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In the current study, we report the existence of 3D isostructurality behaviour in pairs of isomeric molecules
existing as E-Z isomers. The polymorphic forms E1 and E2 of (E)-2-fluoro-N'-(3-phenyl) benzimidamide
with  (E)-2-fluoro-N'-phenylbenzimidamide and (E)-2-fluoro-N'-(2-
fluorophenyl) respectively. Furthermore, compound, (2)-3-fluoro-N'-(4-
fluorophenyl) benzimidamide, is isostructural with (2)-4-fluoro-N'-(4-fluorophenyl) benzimidamide. The
structural feature has been analyzed in terms of the nature and energetics of the equivalent supramolecular

are individually isostructural

benzimidamide, a similar

building blocks associated with the presence of various intermolecular interactions in the crystal packing.
The crystal packing similarities have been investigated quantitatively via XPac analysis and the energy vector
model. It is noteworthy to observe the presence of a rarely observed N-H---F interaction which plays an
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important role in the crystal packing of [(2)-3-fluoro-N'-(4-fluorophenyl) benzimidamide]/[(2)-4-fluoro-N'-
(4-fluorophenyl) benzimidamide]. The NCI isosurface signifies the “attractive” nature of the N-H---F and N-
H---m interactions and the different types of C-H---F dimeric motifs. An analysis of the two-dimensional fin-
gerprint plots also provides a quantitative understanding of the occurrence of isostructurality in these
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Introduction

The design of novel supramolecular architectures utilizing
non-covalent interactions in the development of novel phar-
maceutical compounds is the current interest in crystal engi-
neering.' It is important to understand the role of inter-
molecular interactions in the design of similar molecular
arrangements having equivalent structural motifs in molecu-
lar crystals.> The control of the mutual arrangement of the
molecules in the solid state to obtain the desired characteris-
tics utilizing the intermolecular interactions is the art of crys-
tal engineering.>* According to the IUCr definition of iso-
structurality, “Two crystals are said to be isostructural if they
have the same structure, but not necessarily the same unit-
cell dimensions nor the same chemical composition, with a
comparable variability in the atomic coordinates to that of
the cell dimensions and chemical composition”.” It is of
interest to study the phenomenon of isostructurality in iso-
structural polymorphs,®™" isostructural co-crystals*>"'* and
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isostructural solvates'* on account of their applications in the
pharmaceutical industry.*>° This behaviour is very common
in similar related compounds having different types of struc-
tural equivalent functionalities like -H, -CHj;, -F, -Cl, -Br and
1.>'">* Gelbrich and co-workers have studied fourteen crystal
structures of 4,5-substituted benzenesulfonamido-2-pyridines
with interchange of the substituent having those functionali-
ties and observed the robustness of the supramolecular archi-
tectures having N-H---N bonded centrosymmetric dimers in
three-dimensional (3D) isostructural molecular arrange-
ment.** Similarly related compounds can also exhibit 1D (one-
dimensional) and 2D (two-dimensional) isostructural similar-
ity instead of 3D (three-dimensional) isostructurality.>*>*

N-Aryl benzamidines are an important class of com-
pounds having interesting biological properties, including
inhibitor activity towards tyrosine kinases*® and nitric oxide
synthases,>” and can act as selective D; dopamine receptor
antagonists.”®  In  addition,  antimicrobial®®  and
antiparasitic®** > activities have also been reported.** The
presence of the fluorine atom in the molecule is responsible
for the better physicochemical properties, chemical reactivity,
and biological activity compared to the non-fluorinated
analogues.**” Organic fluorine has been observed to behave
differently in an organic environment, and its contribution
in the context of crystal engineering is now widely
established.*®
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Experimental
Synthesis

In this study, we have synthesized the four fluorinated
benzamidine compounds (Schemes 1 and 2) DB10 [(E)-2-
fluoro-N'-phenylbenzimidamide], DB11  [(E)-2-fluoro-N"-(2-
fluorophenyl) benzimidamide], DB23 [(Z)-3-fluoro-N"-(4-
fluorophenyl) benzimidamide] and DB33 [(Z)-4-fluoro-N'-(4-
fluorophenyl) benzimidamide]. For this, a round bottom flask
(10 mL) containing a stirrer bar and 0.70 g of powdered anhy-
drous aluminium chloride (~1.2 eq.) was charged with 1 eq.
of fluorinated benzonitrile at room temperature (25 °C) in a
silicon oil bath placed on a magnetic stirrer. A guard tube
(filled with anhydrous calcium carbonate) was attached on
top of the round bottom flask. Then the mixture was heated
up to 100 °C until a homogeneous melt (aluminium chlo-
ride-fluorobenzonitrile complex) was formed. After 30 mi-
nutes, 1 eq. of fluorinated aniline was added at a time into
the melted mixture by using a syringe. The temperature was
increased up to 120 °C and the whole mixture was stirred for
6 hours. Then the mixture was kept at room temperature un-
til it cooled down. The resultant black solid was crushed and
extracted with 20 ml aqueous NaOH (12%) solution and 20
ml dichloromethane (2-3 times) into a separating funnel.
Then the organic layer was washed several times with water
and dried over anhydrous Na,SO,, filtered and concentrated
under reduced pressure. The final product was purified by
silica gel chromatography. After purification the compounds
were characterized via 'H-NMR, FTIR, PXRD, DSC (Differen-
tial Scanning Calorimetry) [Fig. S1-S47] and Single Crystal
X-ray Diffraction (SCXRD).

