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Abstract: The aim of the study was to examine noncova-
lent interactions in considerably different crystal packings
of three isoindole compounds. Their structures were com-
pared to three other closely-related derivatives described
earlier in the literature. Here we discuss the crystal struc-
tures in the context of the hydrogen-bonded motifs and
other weak interactions. The hierarchy of investigated
intermolecular interactions was examined in a quantita-
tive manner through pairwise interaction energies and
energy framework analysis.

Keywords: crystal packing; energy frameworks; intermo-
lecular interaction energy; isoindole derivatives; substitu-
ent effect.

Introduction

The term precision supramolecular engineering refers
to the desired design of molecular solid state structures
based on an understanding of intermolecular interactions.
Supramolecular chemistry is of fundamental importance
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substituent

in both chemistry and biology due to the fact that struc-
ture determines function. Successful crystal engineering
would depend on the control of directional noncova-
lent molecular interactions, which are exploited to form
“supramolecular architectures” [1-3]. A wide variety of
noncovalent interactions, such as hydrogen bonding and
aromatic w- - - stacking interactions, form the basis of
an attempted design of supramolecular arrangements in
organic crystals. Then there are the challenges of van der
Waals type interactions where a strong preference for a
preferred direction is missing, and the statistical nature
of attractive interactions where several weak interactions
can be competing. Therefore, it is important to study the
hierarchy of interaction motifs and the topology of inter-
action energy.

The present study examines the properties of isoin-
dole derivatives. These nitrogen-containing heterocycles
occur in many natural products and biologically-active
compounds [4-7]. This significant class of heterocyclic
compounds attracts continuous attention due to a diverse
pharmacological profile [8, 9]. They can exhibit antimicro-
bial, anthelmintic and insecticidal properties; in addition,
they have been attributed anticancer activity in reaction
with the isoenzyme cyclooxygenase (COX-2), and throm-
bin inhibition. Moreover, further progress in heterocyclic
chemistry depends on improving synthetic effects [4-6,
10-13].

The three isoindole compounds presented here were
subjected to electron-density studies with a focus on weak
intermolecular interactions in (aza)isoindole derivatives,
especially those with a contribution of m-electrons [14];
earlier studies applied topological analysis using Bader’s
Atoms in Molecules theory (AIM) [15] and Hirshfeld
surface analysis [16]. The present work uses a novel tool to
compute model interaction energies [17] and to visualize
their energy frameworks [18] with CrystalExploreri7 [19,
20]); this approach allows the intermolecular interaction
energies to be calculated rather accurately, and provides
a breakdown of the magnitude and significance of cor-
responding energy components analogous to the PIXEL
approach [21].

Brought to you by | Bibliothekssystem Universitadt Hamburg
Authenticated
Download Date | 1/26/19 10:37 PM


https://doi.org/10.1515/zkri-2018-2076
mailto:lilianna.checinska@chemia.uni.lodz.pl
mailto:malecka@uni.lodz.pl

676 —— L.Checifiska et al.: Quantifying intermolecular interactions for isoindole derivatives

] o]
"N N
O~ 0O
y NP
H OH OH
(Im) (I

0
N
n Ecm
(1)

O

OH H

(IV) V)

DE GRUYTER

)

0 0
HyCO HOO
OH H OH
(V1)

Scheme 1: Molecular structures of the isoindole derivatives investigated previously (I)-(Ill) and in this study (IV)—-(VI).

Our special interest is to relate isoindole compounds
with different substituents to their crystal packing motifs.
New isoindole derivatives differ by methyl, phenyl and
methoxy group substituents, but are chemically closely
related. Nevertheless they crystallize in considerably dif-
ferent packing arrangements. To understand the degree to
which chemical substitution might affect crystal packing,
various intermolecular interactions, “synthons” were
identified in the crystal lattices, and quantified by energy
decomposition used in CrystalExplorer17. To get a broader
overview of the relevant structural features, the present
study also includes results for three isoindole structures
(D—(I11) studied previously (Scheme 1).

To enable a direct comparison of the new isoindole
structures (IV)-(VI) with the high-resolution multipolar
models of previously examined (aza)isoindole derivatives
(I)-(III), the invariom approach [22, 23] was used; this
approach allowed to improve significantly the structural
models of (IV)-(VI) compared to independent atom model
refinement. Modeling included elongating bond lengths
to hydrogen atoms, so that they agree with neutron dif-
fraction experiments [24], and provides a fragment-based
electron-density distribution for medium or low-resolu-
tion X-ray datasets. The invariom formalism is a method
based on the assumption that pseudoatoms are transfer-
able from one molecule to another when the local chemi-
cal environment is the same. In the invariom approach,
the multipole parameters are not refined, but are instead
transferred from a database. These tabulated multipole
parameters deposited in the database are obtained from

density functional theory (DFT) calculations of defined
model compounds with extended basis sets.

