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Abstract: In order to study the effect of halogen bond on tautomerism inβ-diketones in the solid-state, we
have prepared a series of cocrystals derived from an asymmetric β-diketone, benzoyl-4-pyridoylmethane
(b4pm), as halogen bond acceptor and perfluorinated iodobenzenes: iodopentaflourobenzene (ipfb), 1,2-,
1,3- and 1,4-diiodotetraflorobenzene (12tfib, 13tfib and 14tfib) and 1,3,5-triiodo-2,4,6-trifluorobenzene
(135titfb). All five cocrystals are assembled by I···N halogen bonds involving pyridyl nitrogen and
iodoperfluorobenzene iodine resulting in 1:1 (four compounds) or 1:2 (one compound) cocrystal
stoichiometry. Tautomer of b4pm in which hydrogen atom is adjacent to the pyridyl fragment was
found to be more stable in vacuo than tautomer with a benzoyl hydroxyl group. This tautomer is also
found to be dominant in the majority of crystal structures, somewhat more abundantly in crystal
structures of cocrystals in which additional I···O halogen bond with the benzoyl oxygen has been
established. Attempts have also been made to prepare an equivalent series of cocrystals using a
closely related asymmetric β-diketone, benzoyl-3-pyridoylmethane (b3pm); however, all attempts
were unsuccessful, which is attributed to more effective crystal packing of b3pm isomer compared to
b4pm, which reduced the probability of cocrystal formation.

Keywords: pyridyl-diketone; halogen bonding; intramolecular hydrogen bonding; tautomerization

1. Introduction

One of the intriguing aspects of the study of halogen bonding, and supramolecular
interactions in general, is the interrelationship between different types of interactions
(competition, cooperativity, anti-cooperativity, etc.) [1–8]. This is particularly important in
crystal engineering and drug design, where the interdependence of different interactions
may significantly alter the supramolecular behaviour of molecules in crystals, often leading
to unexpected effects [9–14].

One area of interest is the study of the effect of supramolecular interactions on hy-
drogen transfer through a hydrogen bond. This has been widely studied on systems with
intermolecular hydrogen bonding, most commonly between carboxylic acids and nitrogen
bases, where the transfer of the hydrogen atom also induces the formation of ions, which
in turn can have a considerable effect on the structures and properties of the solids [15–20].
However, when the proton transfer occurs through an intramolecular hydrogen bond, the
effect is not a formation of ions but rather a change in the tautomeric form of the molecule.

The effect of supramolecular interaction on tautomeric equilibrium in the solid-state
has been studied to some extent for aromatic o-hydroxyimines (Schiff bases), where the
intramolecular transfer of the hydrogen atom from the hydroxyl to the imino group leads
to the formation of keto-amino tautomer [21]. It has been demonstrated that hydrogen
bond with the oxygen atom can greatly facilitate this proton transfer in the solid-state by
stabilizing the keto-amino form [22–26]. This has led to the question of whether the halogen
bond—an interaction in many ways similar to hydrogen bond [27–30]—can have a similar
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effect on the intramolecular hydrogen transfer and stabilization of the keto-amino tautomer.
Unfortunately, despite the research on halogen bonded o-hydroxyimine systems performed
to date [31–37], the answer to this question remained inconclusive. The possible reason for
this is that the stabilizing effect of the halogen bond might be too subtle to noticeably affect
proton transfer through the highly asymmetric O–H···N hydrogen bond. If so, a tautomeric
system with a more symmetric intramolecular hydrogen bond (and subsequently with a
smaller energy difference between the tautomers) might provide a better model for the
study of the effect of halogen bond on tautomerism.

Possible alternative systems for the study of this phenomenon are β-diketones, where
also an intramolecular proton transfer leads to a change of tautomeric form. An asym-
metric β-diketone can exist as three distinct tautomers, one diketo and two keto-enole
tautomers (Figure 1). The two keto-enole tautomers are generally of similar energies and
are transformed one to the other by proton transfer through an intramolecular O–H···O
hydrogen bond. The stability of the tautomers has been shown to be affected by the nature
of the R1, R2 and R3 substituents [38–43], but also, in solution, by the solvent used, which
indicates the effect which the supramolecular surroundings can have on the tautomeric
equilibrium of β-diketones [44,45].

Figure 1. Keto-enol tautomerization in β-diketones.

