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Abstract

Hirshfeld surface analysis has been widely used in recent years as a means to
quantify and visualize various types of intermolecular interactions in mole-
cular crystals. This review article introduces intermolecular interactions dis-
cussed with Hirshfeld surface analysis and 2D fingerprint plots. In addition,

using CIF files obtained from our previous results, Hirshfeld surface analysis

was newly performed, and the resulting 3DHirshfeld surfaces, 2D print plots,

molecular structural features, and crystal structure relationships were de-

scribed. Classification of their intermolecular interactions, statistical discus-

sion focused on crystalline water and perspective on ligand-protein docking

are also mentioned.
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1. Introduction

Intermolecular interactions in molecular crystals are important not only for

forming crystal packing but also for molecular recognition and supramolecular

formation [1]. Conventionally, specific intermolecular interactions have often

been pointed out by observing crystal structure analysis results. In recent years,

by inputting the crystal structure, it has become possible to theoretically and vi-

sually quickly analyze the length of the interatomic distance, the donor/acceptor

atoms, and the contribution rate. Nowadays, Hirshfeld surface analysis can be

performed by loading CIF files obtained from crystal structure analysis into

available programs, whose key features may be visualization and quantitation of
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various types of intermolecular interactions. Recently, many papers published in
MDPT’s journals have used Hirshfeld surface analysis to discuss various types of
intermolecular interactions [2]-[41].

First, we give typical examples, including weak ones, of basic hydrogen bond-
ing, based on the difference in electronegativity between the donor and acceptor
atoms. Zeng et al. predominantly explained O-H:--O hydrogen bonds and other
types of weak interactions in molecular crystal [2]. Kumar ef al. analyzed the in-
teratomic (O--H, H---H, and C---O) interactions that significantly influence crystal
packing for monomer and trimer 5-Hydroxymethyluracil [3]. Semenova et al
applied eight coordinated Dy(III) complexes to chiral molecules and mentioned
that this association might be due to the O-H---O bonding of aqua ligands, which is
denied by long O---O separations [4].

It should be noted that the case of atoms that are weak in terms of electrone-
gativity, such as between carbon atoms and hydrogen atoms, are also introduced
here. Bojarska et al. carried out in silico research on oligopeptides in O--H/H---O
and C.-H/H---C interactions [5]. Craciun et al. performed analyses of 1D and 2D
coordination polymers of Cd(II) complexes with H---H, H---O/O---H, H---C/C---H,
H---N/N-.-H, C---O/O---C, C---N/N---C, C---C, and O---O contacts [6]. Deeloed et al.
confirmed that the primary interaction between packed complex cations and ni-
trate anions in the crystal of Ni(II) complexes are H--O/O--H, H--H, and
H:--N/N---H hydrogen bonds [7]. Gacki et al explained crystal-packing arrange-
ments defined by three (H---H, C---H, and O--H) contacts for quasi-isostructural
Co(II) and Ni(II) complexes [6]. Krupka et al examined the contribution of dif-
ferent types of H---H, C--C, O---H/H---O, C--H/H--C interactions to salen-type
com-pounds [8]. Mahmoudi ef al observed that crystal packing of novel Pb(II)
complexes is dominated by C-H---O/N/S interactions [9].

Although it is possible to make a judgment by the usual method based on the
observation of the crystal structure, there are also analytical reports on the types
of hydrogen bonds involving halogen atoms with strong polarity and sulfur
atoms with large polarization. Noor observed intermolecular C-H---Br hydrogen
bonding in halide-containing mono(aminopyridine) Fe(II) complexes [10]. Mas-
ternak et al suggested the importance of H---F/F---H close contacts in Cu com-
plex cations and SiF.~ or BF, counterions [11]. Altowyan et al discussed
short contacts of N--H, S---H, C--C, and S---C interactions to form crystals of
compounds with indolyl-triazole-thiadiazole heterocyclic rings [12]. Ghazzy et
al. discussed O--H/H---O, C.-O/H---C, O--§/S.--O, O--0; C--C, H---H, §---S, and
C---H interactions of S-containing ferrocene derivatives [13]. Altowyan et al de-
tected short H.--H, N...H, S..H, and Cl---H interactions in a Cu(II)-thiazolidine
complex [14]. It should be noted that Seth found Cu---O/O---Cu contacts based
on the fingerprint of Cu coordination polymers for interaction between met-
al-negative charged polar atom [15].

Similar to hydrogen bonding, negatively polarized m-systems, or between
m-systems, may also participate in intermolecular interactions. Since the phenyl

group has a flat plate shape, the aspect of recognizing the three-dimensional shape
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becomes stronger, in other words, stacking. Baykoc et al also performed a data-
base survey of relevant (oxadia-zole)---m interactions in both the Cambridge Struc-
tural Database and the Protein Data Bank [16]. Jmai et al distinguished various
types of interactions, such as van der Waals forces, hydrogen bonds, and C-H:--m,
and N-H---m interactions for the histaminium bis(Trioxonitrate) compound [17].
Zamisa et al. showed that weak intermolecular C-H--O, C-H--N, and C-H--n
hydrogen bonds were observed in the crystal lattice of 2-Formimidate-3-carbo-
nitrile compounds [18]. Interactions between m-systems are often weaker than
those between polarized atoms. Sukhikh et a/ identified weak m-7 interactions
between phthalocyanine metal complexes [19]. Novoa-Ramirez et al showed
that m---m interactions in compound Nisalphen stabilized the formation of the
dimeric structures of Schiff base Ni(II) complexes [20]. Asad et al. observed an
indication of the presence of aromatic stacking, as well as H--H, H---O, C.--H,
C---C, and C--O interactions in piperidinium dicoumarol reprted [21].