Experimental
X-ray diffraction experiment

The single crystal X-ray diffraction experiments for (IV)—(VI) were
performed at beamline F1 of the storage ring DORIS III at the HASY-
LAB/DESY (Hamburg, Germany) on a kappa-geometry Huber diffrac-
tometer equipped with a MAR165 CCD detector. The temperature of
the experiment was maintained at 100(2) K with an Oxford Cryosys-
tem N, gas-stream cooling device. The diffraction data were collected
using synchrotron radiation at a choosen wavelength of 0.6000(2) A.
Cell refinement, data integration and reduction, and the scaling of
diffracted intensities were carried out with the XDS software pack-
age [25, 26]. In addition, the programs SADABS [27] or XPREP [28]
were used merge the datasets to be used in the aspherical-refinement
stages. Key crystallographic data regarding the studied compounds
(IV)—(VI) are summarized in Table 1.

Refinement and analysis

All studied crystal structures of (IV)—(VI) were solved by direct
methods using SHELXT [29] and initially refined using full-matrix
least-square methods in SHELXL [30], both of which were accessed
with the WinGX package [31]. All non-hydrogen atoms were refined
anisotropically. All the hydrogen atoms were located in difference
Fourier maps and refined freely with positional and isotropic dis-
placement parameters. Following this, the InvariomTool software
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Tab. 1: Crystal data, data collection, spherical and invariom refinement of (IV)-(VI).

av) w) (vn
Crystal data
Chemical formula C,H,NO, C,H,,NO, C,,H,NO,
Mr 163.17 193.20 255.26
Cell setting, space group Monoclinic, P2 /c Orthorhombic, Pbca Monoclinic, P2, /c
a,b,c (A) 7.967(2), 13.432(3), 8.352(2) 14.046(3), 6.996(1), 18.442(4) 13.374(3), 6.918(1), 13.245
B ) 118.24(3) 101.79(3)
V(A3) 787.4(3) 1812.2(6) 1199.6(4)
zZ 4 8 4
D, (Mg m=3) 1.376 1.418 1.413
Temperature (K) 100 100 100
Radiation type (&) 0.6000(2) (synchrotron) 0.6000(2) (synchrotron) 0.6000(2) (synchrotron)
u(mm-1) 0.098 0.105 0.099
Crystal form, color Prism, colorless Plate, colorless plate, colorless
Crystal size (mm) 0.6x0.4x0.3 0.6x0.4x0.2 0.6%x0.5x0.2

Data collection
Diffractometer

Data collection method
No. of measured and unique reflections
Observed data with 2> 40(F)
int
0,,,)
sing  \A (A1), d (B)
Overall completenessto 6__ (%)
Redundancy
Spherical refinement (SHELX)
Refinement on
All data
R, wR [I=20(N]
R, wR (all data)
Goodness of fit
No. of parameters

Apmax’ Apmin (e A—3)

MAR165 CCD detector
at kappa-axis Huber
diffractometer

¢ scans
64,984,3798

3648

0.0298

30.00

0.83, 0.6

99.5

17

P
3798
0.0363,0.1074
0.0370, 0.1081
1.034

145

0.488, -0.304

XD2006 Refinement after invariom assignment

Refinement on

All data

Data included in refinement (N )
R, R, (,R,F

R(F), R, (F), R, (F)
Goodness of fit

No. of parameters
NN,

Apmax’ Apmin (e A*3)

F[F>3c F]

3729

3238

0.0185,0.0204, 0.0283
0.0284,0.0286, 0.0562
4.56

118

27.44

0.175,-0.197

MAR165 CCD detector
at kappa-axis Huber
diffractometer

MAR165 CCD detector
at kappa-axis Huber
diffractometer

@ scans ¢ scans
63,104, 2223 58,006, 5578
2018 5226

0.0387 0.0276
23.54 30.00
0.66,0.75 0.83,0.6
99.0 96.1

28 10

P P

2223 5578

0.0397, 0.0965
0.0435, 0.0986

0.0326, 0.0967
0.0344,0.0985

1.078 1.049

171 224

0.235, -0.297 0.518, -0.240
F[F>30 F F[F>30 F
2187 5496

2072 5348

0.0262,0.0286, 0.0229
0.0415,0.0417, 0.0458

0.0181,0.0187, 0.0217
0.0262,0.0262, 0.0426

3.61 3.31

138 185

15.01 28.91

0.204, -0.150 0.104, -0.162

[32] was applied to obtain a non-spherical electron-density model
by introducing invarioms. Using XD2006 [33], the positional para-
meters and atomic displacement parameters (ADPs) were again
refined for non-hydrogen atoms. The O-H and C-H distances were
elongated according to standard neutron distances and fixed. Only
the isotropic U, displacement parameters for each H-atom were
refined freely [34]. Refinement details are given in Table 1. The
residual density plots after invariom refinement in the plane of the
isoindole moiety are displayed in Figure S1 of the Supplementary
Material.