For our study, we have decided to cocrystallise two β-diketones (benzoyl-3-
pyridoylmethane (b3pm) and benzoyl-4-pyridoylmethane (b4pm)) with perfluorinated
iodobenzenes (pentafluoroiodobenzene (ipfb), 1,2-tetrafluorodiiodobenzene (12tfib),
1,4-tetrafluorodiiodobenzene (14tfib), 1,3-tetrafluorodiiodobenzene (13tfib) and 1,3,5-
trifluorotriiodobenzene (135tfib)) [46–48] as halogen bond donors (Figure 2). Theβ-diketones
were selected so that they are asymmetric (allowing tor two distinct keto-enol tautomers),
with one of the substituents being a pyridine ring, since the introduction of pyridine
nitrogen as a superior halogen bond acceptor (949 structures deposited in CSD with
halogen···pyridine contacts) [46–50] should increase the probability of obtaining halogen-
bonded cocrystals. The halogen-bonded cocrystals of 14tfib with symmetric bis(pyridyl)
β-diketones [50], as well as their transition metal complexes [51], have already been re-
ported, and with very few exceptions, halogen bond was found to be formed exclusively
with the pyridine nitrogen. However, using β-diketones with only a single pyridine nitro-
gen per molecule should enable the formation of halogen bonds both with the pyridine
nitrogen and with the keto-enol oxygen atoms (strategy similar to the one employed in the
study of o-hydroxyimine systems [33,35]), the latter being crucial for the determination
of the effect of halogen bond (if any) on the positioning of the hydrogen atom within the
O–H···O hydrogen bond, and thus on possible stabilization of a given keto-enol tautomer.
To compare the relative strength of potential acceptor atoms in the diketone molecules, we
have calculated molecular electrostatic potentials (MEPs) on nitrogen and both oxygen
atoms, as well as their binding energies to the ipfb iodine atom. Such a combined experi-
mental and computational approach should enable us to detect whether a halogen bond
with the β-diketone oxygen atom has a measurable effect on the tautomeric equilibrium in
the solid-state.
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Figure 2. Halogen bond donors and acceptors used in study.

2. Materials and Methods

Methyl nicotinate (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), methyl
isonicotinate (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), acetophenone (Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany), sodium amide (Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany), benzene (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany), ethanol (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), glacial acetic
acid (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), acetone (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) and halogen bond donors ipfb, 12tfib, 13tfib, 14tfib
(Manchester Organics Ltd., Cheshire, UK) and 135tfib (Apollo Scientific Ltd., Cheshire,
UK) were used without additional purification.

2.1. Synthesis of Pyridyl Diketones

Benzoyl-3-pyridoylmethane (b3pm) and benzoyl-4-pyridoylmethane (b4pm) were
prepared by the following procedure: sodium amide (1.44 g) was dispersed in 50.0 mL of
benzene, and a benzene solution of methyl nicotinate or methyl isonicotinate (40 mmol
in 5 mL of benzene) was added to the mixture. Solution of acetophenone (20 mmol) in
benzene (5 mL) was added dropwise to the formed suspension, and the reaction mixture
was stirred at 85 ◦C for 7 h until the brown-yellow product precipitated. The precipitate
was filtered off and washed with 5% acetic acid. The crude products were recrystallised
from ethanol (95%).

2.2. Synthesis of the Cocrystals

In order to examine the ability of the prepared diketones to form cocrystals with
halogen bond donors (ipfb, 12tfib, 13tfib, 14tfib and 135tfib), mixtures (100.0 mg) of a
diketone and a donor in 1:1 and 1:2 stoichiometric ratios were ground with the addition
of small amounts of ethanol (30 µL). The obtained powders were then characterized by
powder X-ray diffraction to test whether a new phase had formed (comparisons of the
measured and calculated powder diffraction patterns for obtained cocrystals are shown
in Figures S7–S10 in SI). The grinding experiments were conducted in a Retsch MM200
ball mill (Retsch, Haan, Germany) using 10 mL stainless steel jars and two stainless steel
balls (7 mm in diameter) for 30 min, under normal laboratory conditions (40–60% relative
humidity and temperature ca. 25 ◦C).

Single crystals of cocrystals that were obtained in the mechanochemical experiments
were prepared by crystallisation from solution. Corresponding halogen bond donor and
b4pm were dissolved in 3 mL of hot acetone–ethanol mixture (2:1), whereupon solutions
were left to cool and evaporate. Crystals suitable for single-crystal X-ray diffraction
experiments appeared in three to five days.
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2.3. X-ray Diffraction Measurements

Single crystal X-ray diffraction experiments were performed using an Oxford Diffrac-
tion Xcalibur Kappa CCD X-ray diffractometer (Oxford Diffraction Ltd., Abingdon, UK)
with graphite-monochromated MoKα (λ = 0.71073 Å) radiation. The data sets were col-
lected using the ω-scan mode over the 2θ-range up to 54◦. Programs CrysAlis CCD
and CrysAlis RED were employed for data collection, cell refinement, and data reduc-
tion [52,53]. The structures were solved by direct methods and refined using the SHELXS
(Version 2013, Göttingen, Germany) and SHELXL (Version 2013, Göttingen, Germany)
programs, respectively [54,55]. The structural refinement was performed on F2 using all
data. The hydrogen atoms not involved in the intramolecular hydrogen bond were placed
on calculated positions and treated as riding on their parent atoms (C–H = 0.93 Å and
Uiso(H) = 1.2 Ueq(C)). In cases where it was possible, the hydrogen atoms of the diketo
group in b3mp and b4pm were located from electron difference map, while in the case of
(b4pm)(13tfib), they were placed on the calculated positions, the hydroxyl oxygen being
identified on the basis of the difference between the two C–O bond lengths in the molecule.
All calculations were performed using the WinGX crystallographic suite of programs [56].
The figures were prepared using Mercury (Version 4.3.1., CCDC, Cambridge, UK) [57].

