen atom positions among all the
disordered combinations forming a I⋯O halogen bond
measuring 2.90(3) Å and a 149.5(7)° XB angle. It is notable
that this is the only dominant short contact observed in this
structure apart from π–π stacking. The 4N structure contains
a bifurcated halogen bond to both oxygen atoms of the nitro
group. The shorter I⋯O halogen bond is 3.152(3) Å with a
172.26(10)° XB angle, and the longer I⋯O XB measures
3.343(3) Å with a 148.21(10)° XB angle. The presence of
relatively longer XB distances compared to 4N having the

Fig. 3 Plot of CP corrected IE vs. σ-hole potential for molecules
explored in this study. TITNB1 outlier is excluded from the line of best
fit. IE computed at MP2/6-311++G** and σ-hole potential computed
at B3LYP/6-311G++G** at iso = 0.002.

Scheme 2 General approach for the synthesis of the targets explored
in this study.

Fig. 4 The primary halogen-bond in the crystal structures of five ‘triply activated’ XB donors. The unsubstituted parent (US) is included for
comparison.
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highest σ-hole potential in our library can be attributed to the
formation of a bifurcated interaction instead of a shorter and
more linear single bond, a feature previously not seen in
similar 4-nitro substituted molecules.3

In summary, through this work we have demonstrated
that a combination of three different activation
‘mechanisms’, has a superior effect on the resulting
σ-hole potential of the halogen-bond donor as compared
to adding multiple EWG's of the same type, as seen by
the higher σ-hole potential of 3CN, 4CN, 3N and 4N when
compared to TITNB1 (possessing three nitro groups) and
CNC8I

26 (possessing four CC moieties). All the triply
activated targets presented herein show a high-degree of a
% vdW reduction and directionality when compared to
the benchmark molecules. An excellent linear correlation
was observed between σ-hole potential and IE which
shows that the latter can be used as a convenient and
reliable yardstick when designing molecules with strong
XB donors. This new family of compounds represent a
new and easily accessible set of tools for the bottom-up
assembly of functional co-crystals with desired and
tunable metrics, and we expect that triple activation can
be a broadly applied approach for the design and
implementation of highly effective halogen as well as
chalcogen bond donors.
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