To identify molecular geometries and hydrogen-bond patterns,
PLATON [35] and MERCURY [36] were used. Topological properties
from the invariom models were obtained using the XDPROP sub-
program in the XD package. Table S1 lists the electron density at the
bond critical points and its Laplacian value for the experimental
model compared with the theoretical models th-sp and th-opt (see
Theoretical calculations, below).

Crystallographic data for (IV)-(VI) have been deposited with
the Cambridge Crystallographic Data Centre as supplementary pub-
lications CCDC 1824398-1824400, respectively. Copies of the data can
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be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CG21, EZ, UK [fax: (44) 1223-336-033; e-mail: deposit@
ccdc.cam.ac.uk].

Theoretical calculations

To verify the experimental model, single-point calculations were
performed based on the geometries from the crystal structures of
(IV)-(VI) (th-sp model). Additionally, full geometry-optimisations
were also performed (th-opt model). All computations were carried
out using Gaussian09 [37] at the B3LYP/6-311++G(3df,3pd) level of
theory to make them directly comparable with previously-performed
calculations on compounds (I)-(III). Subsequently, AIMAIl [38] was
used to evaluate the theoretical wave functions to obtain topological
parameters according to the AIM theory.

Model energy calculations

Pairwise model energies were estimated between molecules within a
cluster of a radius of 8 A, using CrystalExplorer17 [19, 20] and Gauss-
ian09 [37]. The computational approach uses an efficient procedure
for obtaining the energy of intermolecular interactions in crystals. A
suitably parameterized and simplified model (named CE-B3LYP) uses
a B3LYP/6-31G (d,p) molecular wave function calculated based on the
respective molecular arrangement in the crystal. The total interaction
energy between any nearest-neighbor molecular pairs is estimated
in terms of four components: electrostatic, polarization, dispersion
and exchange-repulsion, with scale factors of 1.057, 0.740, 0.871,
and 0.618, respectively. In the present study, the crystal geometries
of (IV)-(VI) were taken from the invariom procedure, bond lengths
to hydrogen atoms were normalized to standard neutron values. For
the individual derivative, the 8 A cluster gave 40, 48 and 44 sur-
rounding molecules for compounds (IV), (V) and (VI). Regarding
the previously-reported compounds, clusters consist of 42, 47 and
40 molecules for compounds (I), (II) and (III). In the energy frame-
work visualization procedure, pairwise energies are represented as
cylinders joining the centers of mass of the molecules, where the cyl-
inder thickness is proportional to the magnitude of the interaction
energy.

As the intermolecular interactions in these crystal structures
were expected to be dominated by dispersion forces, larger clusters
than usual were created.

DE GRUYTER

Results and discussion

Molecular structures

The molecular structures of the three isoindole deriva-
tives (IV)—(VI) are displayed in Figure 1 together with the
numbering scheme used. All molecules considered in our
study (I)-(VI) consist of condensed 6- and 5-membered
rings constituting an isoindole moiety, which is approxi-
mately planar (corresponding dihedral angles between
mean planes are smaller than 3°), as well as a carbonyl
oxygen (01) atom and hydroxyl group attached to the
asymmetric carbon atom (C8); in addition, the variable
substituents were present, which allow differentiation
of the molecular structures, and the following functional
groups are attached: a phenyl group to the N-isoindole
atom (N1) in (I)-(III) and (VI), a methyl to the (N1) in (IV)-
(V), a methoxy group to the C5-carbon atom in (V)-(VI),
and a phenyl group to the asymmetric carbon atom (C8)
and an azaisoindole-nitrogen atom (N2) in (II)—(III).