Powder X-ray diffraction (PXRD) experiments on the samples were performed on a
PHILIPS PW 1840 X-ray diffractometer (Philips Analytical, Almelo, The Netherlands) with
CuKα1 (1.54056 Å) radiation at 40 mA and 40 kV. The scattered intensities were measured
with a scintillation counter. The angular range was from 5 to 45◦ (2θ) with a continuous
step size of 0.02◦ and a measuring time of 0.5 s per step. Data collection was performed
using the program package Philips X’Pert (Version 1.3e, Philips Analytical, Almelo, The
Netherlands) [58–60] and analysed in the X’Pert HighScore Plus (Version 2.2, Malvern
Panalytical, Malvern Worcestershire, UK) [61].

2.4. Thermal Analysis

Differential scanning calorimetry (DSC) measurements were performed on a Mettler-
Toledo DSC823e module (Mettler Toledo, Greifensee, Switzerland) in sealed aluminium
pans (40 µL) with three pinholes in the lid, heated in a stream of nitrogen (150 mL min−1)
at a heating rate of 10 ◦C min−1.

Thermogravimetric measurements (TG) were performed on a Metler-Toledo TGA/SDTA
851e module (Mettler Toledo, Greifensee, Switzerland). Samples were placed in sealed
40 µL aluminium pans with three pinholes and heated from 25 to 500 ◦C, at a rate of
10 ◦C min−1 under nitrogen flow of 150 mL min−1.

Data collection and analysis were performed using the program package STARe
Software (Version 15.00, Mettler Toledo, Greifensee, Switzerland) [62].

2.5. Computations

All calculations were performed using Gaussian (Version 09, Revision A.02, Gaussian
Inc., Wallingford, UK) software package [63]. Geometry optimizations were performed
using M06-2X/dgdzvp [64–66] level of theory with an ultrafine integration grid (99 radial
shells and 590 points per shell). This method was shown to reproduce experimental halogen
bond energies in the gas phase with good accuracy, which are comparable or even more
accurate than energies obtained by using larger triple-zeta basis sets [67]. Optimization
of the transition state structure of b4pm was performed using the PM6 semiempirical
method [68], after which the obtained transition state was optimized using M06-2X/6-
31g+(d,p) [69] and M06-2X/dgdzvp level of theory. Harmonic frequency calculations were
performed on the optimized geometries (both coformers and transition state) to ensure
the success of each geometry optimization. The figures were prepared using GaussView
(Version 5.0.8., Gaussian Inc., Wallingford, UK) [70].
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3. Results and Discussion

As was described in a study performed by Dudek et al. [71], both b3pm and b4pm
in the solid-state exist in keto-enol form, with a strong intramolecular resonance assisted
O–H···O hydrogen bond formed between the two oxygen atoms. In both cases, the hydro-
gen atom is placed closer to the pyridyl oxygen atom, indicating that this keto-enol form is
more stable. To test this, we have optimized structures of b3pm and b4pm in vacuo. Since
the pyridine ring in b3pm can be oriented in a way that the nitrogen atom is positioned on
the same side of the molecule (syn-b3pm) or the opposite side (anti-b3pm), with respect
to the diketo group, the computations were performed for both conformers. Of the two
conformers of b3pm, the anti-b3pm was found to be more stable (by ca 5 kJ mol−1), while
in both cases, the minimum of the potential energy corresponded to a tautomer with the
hydrogen atom bonded to the benzoyl, rather than the pyridyl oxygen, which is found
in the crystal structure of b3pm (Figure S1 in SI). Furthermore, in the case of b4pm, the
minimum of the potential energy corresponded to a tautomer with the hydrogen atom
bonded to the pyridyl fragment, which is also found in the crystal structure of the b4pm
cocrystals. Indeed, Dudek et al. [71] have also included benzoyl-2-pyridoylmethane in
their study, finding the hydrogen atom adjacent to the benzoyl oxygen in the crystal struc-
ture and explaining the difference in the tautomeric forms of diketones through different
supramolecular interactions in the corresponding crystals.

3.1. Preparation of the Cocrystals

Five cocrystals of b4pm were successfully prepared, both by grinding and crystalli-
sation from solution, one with each of the used halogen bond donors (Table 1, Tables S1
and S2 and Figures S2–S11 in SI). The majority of the cocrystals are of the 1:1 stoichiometry
with one exception, (b4pm)2(14tfib). Melting points of b4pm cocrystals were found to be
in the range between 80 and 108 ◦C (Figures S14–S23 in SI), in all five cases lower than the
melting point of the pure diketone (115 ◦C).