Electrostatic attraction dominates when negatively or positively charged atoms
participate in hydrogen bonding due to deprotonation or protonation, or when
there is a positive or negative ionic component of an ionic crystal. In some cases,
polarized atoms and hydrogen atoms form hydrogen bonds at the same time.
The counterion of the ionic crystal becomes an element of the supramolecular
crystal structure. Minaeva ef al investigated NH---Cl, CH---Cl, and CH---O in-
termolecular interactions and the resulting formation of the NH;-CI™, ie, the
salt of methylone hydrochloride crystals [22]. Ruelas-Alvarez et al. reported the
formation of N*-H.-.-O/O and O-H---O/O-type interactions in monobrone
compounds [23]. Zieba et al indicated a correlation between intermolecular
H---O and O---H contacts in N-H.--O, C-O---H, and O-H:--O, as well as conduc-
tivity in pyrazolium salts [24]. Zhuang et al applied the weakly supramolecular
interaction of [BiCl,(phen)]™ anions [25]. Smarun et al. exhibited short N-H---F
contact between the H atom and the PF6 anion group in phosphine-imidazolium
salt [26].

There are not only electrostatic attractive interactions between different
atoms, but also strong covalent interactions between the same atoms. It is com-
mon to compare the interatomic distance predicted from the sum of atomic radii
and the actual interatomic distance to show that attractive interactions work, but
there is an advantage that becomes clearer through analysis. Hydrophobic effects
may also need to be considered in the case between hydrogen atoms. Dasko et al.
found that Cl---X becomes comparable with hydro-phobic H---H plus C---H in-
termolecular interactions in triazole compounds [27]. Vassilveva et al treated
intermolecular (H---H) contacts between crystallographically independent or-
ganic cations and negatively charged [PbZCle]irF chains [28]. Boraei et al re-
ported that S--H, N.--H, S.--C, and C---C contacts are the most significant to
dichlorobenzylidene compounds [29]. Collart ef al found a notable difference in
F--F interactions in lithium bis(pentafluoroethanesulfonyl)imide [30]. Grudova
et al. found that intermolecular contacts of H--H, C--H, O---H, and F---H involv-
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ing hydrogen atoms (not aurophilic interactions Au(I)---Au(I)) have the largest
contribution to crystal packing of cation Au(I) complexes [31].

In molecular crystals, intermolecular interactions generally exist in the re-
peated arrangement of molecules and ions of the same kind. As an application of
the knowledge of intermolecular interactions based on crystal structure and
three-dimensional structure, it is necessary to consider molecular recognition,
not necessarily through the same chemical species, but to design inhibitor mo-
lecules by docking between proteins and ligands. Hamlaoui ef al. revealed major
interactions caused by H--H, H--S/S--H, H.-C/C.--H, C--C and H.-N/N--H
contacts of Co(II) complexes as potential inhibitors of HIV-1 protease [32]. Shi-
vanna et al. observed a major contribution from H---H in 1-(4-(Methoxy(phenyl)
methyl)-2-methylphenoxy) butan-2-one as an a-glucosidase inhibitor [33]. Os-
man et al. showed that adamantane-linked 1,2,4-triazole derivatives (potential
114-HSD1 inhibitor) provide the data of non-covalent H.--H interactions, occu-
pying 54.4% [34]. The use of protein crystal structures, theoretical calculations,
and computational chemistry of protein-ligand docking deepens our understand-
ing. According to this point of view, the host protein must also consider flexibil-
ity and dynamic factors that allow the three-dimensional structure to fluctuate to
some extent. Knowledge of intermolecular interactions and supramolecular
chemistry in a broad sense, assuming solutions, is also required. Abou-Taleb et
al. visualized the crystal structure and the most likely (carboxylic O atom) sites
for interactions of ketoprofen crystals that support theoretical docking simula-
tions [35].

In order to form small-molecule crystals of molecular and ionic substances
that are the subject of chemical crystallography, we should consider not only the
stable structure of a single molecule (optimized structure in computational che-
mistry) but also the deformation due to crystal packing, dominant intermolecu-
lar interactions are one of the important crystal structure determinants, such as
space group and molecular arrangement. However, the crystal structure is not
limited to one, and there may be multiple possibilities represented by polymor-
phism or phase transition. Even then, it is the intermolecular interactions that
bind the building blocks together. Moyano et al rationalized the crystal stabili-
zation of N-O---H-C interactions for dimethylpyrazoles [36]. Wattanathan et al’s
Ce(III) complexes suggested that the C-H---O and C-H---m interactions signifi-
cantly contribute to crystal packing [37]. Zhou ef al predicted that O---O contact
is predominantly formed in the most stable Pna21 space group for nitryl cyanide
[38]. Standish et al found H---O|O--H, H---N|N---H spikes were well established
as common motifs within structural fingerprints for polymorphs of a 2,1,3-
benzoxadiazole derivative [39]. Rayes et al reported M-X---H contacts in organ-
ic-inorganic salts of perhalidometallates, exhibiting single crystal-single crystal
transformation [40].