In the first part of the crystal structure analysis the
molecular geometries of (IV)-(VI) were examined and
compared with features of the previously described deriv-
atives (I)-(III). As shown in Figure 2, the new molecular
structures of (IV)-(VI) differ from each other with regard
to the position of the hydrogen atom of the hydroxyl
group; it is oriented downwards in (VI), but upwards in
(IV)—(V). The latter orientation seems to be preferred,
being observed in four molecules from six closely-related
isoindoles; the hydroxyl group in structure (II) was found
to demonstrate similar behavior to that in (VI). Another
noticeable difference between the investigated com-
pounds substituted by the N-phenyl group (Figure 2) is
in the way the ring is bent with respect to the isoindole
moiety, as reflected in the dihedral angle being 46.79(1)°,
20.01(1)°, 55.98(1)° and 17.13(1)° for compounds (I), (IT), (III)
and (VI), respectively. In addition, the detailed analysis
of bond lengths and corresponding electron densities at

Fig. 1: Molecular structures of (IV)-(VI) with atom-numbering schemes. The anisotropic displacement parameters after invariom refinement
are shown at the 50% probability level. Hydrogen atoms are drawn as spheres of arbitrary radius.
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Fig. 2: Molecular overlays of isoindole derivatives: (I) - magenta,
(1) - yellow, (1) - cyan, (IV) - red, (V) — green, (VI) - blue.

bond critical points (bcps) (Table S1in the Supplementary
Material) confirms that the Nl-environment is affected
by different substituents and/or crystal environments.
The N1-C bond lengths were found to be in the range of
1.4707(5)-1.5071(4) A and 1.3551(5)-1.3852(4) A, whereas
the corresponding electron densities at bcps range from
1.88 to 1.59(2) e A~ for the N1-C8 bond, and from 2.26 to
2.08 e A= for the N1-C1 bond. These findings indicate that
the electron-density values differ significantly from the
average spread in the range of 0.1 e A3 indicated for trans-
ferability of bond topological properties from experimen-
tal charge-density determinations [39]. Since the results of
the topological analysis is a result of the assigned invari-
oms for (IV)—(VI), the observed discrepancies cannot be
discussed. However, the same trend of different bond
length can be seen for gas-phase optimized structures;
although, these differences are much more enhanced
in the crystal structures. For example, the N1-C8 bond
is the shortest in derivatives (IV) and (V) with a methyl
group attached to an N-isoindole atom, and the longest
in structure (III), with two phenyl groups at the N1 and C8
atoms. Nevertheless, the five-membered ring remains flat
and the overall skeleton of all the investigated molecules
described herein have a similar conformation.

Hirshfeld surface analysis

The similarities and differences in the crystal structures
of isoindole derivatives (I)-(VI) are visually summarized
by Hirshfeld surface analysis. Hirshfeld surface finger-
print plots [40] for (I)-(VI) are depicted in Figure S2. Very
sharp spikes can be clearly seen in all cases; these depict
the formation of strong O-H- - -0 hydrogen bonds, as
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Fig. 3: Percentage contributions of various intermolecular contacts
to the Hirshfeld surface area of compounds (I)-(VI).

well as O-H- - - N in the case of (II). Hirshfeld fingerprint
breakdown [41] (Figure 3) shows that H- - -H contacts
dominate the Hirshfeld surface for all compounds, with
a percentage contribution of around 50%. The percent-
age contribution of C- - -C and C- - - N contacts (charac-
teristic of aromatic stacking interactions) is similar with
around 8%; however, the contribution of these interac-
tions is smaller for structures (I) and (III), and only 2% in
the case of (I). Figure 3 indicates the presence of N- - -H
contacts in azaisoindoles (II)-(III) due to the presence of
an additional N-atom of the isoindole moiety. In the pre-
sented pattern of interactions the percentage contribution
of H- - - His of equal magnitude to the sum of the percent-
age contributions of C- - -Hand O- - - H contacts (around
40-50%). Structure (IIT) differs most from all others, with
a relatively small contribution of H- - -H interactions
to the Hirshfeld surface, whereas structure (V) exhibits
the greatest percentage discrepancy between the contri-
butions of the C- - -H and O- - - H contacts. Despite the
structural similarity percentage contributions are rather
dissimilar and no clear conclusion emerges. Therefore a
detailed analysis of the intermolecular packing features
is presented next.

Intermolecular interactions

To understand their non-covalent interactions, the crystal
packing of the studied derivatives was further examined.
The intermolecular interactions and architecture of the
crystal packing of (IV)—(VI) were first characterized from
the geometrical point of view, and then by Hirshfeld
surface analysis and energy framework calculations. Hir-
shfeld surface analysis has been found to be an invaluable
tool in structural studies performed over the last decade
[42, 43]. The energy framework approach is a newer
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technique, but an increasing number of studies have indi-
cated that it might also be a very powerful one [20, 44-46].