Table 1. The results of cocrystal synthesis by grinding and crystallisation from a solution of dike-
tones and used halogen bond donors with melting points and enthalpies of fusion of the prepared
cocrystals.

Halogen Bond Donor b4pm tm/◦C ∆fusH/kJ mol−1

ipfb (b4pm)(ipfb) 80.4 20.3
12tfib (b4pm)(12tfib) 86.3 21.6
13tfib (b4pm)(13tfib) 99.8 26.9
14tfib (b4pm)2(14tfib) 101.5 26.7
135tfib (b4pm)(135tfib) 108.6 37.5

Surprisingly, every attempt to prepare cocrystals of b3pm and any of the selected
five donors either by grinding or crystallisation from a solution was unsuccessful. This
would seem to indicate that b3pm is a weaker halogen bond acceptor than b4pm. The
quantum-chemical calculations of the molecular electrostatic potential (MEP) of b3pm and
b4pm have shown that the MEPmin values on the pyridyl nitrogen in the two isomers are
very close; the MEPmin value on the pyridine nitrogen in the b4pm is ca. 2 kJ mol−1 e−1

more negative than the corresponding MEPmin value in the stable syn-b3pm coformer
(Figure 3).

This was also supported by the calculated halogen bond energies for binding of ipfb
to the nitrogen atoms of b3pm and b4pm molecules, which have shown that there is
no significant difference in halogen bond energies (27.1 kJ mol−1 for anti-b3pm and ca
27.9 kJ mol−1 for b4pm). According to small differences in calculated MEP values and
binding energies in vacuo, nitrogen atoms in b3pm and b4pm are expected to have an
approximately equal tendency for halogen bonding with perfluorinated halobenzenes. One
should keep in mind, however, that the total energy change upon cocrystallisation is not
dependant solely on the (possible) formation of a halogen bond but also on the differences
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in total lattice energies of the pure coformers and the cocrystal. The probable reason
that b3pm has failed to produce a single cocrystal with any of the donors (as opposed to
b4pm, which has formed cocrystals with all five) is particularly favourable crystal packing
(i.e., high lattice energy) of pure b3pm. This does seem to be in line with melting points of
two diketones: melting point of b3pm (tm = 127.2 ◦C) is ca 12 ◦C higher than the one of
the b4pm (tm = 115.0 ◦C; Figures S12 and S13 in SI), which indicates that b3pm forms a
crystal with higher lattice energy than b4pm, possibly accounting its reluctance in forming
cocrystals with any of the halogen bond donors covered by this study.

Figure 3. Molecular electrostatic potential mapped on the total electron density surface (0.002 e A−3)
of (a) anti-b3pm, (b) b4pm. All values are in kJ mol−1 e−1.

3.2. Crystal Structures of Halogen-Bonded Cocrystals

Considering the calculated molecular electrostatic potentials (MEP) of the prospec-
tive acceptor atoms in the b4pm molecule, a nitrogen atom of the pyridoyl moiety is
undoubtedly the best acceptor site for halogen bonding (the lowest MEPmin value), which
is followed by carbonyl oxygen and lastly, the hydroxyl group of the diketo group (Figure 3,
Figures S27–S29). Furthermore, the binding energies of the certain acceptor site in b4pm to
ipfb decrease in series I···N > I···O > I···OH (Table 2) which is in good accordance with
obtained crystal structures in which I···N contact is predominantly formed and followed
by I···O contact. This is well reflected in the obtained crystal structures; the expected
halogen bond I···N was observed in all prepared compounds, a halogen bond with a
carbonyl oxygen atom was also achieved in (b4pm)(12tfib) and (b4pm)(13tfib), while in
no structures, the hydroxyl oxygen atom was found to act as a halogen bond acceptor.

Table 2. Binding energies of the ipfb molecule to the different acceptor atoms of b4pm.

Complex Ebind/kJ mol−1

(b4pm)(ipfb)_N −27.9
(b4pm)(ipfb)_O −23.6

(b4pm)(ipfb)_OH −19.1

The crystallisation of the halogen bond donor 12tfib with b4pm yielded a solid-state
complex with a 1:1 stoichiometric ratio (Figure 4). In this cocrystal, only one iodine
atom was found to participate in I···N halogen bonding (d = 2.829(4) Å), while the sec-
ond one formed an I···O halogen bond with the benzoyl oxygen atom of another b4pm
molecule (d = 3.048(3) Å). Such binding resulted in the formation of centrosymmetric
(b4pm)2(12tfib)2 tetramers (Figure 4), which are further interconnected into a 3D structure
by C–H···F interactions.