In the analysis, which was proposed in 1977 [41] and recently used to review

actual usage in single molecule magnets [42], a space is defined in which the
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electron density of the molecule of interest is greater than the surrounding elec-
tron density. This space wraps the outer region, similar to a cover, and is called
the ‘Hirshfeld surface’. The strength of intermolecular interactions is printed on
the Hirshfeld surface, which is colored red when the molecules are close to the
surrounding atoms and blue when they are far from the surrounding atoms.
This yields the visualization of which parts of the crystal structure are interacting
and with what strength. Furthermore, whereas van der Waals surfaces defined
by known van der Waals radii are only defined by the molecule itself, Hirshfeld
surfaces are defined by the proximity of the molecule itself and its nearest mole-
cular neighbors, as mentioned in Spackman’s review [43]. Please refer to [41, 43]
for details of concepts, definitions, and what the diagrams represent. Roughly
speaking, Hirshfeld surface drawings and the corresponding fingerprint plots
serve for visualized insight into intermolecular interactions to form the packing
of molecules in crystals. The molecular Hirshfeld surface and 2D fingerprint
plots were regarded as quantitative mapping with electrostatic potential, shape-
index (delicate changes in shape of surface) and curvedness of the surface (iden-
tification of very close intermolecular interactions). The white-colored surface
indicates contacts with distances equal to the sum of van der Waals radii, and
the red-colored and blue-colored colors mean distances shorter or longer than
the van der Waals radii, respectively. The flat areas of the surface stand for the
low values of curvedness while the sharp ones indicate the high values of it. The
surface drawn as the function of normalized distances di and de, where di (in-
side atom) and de (outside atom) are the distances from a point on the surface to
the nearest atoms.

It is necessary to position the hydrogen atoms precisely and to ensure that the
bonding distances to the hydrogen atoms are realistic values. Although hydrogen
positions determined using X-ray crystallography may be always biased, Hirsh-
feld surface analysis is usually used for intermolecular interaction in crystals (not
in optimized structures based on DFT calculations). Common treatment of hy-
drogen atoms involves refinement (geo-metrically calculated positions and rid-
ing models), and these can be regarded as statistically reliable hydrogen atom
positions in crystals. Furthermore, by considering neutron or electron diffrac-
tion, aside from X-ray diffraction, the distance from the Hirshfeld surface to the
nearest nucleus within the surface is defined as di; the distance to the nearest
nucleus outside the surface is defined as de; and the relationship between di and
de for the entire crystal is summarized on a two-dimensional plane, called a
two-dimensional fingerprint plot. The plot is colored blue, green, and red as the
density of the plot increases on the two-dimensional plane. This plot is known to
show a characteristic shape when a particular molecular structure is present and
is particularly useful when comparing polymorphic molecules. It is also possible
to identify only specific interactions, mapping surfaces where only certain pat-
terns contribute, or display them in a two-dimensional fingerprint plot. The re-

sulting fingerprints show characteristic shapes due to various interactions; typi-
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cal examples are indicated by red circles in Figure 1. Although it is impossible to
refer to the CCDC data, the number of data taken from the CCDC classified into
each type of intermolecular interactions are as follows: (a) van der Waals forces
(1843 cases); (b) hydrogen bonding (1498 cases); (c) CH-m interactions (789
cases); and (d) n-m interactions (592 cases). This is further discussed in Section
4.

For a long time, our group has synthesized and determined the crystal struc-
tures of a variety of novel metal complexes or their organic ligands, such as chir-
al, polymorphic, and Schiff-base-type molecular crystals. In the next step, par-
ticular emphasis has been placed on the hybrid materials of complex molecules
binding to proteins. The introduction of artificial metal complexes with organic
ligands into proteins is expected to improve their functionality [44]. Indeed,
some organometallic complexes (C-coordination) are also possible candidates
for metalloprotein designs because they show unique reactivity, which is difficult
to obtain using inorganic complexes (e.g., C-C bond formation) [45]. Further-
more, the protein environment provides a variety of different interactions (e.g.,
hydrogen bonds, hydrophobic and ionic interactions) in the second coordina-
tion sphere [46] [47]. Thus, the interaction perspective is considered important
for the introduction of guest metal-organic complexes into proteins. The design
of metal-organic complexes concerning (surface) hydrophobic pockets of pro-
teins, taking into account their interactions, would lead to an increase in expe-
rimental efficiency. One of the tools we can use to visualize intermolecular inte-
ractions may be Hirshfeld surface analysis.

This analysis is used not only in metal complexes included by host molecules
but also in crystallographically characterized organic ligands, for example.
Hirshfeld surface analysis is a theoretical method that yields the visualization of
how the whole molecule interacts with its surroundings. This study aims to in-
vestigate the relationship between the various features of a molecule and its in-
teractions with other molecules. Although the data obtained are fragmentary, we

believe that by investigating specific examples, such as polymorphic molecules

Figure 1. Examples of characteristic shapes of inter-
molecular interaction in the two-dimensional finger-
prints: (a) van der Waals forces; (b) hydrogen bond-
ing; (c) CH-m interactions; and (d) nt-n interactions.
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with different twist angles and chiral crystallization of achiral molecules, we may

be able to deal with various environments in proteins.

2. Methods

Crystal structures (CIF) were obtained from the Cambridge Structure Database
(CSD) by CCDC, mainly reported by the authors [48] [49]. Hirshfeld surface
analysis was carried out using the CrystalExplorer program [50]. The crystal
structure analysis of polymorphic organic molecules [51], crystal-packing achiral
molecules in a space group without centrosymmetry [52], organic ligands con-
taining two independent molecules [53], and chiral crystallization due to two
types of hydrogen bonds [54] was conducted to discuss the molecular shape and
crystal packing of these molecules. We performed Hirshfeld surface analysis on
crystallographically characterized molecules. In the next section, we review the
results of Hirshfeld surface analysis of not only metal complexes, but also organ-

ic compounds (as ligands), mainly reported in our laboratory so far.