Compound (IV): The molecules of compound (IV) are
linked by an intermolecular 02-H2---01 (1-x, -y, -2)
hydrogen bond, which is responsible for the formation of
cyclic dimers about a center of symmetry (Figure 4). Such
hydrogen-bonded dimers are additionally stabilized by
aromatic 7- - - interactions between partially overlap-
ping isoindole rings (Figure 4). Based on the geometri-
cal parameters describing aromatic n- - -7 interactions
presented in Table S3, it can be seen that the electrons
of five-membered rings within dimers interact with each
other. The isoindole moieties of (IV) show a more effi-
cient overlap between adjacent dimers. However, in this
case, the five-membered rings are quite far away. Figure 4
presents the stacks of dimers propagating along the

DE GRUYTER

crystallographic a direction (see blue ellipse/circle high-
lighting the stacks). Figure 5 presents the complete crystal
packing in the unit cell.

In the crystal, weak C-H--:-O interactions are
also found (Table S2): C4-H4---02 (-1+x, y, -1+2)
C5-H5---01 (-x, Ya+y, -Y2-2z), C8-H8---02(-x, -y,
1-2z). The first two interactions produce infinite chains of
molecules running along the [101] and [010] directions,
respectively (Figures S3-S4 in the Supplementary Mate-
rial). In turn, the C8-H8---02 (1-x, -y, 1-z) interac-
tion is responsible for creating hydrogen-bonded dimers,
which together with the O-H - - - O dimers, form a chain of
dimers along the [001] direction (Figure S5).

Detailed analysis of the intermolecular interac-
tion energies calculated using CrystalExplorer17 [19, 20]
(Figure 11) shows that the closest geometrical contacts
are the most attractive in the crystal lattice of (IV) and

Fig. 4: Partial molecular packing of (IV) showing hydrogen-bonded dimers generated by 02-H2- - - Ol interaction supported by aromatic
n- - -minteractions (left); a view of the stacked ring systems along the a-axis (right). Red balls — centroids of 5-membered rings of isoindole
moieties (Cg1), green balls — centroids of 6-membered rings of isoindole moieties (Cg2).

Fig. 5: Crystal packing of (IV), views along the a, b and c-axes, respectively.
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are those with high total interaction energies. For the
02-H2- - - 01 hydrogen bond the electrostatic component
is significant, and almost twice as high as the dispersion
component. In contrast, in hydrogen-bonded dimers
where 1t- - -7 interactions play a key role, the dispersion
component is greater than the electrostatic component.

Apart from the dimers stacked along the a-axis, a
noticeable electrostatic contribution is propagated by the
C8-H8- - - 02 interaction along the c-axis. The pattern of
the dispersion energy is different from that of the electro-
static energy. Dispersion energy frameworks show low but
meaningful values reflected by crosslinkers (contributing
to total energy) between distant molecules (about 8 A) not
directly connected with each other.

The representative diagram of energy frameworks for
(IV), viewed down the b-axis, are shown in Figure 6; all
remaining views are presented in Figure S26.

L. Checifiska et al.: Quantifying intermolecular interactions for isoindole derivatives —— 681

Compound (V): The intermolecular hydrogen bond
02-H2- - -01 (v2—-x, Y2+y, z) produces an infinite zig-
zag chain (Figure 7), similarly to structures (I) and (III)
described previously. These 1D-hydrogen-bonded chains
run parallel to the b-direction. The analysis of inter-
molecular packing reveals that these O-H- . -0 chain
motifs are supported by aromatic n- - -t (Figure 7) and
C9-H9B- - - 01 (V2 -x, —-Y2+Y, z) interactions (Figure S8).
Figure 8 presents the complete crystal packing of (V) in
the unit cell.

Other C-H- - - O interactions (Table S4 and Figures
S6-S7, S9-S10 in the Supplementary Material) lead to
chain motifs of isoindole molecules (V), thus linking the
main O-H- - - O hydrogen-bonded chains into a network.
Two interactions, C3—-H3- - - 02 (Y2+Xx, y, ¥2-z) and C6—
H6---01 (-Y2+x, y, Y2-z), bind the same molecules
into a chain along [100], whereas two other contacts,

viewed along b axis

A A 2
Ay 4’ ol
i M

Fig. 6: The representative energy framework diagrams for separate electrostatic (red) and dispersion (green) components, and the total inter-
action energy (blue) selected for (IV)-(VI). All diagrams use the same energy tube scale factor of 80 and the energy threshold of 10 k] mol.
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Fig. 7: Hydrogen-bonded zig-zag chains of (V) supported by aromatic - - - interactions (left); a view of the stacked ring systems along
the b-axis (right). Red balls — centroids of 5-membered rings of isoindole moieties (Cg1), green balls — centroids of 6-membered rings of

isoindole moieties (Cg2). Symmetry code: (i) Y2 -x, Y2+y, z.

Fig. 8: Crystal packing of (V), view along the a, b and ¢ axes, respectively.