Cocrystal obtained from 13tfib and b4pm was also found to be of 1:1 stoichiometry.
The asymmetric unit consisted of three symmetrically independent 13tfib molecules, all of
which participated in I···N halogen bonds, each with one symmetrically independent accep-
tor molecule (Figure 5). Of these, only one 13tfib formed also an I···O halogen bond (again
with a benzoyl oxygen atom; d(I1···O6) = 3.025(5) Å, ∠(I1···O6) = 167.3(2)◦), while the io-
dine atoms of the other two symmetrically independent 13tfib molecule participated in I···F
contacts with neighbouring donor molecules (d(I5···F3) = 3.109(3) Å, ∠(I5···F3) = 165.4(2)◦;
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d(I3···F1) = 3.565(3) Å; ∠(I3···F1) = 166.5(1)◦). The resulting supramolecular hexamers are
interconnected into 2D sheets by weak C–H···O and C–H···F interactions.

Figure 4. Centrosymmetric dimer formed through I···O and I···N halogen bonds in (b4pm)(12tfib).
Hydroxyl hydrogen atoms were found from the electron difference map.

Figure 5. Supramolecular hexamer interconnected by I···N, I···O, I···F and I···I halogen bonds in
(b4pm)(13tfib). Hydroxyl hydrogen atoms were placed on calculated positions with respect to the
lengths of C–O bonds.

The combination of b4pm with the ditopic halogen bond donor 14tfib has resulted
in the formation of the halogen bonded cocrystal of 2:1 stoichiometry, (b4pm)2(14tfib).
Its crystal structure comprises discrete (b4pm)2(14tfib) molecular complexes (Figure 6)
in which the 14tfib bridges between two b4pm molecules with both iodine atoms of the
donor molecule involved in equivalent I···N halogen bonds (d = 2.871(5) Å, r.s. = 18.7%;
ϕ(I···N) = 172.7(2)◦) related by a crystallographic inversion centre. The b4pm molecule
in the (b4pm)2(14tfib) molecular complex is not planar, as evidenced by the value of the
dihedral angle between the mean plane of the pyridine ring and the residue of the b4pm
molecule (ψ = 12.1(5)◦). Uniquely in this structure, the b4pm molecules are packed in a way
that the enolic hydrogen atom participates not only in the intramolecular hydrogen bond
but also in intermolecular O−H···O hydrogen bonds, forming a R2

2(12) motive, through
which the molecular complexes aggregate into chains, which, in turn, form sheets by an
interconnection through C–H···F interactions. Due to the established hydrogen-bonded
chains, (b4pm)2(14tfib) have the highest melting point (tm = 109 ◦C) and enthalpy of fusion
(∆fusH = 37.5 kJ mol−1) of all cocrystals obtained.
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Figure 6. Halogen bonded molecular complex in (b4pm)2(14tfib). Interconnected into chains through O−H···O hydrogen
bonds. Hydroxyl hydrogen atoms were found from the electron difference map.

The monotopic halogen bond donor ipfb also formed a cocrystal with b4pm of the
1:1 stoichiometry (b4pm)(ipfb) (Figure 7). The I···N halogen bond in this cocrystal was
found to be the shortest and most linear in the entire series of compounds (d = 2.785(4) Å;
r.s. = 21.1%; ϕ(C–I···N) = 179.5(2)◦). The (b4pm)(ipfb) binary molecular complex is al-
most planar, with the torsion angle defined by atoms ψ(C–N···(I)C–C) of only 7.2(5)◦.
The crystal structure consists of I···N halogen bonded complexes connected by C–H···F
contacts and π-stacking into a 3D structure. The weakness of the interactions intercon-
necting the halogen bonded complexes is also reflected in the melting point and fusion
enthalpy of (b4pm)(ipfb), which are the lowest within this series of compounds (tm = 80 ◦C,
∆fusH = 20.3 kJ mol−1).

Figure 7. Halogen bonded molecular complexes in (b4pm)(ipfb) interconnected by C–H···F hydro-
gen bonds into chains. Hydroxyl hydrogen atoms were found from electron difference map.

Cocrystallisation of b4pm with the tritopic halogen bond donor 135tftib again yielded
a 1:1 cocrystal (Figure 8). The donor molecule has three potential halogen bond donor atoms,
which play different roles in the formation of the 3D structure of the obtained cocrystal.
One of the iodine atoms participates in halogen bonding with the pyridine nitrogen of the
acceptor molecule (d(I···N) = 2.865(7) Å; r.s. = 18.8%; ϕ(C–I···N) = 175.2(2)◦), thus forming
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a (135tftib)(b4pm) bimolecular complex. The complexes are further interconnected into
chains via I···F halogen bonds and I···I type II interhalogen contacts. Chains are connected
into a 3D structure by π-stacking.