3. Review of Hirshfeld Surface Analysis of the Crystals

Hirshfeld surface analyses were newly performed on the crystalline compounds
published by our laboratory so far. Molecules with some characteristic structures
were picked up and reviewed. In this section, we discuss molecular features and
intermolecular interactions of the crystals, comparing conventional methods
(observation of crystal structures) and Hirshfeld surface analysis. However, pri-
marily due to space considerations, the fingerprints only include a select few of
the major interactions. In principle, this analysis can output quantitative values
for all types, but if there is a difference compared to judgment by conventional
observation, its accuracy, and characteristics (and bias, if any, depending on the
judgment method) should be considered) can be read. For example, there are
some cases where Hirshfeld surface analysis does not show a bond involving a

halogen because the contribution rate is low.

3.1. (Z)-1-Benzoyl-5-benzylidene-2-hydroxy-4-oxo-
4,5-di-hydro-1H-pyrrole-3-carbonitrile

An example of the crystallization of achiral molecules in a space group without
cetrosymmetry is described in [55]. This is the first crystal structure reported for
chiral crystallization of a pyrrole of this type. Conventional investigation sug-
gests that O-H--N hydrogen bonds link the molecules, which may potentially
contribute to this characteristic “chiral crystallization”, while intramolecular
O-H---O bonds also occur in the crystal. Hirshfeld surface analysis suggests that
molecular bonds are strong due to H---H interactions. Other O---H interactions
are thought to act mainly on the sides of the molecules (Figure 2). The
red-colored area of the surface is consistent to the hydrogen bonding features.
The fingerprint for all interactions indicates characteristics of (a) van der Waals

forces, (b) hydrogen bonding and (c) CH-m interactions.
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(a)

(b)
Figure 2. (a) Molecule and (b) packing of this crystal.

3.2. 4,4’-(1,2-Diazaniumylethane-1,2-diyl) Dibenzoate Trihydrate

Themolecule of title compound crystallizes as a zwitterion with protonated
amine groups NH; and deprotonated carboxylate groups COO™ is presented
in [56]. In addition to electrostatic interactions between positively and negatively
charged moieties, in this crystal, N-H:--O and O-H---O hydrogen bonds link (to-
tally neutral) molecules into a three-dimensional network. O---H interactions are
particularly pronounced, suggesting that the molecules are strongly linked to
each other via crystalline water molecules (Figure 3). The extended m-conjugated
systems from phenyl groups may also enhance n interaction involving hydrogen
atoms, as shown by Hirshfeld surface analysis. In addition, there also are two

asymmetric carbon atoms (both are R configuration) in the title compound,
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Figure 3. Molecule and of this crystal.

resulting in a chiral space group. The red-colored area of the surface is consis-
tent to the hydrogen bonding features. The fingerprint for all interactions indi-
cates characteristics of (a) van der Waals forces and (b) hydrogen bonding inte-

ractions.

3.3. 4-Phenyldiazenyl-2-[(R)-(1-phenylethyl) iminomethyl]
Phenol

A chiral photochromic Schiff-base compound is described in [57]. An intramo-
lecular O-H---N hydrogen bond can only be formed when phenol-imine tauto-
mers take an appropriate form. C---H interactions are prominent, and the mole-
cules are thought to be linked together by aligning parallel to the benzene ring
(Figure 4). There are three phenyl rings in these molecules. The azobenzene
moiety, composed of two of the three, adopts a trans form against N=N bonds.
In contrast to Hirshfeld surface analysis, however, the original paper did not
point out characteristic intermolecular interactions based on conventional ob-
servations. The small red-colored area of the surface is consistent to the lack of
intermolecular hydrogen bonding features. The fingerprint for all interactions

indicates characteristics of (c) CH-m interactions mainly.

3.4. 6-[(R)-(2-Hydroxy-1-phenylethyl) aminomethylidene]-4-
(2-phenyl-diazen-1-yl) cyclohexa-2,4-dien-1-one

A further chiral photochromic Schiff-base compound containing azobenzene
moiety is described in [58]. This molecule exhibits a keto-amine tautomeric
form (potentially acting as intramolecular hydrogen sites) and displays characte-
ristic features of azobenzene derivatives of trans (E) conformation. The hydroxy
group is also involved in an intermolecular hydrogen bond between O-H:---O
sites. C---H interactions are prominent, suggesting H interaction with the ben-
zene ring due to the twisting of the molecule. The diazenyl group is involved in nt
interactions, which is supported by Hirshfeld surface analysis, too. Because of
the hydroxyl group, partially strong O--H interactions can also be observed

(Figure 5). The red-colored area of the surface is consistent to the hydrogen
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Figure 5. Molecule of this crystal.

bonding features. The fingerprint for all interactions indicates characteristics of

(b) hydrogen bonding predominantly.

3.5. (R)-4-bromo-2-[(1-phenylethyl) iminomethyl] Phenol

A chiral Schiff base compound possessing photochromic properties due to imine
and phenol groups is described in [59]. The molecule is a phenol-imine tauto-
mer, and there is an intramolecular O-H---N hydrogen bond. The planarity of
this molecule, with two six-membered phenyl rings, is also stabilized by an in-
tra-molecular O-H---N hydrogen bond. H---H interactions are prominent, but the
proportion of C---H interactions is also high, suggesting that the folded structure
of the molecule affects the interactions of the Br group (Figure 6). Contrary to
Hirshfeld surface analysis, however, halogen involving hydrogen bonds was not
mentioned in the original paper based on conventional observations. The small
red-colored area of the surface is consistent to the lack of intermolecular hydro-
gen bonding features (almost not acting halogen atoms). The fingerprint for all

interactions indicates characteristics of (¢) CH-m interactions.
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Figure 6. Molecule of this crystal.