C9-H9A- - -03 (YV2—-x, -y, Y2+z) and C9-HIC- - - 03 (x, V2
-y, Y2+2z), form independent chains of molecules along
the c-axis.

AstheH- - - Odistanceininteraction C33—-H33A- - - 02
(= x, Y2+y, Y2-z) is rather long, it also seems to be one
of the weakest, as with C9-H9B- - - 01 (V2—x, —-Y2+Y,2).
Both mentioned bridges can be seen in the [010] direction;
however, the two types join different molecules, the latter
of which is conjugated with an O-H- - - O interaction.

Regarding the geometrical parameters (Table S4),
more interactions are observed in the crystal lattice of
compound (V) than in (IV) or (VI). However, energy indi-
cates that only the interactions forming two main chain
motifs are relevant in the crystal lattice of (V); i.e. the
02-H2- - - 01 interaction is enhanced by C9-H9B- - - 02
and rt- - - winteractions (Figure 11: INT19). The total energy
of (V) is similar to that found between molecules in the
dimers of (IV) (Figure 11: INT14); however their electro-
static and dispersion contributions differ. In chains of

(V) both terms are attractive of comparable magnitude
as illustrated by the corresponding thick tubes along the
b-axis (Figure 6), whereas in the dimers of (IV) the elec-
trostatic term is found to be clearly dominant (Figure 6). It
is difficult to directly compare these intermolecular ener-
gies, as more than one interaction is responsible for them.
The second important chain motif in (V) along the c axis,
formed by the cooperation of two contacts, H9A - - - O3 and
HOC- - - O3 (Figure 11: INT21 and INT22), possesses much
lower interaction energy than O-H- - - O. The other three
C-H- . - Ointeractions, listed in Table S4 and Figure 11, are
at the edge of the energy threshold of 10 k] mol employed.
The remaining intermolecular interaction energies esti-
mated between molecules of (V) are below 2 k] mol.

Compound (VI): Similarly to derivatives (II) and (IV),
compound (VI) crystallized in monoclinic P2 /c space
group with one molecule in the asymmetric unit (Table 1).
The orientation of the hydrogen atom (H2) in the hydroxyl
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group is not the only similar feature between structures
(VI) and (IT) (Figure 2): despite the different proton accep-
tor [N2-atom in structure (II) compared to Ol-atom in
(VD)], both main interactions form chain motifs along the
c-axis, with ©- - - interactions between them (Figure 9).
As observed in other isoindole structures, the crystal
packing of (VI) is also facilitated by C-H- - -O hydro-
gen bonds (Table S6). Two intermolecular interactions,
C3-H3-:-02(x, Y2-y, -Y2+z) and C96-H9%6- - - O1(x,
12—y, Y2+2z), can be seen between molecules engaged in
the O-H- - - O chain motif (Figure S11), while another two
interactions, C8-H8- - - 02(1-x, Y2+y, Y2-z) and C94—
H94 - - - 03(-1+x, y, z), help to construct a 3D hydrogen-
bonded network by expanding the chains along the b and
a directions, respectively (Figures S12 and S13). Figure 10
presents the complete crystal packing in the unit cell.

The energy distribution patterns for compound (VI)
are different from those of other presented frameworks
of isoindole derivatives. Chains propagating along the
c-axis are mainly stabilized by O-H: - -0 and C-H- - -0
interactions; however, the energy frameworks seem to be
more similar to compound (IV) than to (IT) (Figure 11). The
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dispersion energy term is approximately half of the elec-
trostatic component, and repulsion has the most signifi-
cant contribution to the overall interaction energy. One of
the &- - - inter-chain stacking interactions is character-
ized by a total energy value higher than those observed
between dimers in structure (IV). From an energetic point
of view, this m- - - interaction is the strongest in the
crystal lattice of (VI) with the dominant contribution of
the dispersion term; however the electrostatic component
is also significant (Figure 6: view along the b direction;
Figure S28; Figure 11: INT24). Interestingly, the vast major-
ity of pairwise interactions in (VI) are of remarkably high
strength (40 k] mol™).