Figure 8. A fragment of a halogen bonded chain of (b4pm)(135tfib) molecular complexes in the
crystal structure of (b4pm)(135tfib). Hydroxyl hydrogen atoms were located from the electron
difference map.

3.3. Tautomerism

It was stated above that b4pm can exist in two keto-enol tautomer forms: one with
hydrogen adjacent to benzyl group (form I) and another with hydrogen on pyridyl fragment
(form II). The results of QM calculations have shown that the latter tautomer is by ca.
0.5 kJ mol−1 more stable than the former, with the energy barrier between the two forms of
ca. 10 kJ mol−1 (Figure 9, Figures S24–S26 in SI).

Figure 9. The relative energy of b4pm form I, form II and transition structure.

In order to determine which tautomer was present in which cocrystal, it was necessary
to unequivocally determine the positions of the hydrogen atoms within the intramolecular
O–H···O hydrogen bond. This was achieved by a combination of two parameters: the
position of the corresponding maximum of electron density on a residual density plot of
the diketo group (Figure 10) and the relative lengths of the two C–O bonds (Figure 11).
The combined approach is necessary as the positions of hydrogen atoms cannot always be
unequivocally determined from the electron density maps obtained by X-ray diffraction
due to the weakness of radiation scattering on hydrogen atoms. The correct hydrogen
placement can be particularly difficult when the crystal quality is poor, as this leads to
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uneven difference maps in which the hydrogen atoms may be entirely “lost.” Indeed, only
in (b4pm)(ipfb), (b4pm)(12tfib) and (b4pm)(135tfib), the hydrogen atom could be located
from the difference map (Figure 10a,b,f). In all three structures, the hydrogen atom is clearly
positioned closer to the pyridyl oxygen atom, indicating that the tautomer II was present.

Figure 10. Electron density maps in the plane of the diketo group of (a) (b4pm)(ipfb);
(b) (b4pm)(12tfib); (c–e) three independent molecules of b4pm in (b4pm)(13tfib): (f) (b4pm)(135tfib);
(g) (b4pm)(14tfib).

Figure 11. The interrelation between CO bond lengths in b4pm molecule; black circles—cocrystals,
white circles—optimized geometries.

For the determination of the tautomer(s) present in (b4pm)(13tfib) and (b4pm)2(14tfib),
it was necessary to rely solely on the C–O bond lengths. The protonated oxygen atom (tech-
nically a hydroxyl group) should be bonded to the carbon atom with a longer C–O bond
than the non-protonated (carbonyl) oxygen atom. However, due to the quasi-aromatic
nature of the central keto-enol group of the molecule, both bond lengths are always
somewhere between the two extremes, the isolated hydroxyl and carbonyl. Still, there is
generally a measurable difference between the two C–O bond lengths, the C–OH bond
being ca. 0.08 Å longer. This is borne out by the optimized structures of the two tautomers
of b4pm in vacuo, which show the difference in C–OH and C=O bond lengths to be 0.080 Å
in form I and 0.083 Å in form II.

In the structures of the b4pm cocrystals, for which the hydrogen atom was located
from the electron difference map, the C–O bond lengths are generally in accord with the
positioning of the hydrogen atom. In all three cases, the pyridyl C–O bond is longer than
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the benzoyl C–O bond, which is in line with the positioning of the hydrogen atom on the
pyridyl oxygen, as seen in the electron difference map, indicating the presence of form II.
However, the difference of bond lengths (d(C–O)pyridyl – d(C–O)benzoyl) is somewhat
less than in optimised structures of the tautomers: ca. 0.30 Å in (b4pm)(ipfb), 0.42 Å in
(b4pm)(12tfib) and 0.34 Å in (b4pm)(135tfib). Similarly, in (b4pm)2(14tfib), although the
hydrogen atom could not be located from the electron difference map, the pyridyl C–O
bond was found to be longer than the benzoyl C–O bond, indicating the molecule is in the
tautomeric form II. However, here again, the d(C–O)pyridyl – d(C–O)benzoyl = 0.30 Å was
substantially less than that in the optimized molecule of form II (0.083 Å). In (b4pm)(13tfib),
the situation was more complex – of the three molecules independent by symmetry, one
was clearly in form II (d(C–O)pyridyl – d(C–O)benzoyl = 0.068 Å), while the remaining two
(d(C–O)pyridyl – d(C–O)benzoyl) differences were found to be close to zero (0.01 Å and
−0.02 Å), making it impossible to clearly determine which tautomer was present.