3.6. (R)-4-methoxy-2-[(1-phenylethyl) iminomethyl] Phenol

A chiral (also potentially photochromic) Schiff base compound is described in
[60]. The title compound potentially adopted the phenol-imine tautomeric form,
which may be involved in intramolecular O-H--N hydrogen bonds when suita-
bly formed. H---H interactions are prominent, but the proportion of C.--H inte-
ractions is also high, suggesting that the folded structure of the molecule affects
weak interactions via the methoxide group (Figure 7). Crystal packing is also
stabilized by two C-H---m interactions involving the aromatic ring with a consi-
derable dihedral angle between them. The small red-colored area of the surface
is consistent to the lack of intermolecular hydrogen bonding features. The fin-
gerprint for all interactions indicates characteristics of (a) van der Waals forces,

(¢) CH-mt interactions and (d) m-m interactions.

3.7. bis(N-methylethylenediamine-x2N, N’) bis(perchlorate-x0)
copper(Il)

Thetitle compound is neutrally charged as a crystal, although it is composed of
cation (copper(II) complex) and anion (perchlorate) moieties. Although elec-
trostatic interactions may be expected, N-H--O hydrogen bonds were predomi-
nantly reported in the original paper based on conventional observation. This
main part is a cation of a copper(II) complex with ethylene diamine ligands
showing Jahn-Teller distortion [61], which may be weaker than normal covalent
bonds in a crystal. According to Hirshfeld surface analysis, H---H interactions
and O---H interactions are prominent, with partially strong interactions observed
in the O--H interactions via perchlorate anions (Figure 8). The red-colored area
of the surface is consistent to the hydrogen bonding features as well as electros-
tatic interactions. The fingerprint for all interactions indicates characteristics of

(a) van der Waals forces and (b) hydrogen bonding.
3.8. Bis (5-chloro-N-iso-propyl-salicyldenaminato-x2N, 0)
copper(Il)

This title compound is a neutral coordination compound involving Schiff base

ligands adopts a stepped conformation and affords square-planar trans-[CuN,O,]
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Figure 7. Molecule of this crystal.

Figure 8. Molecule of this crystal.

coordination geometry, in which the Cu(II) ion lies on the center of symmetry
[62]. Crystal packing may be flexible because the related compounds occur dur-
ing phase transition according to temperature changes. Indeed, the original pa-
per stated that crystal packing was predominantly controlled by weak van der
Waals forces. No particularly strong interactions were observed, as stated in the
original paper based on conventional observation, and this is thought to be con-
stituted by weak linkages due to H--H interactions, regardless of Cl group
(Figure 9). Halogen atoms may be expected to contribute to intermolecular in-
teractions based on Hirshfeld surface analysis. The small red-colored area of the
surface is consistent to the lack of intermolecular hydrogen bonding features
(almost not acting halogen bonding). The fingerprint for all interactions indi-

cates characteristics of (a) van der Waals forces and (c) CH-7 interactions.

3.9. Bis (N-ethylethylenedi-amine-x2N, N’) copper(II)-
hexacyanocobaltate(1II)-water (3/2/4): A Two-Dimensional
Ladder Structure of a Bimetallic Assembly

This title compound is a two-dimensional coordination polymer is structurally
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Figure 9. Molecule of this crystal.

characterized by new two-dimensional cyano-bridged Cu(II)-Co(III) bimetallic
assembly [63]. This neutral compound is composed of both the cations of the
Cu(II) complex and the anion of the Co(III) complex. However, in the original
paper based on conventional observation, (ligand of Cu(II) moiety) N-H---H (li-
gand of Co(III) moiety) interactions were mentioned in the two-dimensional
networks of coordination bonds. This feature could be deeply considered using
Hirshfeld surface analysis. Between the two-dimensional structures, H---H inte-
ractions can be prominently identified (Figure 10). The red-colored area of the
surface is consistent to the hydrogen bonding features involving water molecules
crystalline solvent besides electrostatic interaction. The fingerprint for all inte-

ractions indicates characteristics of (b) hydrogen bonding apparently.

3.10. (E)-3-[(2,6-dimethylphenyl)
diazenyl]-7-methyl-1H-indazole

The title compound is a neutral organic compound with azo-(-N=N-) bond
moiety and a pyrazole moiety [64]. In the crystal of the title compound, helically
zigzag chains along the b-axis direction with C(3) as a graph-set motif are
formed by N-H---N intermolecular hydrogen bonds of pyrazole moieties. More-
over, two types of C-H---m interactions were also pointed out in the original pa-
per based on conventional observations. This intermolecular interaction resulted
in chiral crystallization. According to Hirshfeld surface analysis, the main inte-
raction is H--H, and C---H interactions can be identified in the two benzene
rings. Partially strong N--H interactions are also observed (Figure 11). The
red-colored area of the surface is consistent to the hydrogen bonding features.
The fingerprint for all interactions indicates characteristics of (b) hydrogen

bonding mainly.

3.11. 2-{(R)-[1-(4-bromophenyl) ethyl]
iminomethyl}-4-(phenyldiazenyl)phenol

The title compound is a chiral (asymmetric carbon) photochromic (both azo-

benzene moiety and imine and phenol groups) Schiff-base compound that is

DOI: 10.4236/ijoc.2023.132006

69 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2023.132006

S.Suda et al.