Intermolecular model energies: Figure 11 presents the
total interaction energy values, partitioned into electro-
static, dispersion and repulsion components; the polari-
zation term has been omitted for clarity because its values
are much smaller than the other contributions. The data
for the six isoindole derivatives evaluated in the present
study has been divided into three subgroups. Firstly, the
left side block in Figure 11 summarizes the energies of

Fig. 9: Hydrogen-bonded O-H- - - O chains in the crystallographic ¢ direction (left). Aromatic - - - winteractions between isoindole
moieties are observed between adjacent O—H- - - O chains; stacked ring systems are seen along the b-axis (right). Red balls - centroids of
5-membered rings of isoindole moieties (Cg1), green balls — centroids of 6-membered rings of isoindole moieties (Cg2). Symmetry code: (i)

X Ya-y, Yotz

s {_{-_.l.. \\ &0,

Fig. 10: Crystal packing of (VI), view along the a, b and c-axes, respectively.
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m Electrostatic Dispersion Repulsion = Total
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Fig. 11: Total interaction energy and its components for the pairs of molecules interacting in the crystal lattice of (I)-(VI): through

O-H- - -O/N hydrogen bonds (left side block); through C-H- - - O hydrogen bonds (middle block); with the contribution of n-electrons
(right side block). All values of energies are absolute values. (Compound)-Interaction codes, left side block: (I) INT1: 02-H2- - - 01, (Il)
INT5: 02-H2- - -N2 & C8-H8- - -01& C96-H96- - - 01, (Ill) INT9: 02-H2---01& - - -, (IV) INT14: 02-H2- - - 01 & &~ - - i, (V) INT19:
02-H2-.-01&C9-H9B---028& - - -7, (VI) INT25: 02-H2- - - 01 & C3-H3- - - 02 & C96-H96 - - - 01, middle block: (I) INT3: C6-H6 - - - 01
& C3-H3-+-02; (1) INT4: C94—H94 - - -02; (IV) INT16: C8—H8- - - 02; (IV) INT17: C5-H5- - - 01; (IV) INT18: C4—H4 - - - 02; (V) INT20: C3—
H3---02 & C6-H6---01; (V) INT21: C9A-HIA- - - 03; (V) INT22: C9C-H9C- - - 03, (V) INT23: C33C-H33C- - - 02; (VI) INT27: C8-H8- - - 02;
(V1) INT28: C94-H94 - - - 03, right side block: (I) INT2: - - -+t & C8—=H8- - - 7t; (I) INT6: v-7; (1) INTZ: 7w+ - - 7r; (IV) INT15: ;t- - - ; (VI) INT24:

w75 (V1) INT26: 1t - -5 (1) INT8: C93-H93 - - -mt; () INT10: C95-H95 - - - m; (1) INT11: C93-H93 - - - 1t; (1) INT12: C84-H84 - - - t; (III)

INT13: C3-H3- - - m.

the main O-H- - - O/N interactions found in the investi-
gated structures; these are undoubtedly the strongest of
all the hydrogen bonds, with total energies in the range
of 40-80 k] mol. Energy partitioning clearly indicates
that all of them are dominated by attractive electrostatic
forces on one side and repulsive forces on the other.
Dispersion contributions appear in the cases supported
by the aromatic nt- - -7 interactions (INT9, INT14 and
INT19). The greatest interaction energy obtained in the
analyzed series was 80 k] mol, which was estimated for
the O-H- - - O interaction of the hydrogen-bonded dimer
in (IV). For the sake of comparison, strong H-bonds in
carboxylic acid dimers have interaction energies around
60-70 kJ mol [47].

The middle block in Figure 11 shows a comparison
of the characteristics of the C-H: - - O pairwise inter-
molecular energies. The energy value of the strongest
C-H- - -0 interaction (INT27) is comparable to that of
the weakest O-H- - -O hydrogen bond (INT1), which
suggests that C8—-H8- - - 02 in (VI) has a similar impor-
tance in building the hydrogen-bonded network as
02-H2- - -01 in (I). The strengths of other C-H- - -0
pairwise interactions (INT3, INT16, INT20) are about half
that of the strongest interaction of this type (INT27), or

definitely smaller (from 6 to 15 k] mol™); this is in good
agreement with the values given in previous studies.
Although no clear trend is visible describing the electro-
static and dispersive terms of the investigated isoindole
structures, it becomes apparent that the latter is often
greater than the former.

The right side block in Figure 11 presents the third
type of intermolecular interactions in isoindole structures,
namely interactions with the contribution of n-electrons.
As predicted by Hirshfeld surface analysis, they play an
important role in the investigated crystal packings of
(I)-(VI). Surprisingly, one of the stacked molecular pairs
was found to exhibit an intermolecular energy as high as
65 k] mol™ (INT24), whereas the energies of the remaining
interactions with m-electron contributions range from 14
to 44 kJ mol ™. For the purposes of comparison, displaced-
stacking interactions in naphthalene are estimated to be
16 k] mol, while the intra-chain stacking interactions in
3,4-dichlorophenol are 17 k] mol™ and those in 4-bromo-
3-chlorophenol are 19 kJ mol™ [18]. The characteristic
feature of m-interactions is their attractive dispersive
nature. Their repulsion contributions are smaller and
electrostatic forces usually below the threshold level of
10 k] mol™.
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Tab. 2: Some statistics based on pairwise model energies for (I)-(VI).