The described distribution of C–O bond lengths in all the molecules in all the cocrys-
tals, as well as those of the optimized structures of tautomers I and II, are given in Figure 11.
It can be noticed that the data points representing the molecules in the cocrystals are posi-
tioned around a line connecting the data points corresponding to the optimized structures
of the tautomers, with the majority of the data points closer to the more stable form II. A
probable explanation of this trend is that the molecules in crystal structures generally do
not represent pure tautomers but rather an equilibrium mixture of both forms I and II.
Based on this, we can provide a rough estimate of the relative amounts of each tautomer
present in each of the cases. As the determined crystal structure represents a time and
space average of all molecules in the crystal, if the crystal comprises a mixture of tautomers
placed on crystallographically equivalent positions, the measured bond lengths will also
be average for the two forms weighted by their molar ratios, i.e., dobs = xIdI + xIIdII, where
dobs is the measured length of a given bond, dI and dII the lengths of the equivalent bonds
in ‘pure’ tautomers I and II, and xI and xII the molar fractions of the tautomers I and
II, respectively. As only two tautomers are present on equivalent positions (xI + xII = 1),
and knowing the geometries of the tautomers in vacuo, we can estimate the molar frac-
tions of the tautomers based on any of the measured bonds. The best choices here are
the two C–O bond lengths as their lengths experience the largest change from one tau-
tomer to another (Tables S3 and S4 in SI). Additionally, performing the computation on
two independent measurements allows an estimate of the precision of the determined
molar fractions. Based on this, we can estimate that the molar fractions of tautomer II
in (b4pm)(ipfb), (b4pm)(12tfib), (b4pm)(135tfib) and (b4pm)2(14tfib) are 67(2)%, 75(6)%,
70(6)% and 68(13)%. Notwithstanding a rather low precision of the determined fraction
of II in (b4pm)(135tfib), it can be concluded that in all four structures, the molecules of
b4pm are present dominantly, although not exclusively, in form II. This would confirm the
d(C–O)pyridyl – d(C–O)benzoyl differences of ca 0.30 Å – 0.42 Å being the result of an equilib-
rium mixture in which ca 67–75% molecules belong to form II. For the three molecules of
b4pm in (b4pm)(13tfib), the molar fractions of tautomer II are found to be 91(13)% (for the
molecule with the largest d(C–O)pyridyl – d(C–O)benzoyl difference), and 37(13)% and 54(7)%
for the other two, which is again in line with the observed d(C–O)pyridyl – d(C–O)benzoyl
differences, both indicating a more closely equimolar mixture of the two tautomers.

The question we originally set out to answer was whether the presence of a halogen
bond could influence the tautomeric equilibrium in cocrystals of β-diketones. Unfortu-
nately, as there is a halogen bond with one of the oxygen atoms in only two obtained
cocrystals, we are unable to provide a definite answer to it. Generally, the more stable form
II was found to be dominant in all crystal structures, regardless of halogen bonding, and in
the cases in which I···O halogen bond is established, the acceptor is the benzoyl oxygen
atom which corresponds to carboxyl oxygen in this tautomer. The estimated fraction of II
is slightly higher in (b4pm)(12tfib) (where an I···O halogen bond is present) when com-
pared to (b4pm)(ipfb), (b4pm)(135tfib) and (b4pm)2(14tfib), which might indicate some
additional stabilization due to the halogen bond, but, due to a large standard deviation, it
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can hardly be regarded as statistically significant. More indicative, however, is the crystal
structure of (b4pm)(13tfib), where the only molecule independent by symmetry that forms
an I···O halogen bond also has the highest fraction of the tautomer II, while the other two
molecules, which do not form I···O halogen bonds, exist as (equilibrium) mixtures of the
two tautomers with a lower fraction of the tautomer II (ca. 40–55%) than in the remaining
structures. Therefore, it can be inferred that in this case, there has been some definite
stabilization of a single tautomeric form by an I···O halogen bond.