Figure 10. Molecule of this crystal.

Figure 11. Molecule of this crystal.

neutrally charged [65]. The molecule determined that its crystal structure cor-
responds to the phenol-imine tautomer. As the original paper stated, the hy-
droxy group is involved in intramolecular O-H:--N hydrogen bonding. In addi-
tion, three types of C-H--m interactions supported crystal packing, forming
one-dimensional chains that were detectable by conventional observation. Only
Hirshfeld surface analysis suggested short intermolecular Br---H contacts besides
them. Nevertheless, in the Br group with halogen bonding potential, H---H inte-
ractions are prominent, but C---H interactions can also be identified in the ben-
zene ring (Figure 12). The small red-colored area of the surface is consistent to
the lack of intermolecular hydrogen bonding features. The fingerprint for all in-
teractions indicates characteristics of (c) CH-m interactions (not acting halogen
bonds).

3.12. 3,6-dihydroxy-4,5-dimethylbenzene-1,2-dicarbaldehyde

This is an achiral, neutral, and almost simple planar compound that interestingly
crystallizes in a space group without centrosymmetry (sometimes called “chiral
crystallization”) [66]. Between these planar molecules, some localized O--H in-

teractions (five types were pointed out in the original paper) can be identified by
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Figure 12. Molecule of this crystal.

Hirshfeld surface analysis, and loose C---H interactions of C-H:--mt type are also
seen to form helical crystal packing with two-fold axis to form P2,. (Figure 13).
However, according to a database survey in the original paper, not all analogous
compounds with C-H---O interactions were crystallized in non-centrosymmetry
space groups. The red-colored area of the surface is consistent to the hydrogen
bonding features. The fingerprint for all interactions indicates characteristics of

(b) hydrogen bonding and (c) CH-m interactions.

3.13. Bis|cis-(1,4,8,11-tetraazacyclotetradecane-x4N)
bis(thiocyanato-kN) chromium(III)] di-chromate
Monohydrate

]** cation, half of a

The asymmetric unit comprises one [Cr(NCS),(cyclam)
Cr,0% anion (completed by inversion symmetry), and half of a water molecule
[67]. Regarding the composition, this crystal may be expected to be straightfor-
wardly dominated by electrostatic inter-actions. The original paper explained
the packing formation feature as follows: “The crystal is stabilized by intermole-
cular hydrogen bonds of the cyclam N-H groups and water O-H groups (do-
nors) and the O atoms of CrZOg’ or water molecules (acceptor) to form a
three-dimensional network.” Local O--H interactions can also be identified by
conventional observations (Figure 14). In addition to H.--H interactions, S--H
interactions can be identified only by Hirshfeld surface analysis. The small
red-colored area of the surface is consistent to the predominant electrostatic in-
teractions between cations and an-ions. The fingerprint for all interactions indi-

cates characteristics of (b) hydrogen bonding.

3.14. Hexakis-(urea-x0) chromium(III) Dichromate Bromide
Monohydrate

This crystal is also composed of a cation of the Cr(III) complex and an anion of
the Cr,0> unit, which could be expected to have predominant electrostatic
interactions [68]. Within the complex cation, the Cr(III) atom is coordinated by
six O atoms of six urea ligands, dis-playing a slightly distorted octahedral coor-

dination environment. There is also Br~ (ready for electrostatic interaction) in
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S1A

Figure 14. Molecule of this crystal.

the crystal as a counter anion. Local O---H interactions can be seen even by con-
ventional observations, which accounts for a large proportion of the total inte-
raction (Figure 15). Aside from electrostatic force, Br~ links the Cr(III) complex
and water molecules via N-H---Br and O-H---Br hydrogen bonds. The supramo-
lecular architecture of a three-dimensional network also includes N-H---O and
O-H---O hydrogen bonds between urea N-H and water O-H donor groups, as
well as O atoms of the Cr,0%" anions. Thus, there are several types of hydrogen
bonds, even in the ionic crystals of anions and cations. The red-colored area of
the surface is consistent to the hydrogen bonding features. The fingerprint for all
interactions indicates characteristics of (a) van der Waals forces and (b) hydro-

gen bonding (halogen atoms as hydrogen acceptors were not clear).

3.15. 3,5-dichloro-2-{[(1-phenylethyl) imino] methyl} Phenol

The title compound is a chiral (associated with asymmetric carbon) Schiff base
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Figure 15. Molecule of this crystal.

compound that synthesized from racemic 1-phenylethylamine and 3,5-dichlo-
rosalicyl-aldehyde [69]. Aside from molecular recognition of racemic pairs of
molecules, there is no possibility of structural control of chirality (at least in
terms of asymmetric arrangement of molecules). The n-conjugate system around
the imine group is essentially planar in the phenol-imine tautomer. The latter is
prepared for intramolecular O--N hydrogen bonds. Intermolecular C-H---7t in-
teractions are also present in the crystal structure. Moreover, Cl---H interactions
are detectable. According to a close investigation using Hirshfeld surface analy-
sis, this is attributed to the folded structure of the molecule, which makes it easi-
er for the H bonded to the C15 atom to approach the Cl atom (Figure 16). The
small red-colored area of the surface is consistent to the lack of intermolecular
hydrogen bonding features. The fingerprint for all interactions does not indicate
characteristics of (a) van der Waals forces, (b) hydrogen bonding, (c) CH-n in-
teractions nor (d) m-m interactions but Cl---H interactions.