L. Checifiska et al.: Quantifying intermolecular interactions for isoindole derivatives —— 685

Subst. Subst. Subst. 2 E, Z E,. [ S M.p. (°C)
atN1 atCs atcs N E. +YE, YE +DE,. (k) mol-)
(%) (%)

N-(111) Ph Ph 38 62 -162 - 1% 165-167 [48]
N-(11) Ph 43 57 -160 - 1* 237-239 [49]
0] Ph 40 60 -143 -2 171-172[50]
vI) Ph OMe 40 60 -167 - 1% 201-202 [50]
() Me OMe 44 56 143 - 2n¢ 166-167 [50]
) Me 44 56 -117 -3¢ 135-138 [50]

A deeper insight into the hierarchy of interactions can
be obtained by analyzing the separate electrostatic and
dispersion contributions to the interaction energy. Since,
the model energies incorporate scaled components,
appropriate scale factors (k) were used in calculations of
ZEele and ZE 4> 1.057 and 0.871, respectively [20]. Thus,
the percentage values shown in Table 2 represent the pro-
portions of electrostatic and dispersion energies that con-
tribute to the sums over the molecular pairs in the cluster
of 8 A. The breakdown confirms the dispersion component
predominates in the crystal structures of (I)-(VI). Consid-
ering all pairwise interactions, it can be seen that the ratio
of electrostatic to dispersion energy is ca. 2:3. Indeed,
some molecular pairs were found with no obvious direc-
tional intermolecular interaction between them, but with
a significant dispersive energy component; for example,
three different pairs of molecules in structure (I) are char-
acterized by dispersion energy ranging from 6 to 12 kJ
mol™, while the electrostatic component is negligible.

According to the latest approach presented by Thomas
et al. [51] the lattice energy (E_"**'") can be estimated
using CE-B3LYP pairwise model energies (E_;), obtained
from CrystalExplorer17 [19, 20], by direct summation of
them:

ECE*BSLYP :0'5 2 EAB

lat tot *
R p<R

The CE-B3LYP lattice energies calculated for experi-
mental crystal structures of (I)-(VI) are summarized in
Table 2. For three isoindole structures, (VI), (III) and (II),
lattice energies are comparable and much more negative,
than for structure (IV). The melting points of studied isoin-
dole crystals are related to the estimated lattice energies;
more negative E.- """ higher the melting point. Rela-
tively lower melting point of (IV) compared to (II) and (VI)
reflects the lower lattice energy associated with smaller
conformational changes within the N-methyl group rather
than the N-phenyl one. In case of structure (III), for which
the relationship of the lattice energy to the melting point

seems to be disturbed, some additional structural features
should be considered. Compound (III) crystallizes, as the
only one from six studied isoindole derivatives, in a non-
centrosymmetric space group P222, and the absolute
configuration of the asymmetric C8 atom was determined
as (S) [14]. As we discussed earlier, the molecular struc-
ture of (III) differs from the other N-phenyl derivatives
described here i.e. the dihedral angle of 55.98(1)° indi-
cates the significant bending of the N-phenyl ring with
respect to isoindole moiety and the longest N1-C8 bond
length. The bulky substituent at C8 atom has also a crucial
impact on the gas-phase molecular structure of (III) that
the chain (open, acyl-amide) form of isoindole moiety is
energetically preferred compared to ring (close, hydroxy-
lactam) form (as observed in investigated crystals); the
difference in energy values between ring and chain tau-
tomers is 28 k] mol™® based on geometry optimizations at
B3LYP/6-311++G(3df,3pd) level of theory. For comparison,
the corresponding difference in energy between ring and
chain tautomers of -33 kJ mol™ for derivative (IV) indi-
cates that hydroxy-lactam tautomer predominates.

Conclusions

Energy framework are useful tools and shift the focus
of investigation from chemical bonds to intermolecular
interactions. From the analysis of the hierarchy of inter-
molecular interactions in three crystal structures rather
general conclusion emerge that will have validity for a
wider range of similar organic compounds. Most impor-
tantly the role of non-directional dispersion interactions
is often significant and might exceed the importance of
more directional classical hydrogen bonds.

For exercises in proposed “crystal engineering” this
means that a rational design of a crystal structure from
“synthons” will not be giving a unique result in many
cases, a problem that increases in importance alongside
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molecular complexity. Therefore crystal engineering
seems a concept with limited value.

A quantitative analysis of intermolecular interaction
energies of a structure can be helpful in this respect, since
a probabilistic treatment of the likelihood of a particular
directional interaction could help future efforts toward
successful crystal engineering and provide a yield in
analogy to an organic synthesis.
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