4. Conclusions

The data acquired within this study indicates there is a possible effect of halogen
bond in stabilizing a given tautomer: the difference in the energies of the two tautomers is
sufficiently low, that halogen bond should be able to provide ample energy to stabilize the
less stable tautomer, and an increase in the fraction of the tautomer in which this oxygen
atom is carbonyl oxygen (and thus more negative and a better halogen bond acceptor)
was found in the only two structures, where an I···O halogen bond was found. However,
more definite proof of the ability of the halogen bond to affect tautomeric equilibrium
would be a system in which the less stable tautomer was stabilized in the solid-state by
a halogen bond. Unfortunately, in both cases where an I···O halogen bond was achieved,
it was formed with the benzoyl oxygen, thus, in fact, favouring the more stable tautomer.
Therefore, a definite solution to the problem of tautomer control through halogen bond
still remains elusive, although the results presented herein give every hope that through
further investigations, it should be possible to reach.
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.3390/cryst11060699/s1. Tables S1 and S2. An overview and crystallographic data of the prepared
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crystal structures of halogen bonded cocrystals, calculated on basis of CO bond lengths shown in
Table S3; Figure S1. Molecular structure of b3pm showing the atom-labelling scheme. Displacement
ellipsoids are drawn at the 50% probability level; Figure S2. Molecular structure of (b4pm)(12tfib)
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Figure S3. Molecular structure of (b4pm)(13tfib) showing the atom-labelling scheme. Displacement
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showing the atom-labelling scheme. Displacement ellipsoids are drawn at the 50% probability level;
Figure S5. Molecular structure of (b4pm)(ipfb) showing the atom-labelling scheme. Displacement
ellipsoids are drawn at the 50% probability level; Figure S6. Molecular structure of (b4pm)(135tfib)
showing the atom-labelling scheme. Displacement ellipsoids are drawn at the 50% probability
level; Figure S7. Measured and calculated XRPD patterns of (b4pm)(12tfib); Figure S8. Measured
and calculated XRPD patterns of (b4pm)(13tfib); Figure S9. Measured and calculated XRPD pat-
terns of (b4pm)2(14tfib); Figure S10. Measured and calculated XRPD patterns of (b4pm)(ipfb);
Figure S11. Measured XRPD patterns of (b4pm)(135tfib); Figure S12. DSC thermogram of b3pm;
Figure S13. DSC thermogram of b4pm; Figure S14. DSC thermogram of (b4pm)(12tfib) Figure S15.
DSC thermogram of (b4pm)(13tfib); Figure S16. DSC thermogram of (b4pm)2(14tfib) Figure S17.
DSC thermogram of (b4pm)(ipfb); Figure S18. DSC thermogram of (b4pm)(135tfib); Figure S19.
TG thermogram of (b4pm)(12tfib); Figure S20. TG thermogram of (b4pm)(13tfib); Figure S21. TG
thermogram of (b4pm)2(14tfib); Figure S22. TG thermogram of (b4pm)(ipfb); Figure S23. TG ther-
mogram of (b4pm)(135tfib); Figure S24. Optimized structure of anti-b3pm; Figure S25. Optimized
structure of anti-b3pm; Figure S26. Optimized structure of b4pm; Figure S27. Optimized structure
of (b4pm)(ipfb)_N; Figure S28. Optimized structure of (b4pm)(ipfb)_O; Figure S29. Optimized
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These data can be obtained free of charge from the Director, CCDC, 12 Union Road, Cambridge, CBZ
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https://www.mdpi.com/article/10.3390/cryst11060699/s1
https://www.mdpi.com/article/10.3390/cryst11060699/s1


Crystals 2021, 11, 699 13 of 15

Author Contributions: Synthesis of the parent diketones: N.B. and V.M.; cocrystal synthesis: V.M.;
characterization, single-crystal and powder X-ray diffraction analysis: N.B. and V.M.; quantum-
chemical calculations: N.B.; Writing—original draft preparation: N.B., V.S. and D.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by the Croatian Science Foundation under projects HRZZ-IP-
2014-09-7367 and HRZZ-IP-2019-04-1868.

Acknowledgments: This research was supported by the Croatian Science Foundation un-der projects
HRZZ-IP-2014-09-7367 and HRZZ-IP-2019-04-1868.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Aakeröy, C.B.; Panikkattu, S.; Chopade, P.D.; Desper, J. Competing hydrogen-bond and halogen-bond donors in crystal engineer-

ing. CrystEngComm 2013, 15, 3125–3136. [CrossRef]
2. Aakeröy, C.B.; Spartz, C.L.; Dembowski, S.; Dwyrea, S.; Despera, J. A systematic structural study of halogen bonding versus

hydrogen bonding within competitive supramolecular systems. IUCrJ 2015, 2, 498–510. [CrossRef] [PubMed]
3. Bartashevich, E.V.; Tsirelson, V.G. Interplay between non-covalent interactions in complexes and crystals with halogen bonds.

Russ. Chem. Rev. 2014, 83, 1181–1203. [CrossRef]
4. Awwadi, F.F.; Taher, D.; Haddad, S.F.; Turnbull, M.M. Competition between Hydrogen and Halogen Bonding Interactions:

Theoretical and Crystallographic Studies. Cryst. Growth Des. 2014, 14, 1961–1971. [CrossRef]
5. Jing, B.; Li, Q.; Li, R.; Gong, B.; Liu, Z.; Li, W.; Cheng, J.; Sun, J. Competition and cooperativity between hydrogen bond and

halogen bond in HNC· · · (HOBr)n and (HNC)n· · ·HOBr (n = 1 and 2) systems. Comput. Theor. Chem. 2011, 963, 417–421.
[CrossRef]

6. Bauzá, A.; Frontera, A. Competition between lone pair-π, halogen-π and triel bonding interactions involving BX3 (X = F, Cl, Br
and I) compounds: An ab initio study. Theor. Chem. Acc. 2017, 136, 37. [CrossRef]

7. Ji, B.; Wang, W.; Deng, D.; Zhang, Y.; Cao, L.; Zhou, L.; Ruana, C.; Li, T. Structural competition between π· · ·π interactions and
halogen bonds: A crystallographic study. CrystEngComm 2013, 15, 769–774. [CrossRef]
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