3.16. 1-(2-iodo-benzo-yl)-4-(pyrimidin-2-yl) Piperazine

In this title neutral compound, which involves the I atom, the central six-membered
piperazine ring adopts an almost perfect chair conformation with the pyrimidine
substituent in an equatorial site [70]. The original paper stated that C-H---O and
C-H:--n(arene) hydrogen bonds made the molecules form a three-dimensional
network structure and presented the augmentation by n-m stacking interactions
and an I---N halogen bond. These facts could be detected by conventional obser-
vations of the crystal structures. A high proportion of H-H interactions, as well
as local O-H interactions involving the C=0 group, can be identified, regardless
of potentially polar I group (Figure 17). These features could be discussed fol-
lowing Hirshfeld surface analysis 18. The small red-colored area of the surface is
consistent to the lack of intermolecular hydrogen bonding features. The finger-
print for all interactions indicates characteristics of (a) van der Waals forces and

(b) hydrogen bonding.

3.17. trans-Bis(2,2-diphenylethylamine-xN)
bis(5,5-diphenylhydantoinato-xN3) copper(II)

Guest molecules of solvents may sometimes induce structural changes in the
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Figure 17. Molecule of this crystal.

host molecules of crystals. The title neutral complex affords a distorted square-planar
[CuN,] coordination environment (blue-violet colored), in which the Cu(II)
atom lies on the center of symmetry when containing a chloroform solvent [71].
While a square-planar [CuN,] complex (reddish-violet colored) could be ob-
tained for the solvent free crystal. Using am-ide moiety of hydantoin rings,
double complementary N-H---O intermolecular hydrogen bonds could be
formed in both cases, which may play an important role in forming crystal
packing. According to Hirshfeld surface analysis of the solvent-containing crys-
tal, H---H interactions are prominent, but C.--H interactions can also be identi-
fied (Figure 18), which could not be found via conventional observations. The
red-colored area of the surface is consistent to the hydrogen bonding features.
The fingerprint for all interactions indicates characteristics of (a) van der Waals
forces and (b) hydrogen bonding. The chloroform molecule does not contribute
significantly to intermolecular hydrogen bonding. Rather, it acts as a blocker for

normal hydrogen bonding packing.

3.18. trans-Bis(5,5-diphenylhydantoinato)
bis(2-phenylethylamine) copper(II)

A similar example to the previous one is introduced here. This crystal structure

is also mainly stabilized by two anti-parallel N-H:.-O=C intermolecular hydrogen

bonds. This compound affords a square-planar trans-[CuN,] coordination envi-

ronment, while the Cu(II) atom lies on a center of symmetry. Both 5,5-diph-
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enyl-hydantoinate and 2-phenylethylamine ligands behave as monodetate li-
gands and bind to the central Cu(II) ion through their N atoms [72]. A high
proportion of H---H interactions and local O--H interactions can be identified
using Hirshfeld surface analysis, though hydantoin rings have amide moieties
ready for hydrogen bonds toward neighboring molecules (Figure 19). This fea-
ture also supports the role of solvent molecules in the previous example. The
red-colored area of the surface is consistent to the hydrogen bonding features.
The finger-print for all interactions indicates characteristics of (a) van der Waals
forces and (b) hydrogen bonding. It can be regarded as the case where there is

no factor inhibiting packing by ordinary hydrogen bonding.

Figure 19. Molecule of this crystal.
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4. Statistical Investigation of Hirshfeld Surface Analysis as
Datasets

Focusing on the versatility and quantification of the Hirshfeld surface analysis,
we draw a large amount of data from databases other than the crystal structures
we reported, and consider the limits that can (or cannot) be discussed. There-
fore, the following statistical investigation was attempted. As far as we know, at
least in the crystal structures of “organic”, “small molecule” and “single crystal”
X-ray crystallography, there are almost no research examples that have obtained
certain knowledge by machine learning from Hirshfeld surface analysis and fin-
gerprint big data. Therefore, here we propose a point of view that can be dis-
cussed from the usual statistical correlation.

While the analysis of individual CIF data has been used to investigate the in-
termolecular interactions of crystallographically characteristic molecules, it is
also possible to carry out statistical investigations by analyzing a large number of
data and subsequently extracting information. This is based on the hypothesis
that the results from Hirshfeld surface analysis are data that contain all the in-
formation written on the CIF, such as the position and type of atoms, bond
lengths, electrostatic potentials, etc. This can then be output them in terms of
molecular interactions. The method used in this statistical investigation is a type
of unsupervised learning called principal component analysis. In this method,
various interactions are evaluated and aggregated, and the two components with
the highest contribution rate are set as the main components and plotted on a
graph on a two-dimensional plane with two main components as the axes to in-
vestigate correlations [73]. In the present study, Hirshfeld analysis was per-
formed on approximately 1000 CIF data to determine the proportion of H---H,
C---H, C--C, and O---H interactions in the overall interaction of the molecule.
The C---H interaction includes the cases of H inside the Hirshfeld surface and C
outside the surface, while the O---H interaction includes the cases of H inside the
surface and O outside the surface. By performing unsupervised learning on the
data collected in this way, it is possible to find some correlation between the
molecular features and the type and proportion of interactions. A survey of the
complexes obtained in our laboratory showed that the more crystalline water
molecules there were, the higher the contribution of hydrogen bonding tended
to be. Therefore, we decided to investigate the correlation between the number
of crystalline water molecules and the contribution of intermolecular interac-
tions and performed Hirshfeld surface analysis on about 1000 CIF files collected
from the CCDC to determine the contribution of four types of intermolecular
interactions (Figure 20).

As for statistical analysis, quantitative treatment may be beyond reliable ex-
amination. The number of water with different situations of hydrogen bonds
should not be discussed as valuables of function but merely (chemically rational)
appearance characteristics of the scatter plot. As can be seen from the figure, the

further crystalline water molecules increase, the further O--H interaction
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Figure 20. Statistical plots of the contribution of intermolecular interactions vs. a number
of crystalline water molecules per molecule for crystal structures investigated using
Hirshfeld surface analysis in this study. Colors denote four types of intermolecular inte-
ractions. Dashed lines denote qualitative tendency.

increases and the further H---H interactions decrease. In addition, the contribu-
tion of the C.--C interaction and the C---H interaction did not change. This indi-
cates that these two interactions are not affected by the number of crystalline
water molecules. This result indicates that the presence of water molecules
strengthens bonding via intermolecular interactions in a certain direction. Fur-
thermore, crystalline water contributes little to the benzene ring and is selective-
ly arranged.

5. Conclusions and Perspective

In summary, one of the notable advantages of the Hirshfeld surface analysis is
the interaction between hydrogen atoms based on subtle differences in electro-
negativity, which tends to be neglected by conventional visual confirmation. Along
the recent examples mentioned in introduction (Section 1), brief classification of
the results for our crystal structures in Section 3 is as follows:

- Aggregation due to van der Waals interaction (too weak interaction to detect):
3.4, 3.8 (almost no contribution from halogen atoms);

- CH-n interactions: 3.5 (almost no contribution of halogens), 3.6, 3.12 (halo-
gens also participate), 3.13 ordinary hydrogen bonding and CH-m (chiral crys-
tallization of planar 6-membered ring neutral molecules);

- 7-minteraction: 3.17 (halogen hydrogen bond is weak);

- Ordinary hydrogen bonds: 3.1, 3.19 (two between neutral molecules, no chlo-
roform solvent);

- Weak hydrogen bonds: 3.11, 3.18 (weakened by chloroform solvent);

- Halogen hydrogen bond: 3.16 (where the role of Cl is clear);

- Heteroatom hydrogen bond: 3.14 (when § is involved in ionic crystals);

- Both hydrogen bonding and electrostatic attraction; 3.4 (protonated organic

DOI: 10.4236/ijoc.2023.132006

77 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2023.132006

S.Suda et al.

molecules);

- Covalently interactions between same type atoms: Quantitatively, H---H inte-
ractions are often dominant, but can also be attributed to other classifica-
tions. There were no examples of interactions between halogens and metals;

- Ionic crystals of metal complexes: 3.7, 3.10 (hydrogen bonds with water of
crystallization), 3.15 (both electrostatic bonds and ordinary hydrogen bonds).

In the previous section, we introduced seemingly random cases, but it is ra-
ther convenient to summarize trends without preconceptions. The intermolecu-
lar interactions described above are arranged in order of what is usually consi-
dered to be the weakest to the strongest. The strong ones should make an im-
portant contribution to maintaining crystal packing, while the weak ones should
make an essential contribution to molecular recognition together with the shape
of the substituents. Here, the two-dimensional fingerprints are limited to those
with quantitatively large numerical values.

Quantitative analysis was carried out using Hirshfeld surface analysis to study
molecular interactions. Using this method, it is possible to determine not only
which parts of a molecule contribute to an interaction, but also the proportion of
that interaction in the total molecular interaction. It is also possible to determine
the contribution of not only visually obvious interactions, such as the O--H in-
teraction and the C-.-C interaction, but also the contribution of interactions that
are difficult to notice, such as the C.--H interaction and the N-..-H interaction, H
interactions and N--H interactions. In particular, as complexes often have a
spherical molecular shape, the contribution of C.--H interactions to the overall
molecular interaction ratio is considered to be higher in many cases than that of
local O--H interactions. In addition, as intermolecular interactions in crystals
were investigated in the present study, it is considered that the molecules are
rarely flattened and the contribution of C---C interactions is low in many cases,
considering that the complexes are spherical in shape. Even in the example of
chiral crystallization of the complex, the contribution of C---H interactions to the
contribution of the helical arrangement is high, and even in the example of po-
lymorphic molecules, the contribution of C---H interactions is higher for mole-
cules with a twisted shape than for molecules with a flat shape. The need to con-
sider C.--H interactions may increase as molecules become bulkier in molecular
de-sign. The contribution of O---H interactions may also be higher in the case of
crystals forming a network through water molecules. The O--H interactions in
this case is likely to be localized at the Hirshfeld surface and is often strong inte-
ractions that anchor molecules. This perspective of interactions has the potential
to influence the molecular design of metal complexes, such as ligands, for com-
plexation with proteins.

In our laboratory, for example, there is also a copper(II) complex reported by
us [74], binding to egg white lysozyme. The functional groups of the protein
have been observed to coordinate or interact with sites on the Hirshfeld surface

of the complex that are marked as strongly interacting (Figure 21). Thus, the
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Figure 21. Proposed structure of docking of protein residues and small
molecule (indicating Hirshfeld surface) via hydrogen bonds.

appearance of intermolecular interactions in crystals may be used to examine
interactions in solvents. Actually, we have obtained crystal structure of egg white
lysozyme binding by a metal complex [75]. Without chemical bonds (only in-
termolecular interactions), however, it may be quite difficult to obtain single
crystals of proteins including metal complexes at least experimentally [76]. Con-
sidering complexation with proteins, it is necessary to examine not only inter-
molecular interactions, but also coordination bonds using Hirshfeld surface

analysis in the near future.
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