Crystal growth and data collection

All the single crystals were obtained by the method of solvent
evaporation at a slow rate. The synthesized compound was
dissolved in a polar/non-polar solvent (HPLC grade) and then
allowed to stand at different temperatures until the solvent
had completely evaporated. The crystals of DB10, DB11 and
DB23 were obtained from dichloromethane and hexane (4:1)
solvent using a layering method at 5 °C. The crystal of DB33
was obtained from toluene solvent at 25 °C. The single crystal
diffraction data were collected on a Bruker APEX II diffrac-
tometer equipped with a CCD area detector using mono-
chromated Mo Ka radiation using Bruker Apex II software.*’
The frames were integrated by using the Bruker SAINT*’ suite
of programs. The crystal structures were solved by direct
methods using the SIR 92 program.*' The data were corrected
for absorption effects using SADABS."” The structures were
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Scheme 1
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Polymorphs

DB10: R1=F,R2=R3=R4=R5=R6=H
DB11: R1=R4=F,R2=R3=R5=R6=H
DB12: R1=R5=F,R2=R3=R4=R6=H
DB23: R2=R6=F,R1=R3=R4=R5=H
DB33:R3=R6=F,R1=R2=R4=R5=H

Scheme 2

refined by the full matrix least squares method using
SHELXL 2014** present in the program suite WinGX
(version 2014.1).** The non-hydrogen atoms were refined an-
isotropically and the hydrogen atoms bonded to C and N
atoms were positioned geometrically and refined using a rid-
ing model with Ujso(H) = 1.2Ueq (C, N). The crystal packing di-
agrams were generated using the Mercury 3.5.1 (CCDC) pro-
gram.*> Geometrical calculations were done using the
programs PARST*® and PLATON.*” Table 1 lists the details of
the structure refinement for the four new crystal structures.

Crystallographic modelling of disorder

The occupancies of the disordered fluorine atom (connected
with the carbon atom in the ortho and meta positions on the
phenyl ring) at two positions were refined by using the PART
command in SHELXL 2014, namely F1A and F1B and F2A
and F2B (the ‘A’ part contains the higher occupancy and the
B’ part contains the lower occupancy for that atom). The an-
isotropic displacement parameter for these two sites was
fixed using the EADP command. The disorder of the phenyl
rings was modelled using the AFIX 66 command for DB11.
The C-F bond distances were fixed using the DFIX command
in the case of DB11 and DB23. Furthermore, the DFIX and
FLAT commands were used to bring the minor part (F1B or
F2B) of the fluorine atom in the plane (C1B > C6B) of the
phenyl ring.

The previously investigated E isomer, in a similar class of
compounds, DB12 [(E)-2-fluoro-N'-(3-phenyl) benzimidamide]*®
has two polymorphic forms, namely E1 (form I) and E2 (form II)
wherein the role of N-H---n induced E/Z isomerization has been
studied. Fig. S5+ shows the ORTEPs for all the six compounds. It
is noteworthy that DB10 (E-isomer) is isostructural with the poly-
morphic form E1 (refcode: KUCSOS) and DB11 (E-isomer) is iso-
structural with the other polymorphic form E2 (refcode:
KUCZAL). Furthermore, another similar class of compound,
DB23 (Z-isomer), is isostructural with DB33 (Z-isomer).

Computational analysis
XPac analysis

The crystal packing similarities which exist between these
compounds (DB10-E1, DB11-E2 and DB23-DB33) have been

This journal is © The Royal Society of Chemistry 2017
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Table 1 Data collection and details of the structure refinement

Sample code DB10 DB11 DB23 DB33

Formula Ci3H1iNoF;  Ci3HyoNoFy,  CizHigNoFa  Ci3HioNLF>

Formula weight 214.24 232.23 232.23 232.23

Temperature (K) 100(2) 100(2) 100(2) 100(2)

Wavelength (A)  0.71073 0.71073 0.71073 0.71073

Solvent system  DCM + DCM + DCM + Toluene,
hexane, LT hexane, LT hexane, LT RT

CCDC/refcode 982077 982078 982081 982085

Crystal system  Monoclinic Monoclinic Monoclinic Monoclinic

Space group P2,/c C2/c P2,/c P2,/c

a (A) 12.5078(9) 22.9004(12) 9.4875(3)  9.6935(3)

b (A) 8.3906(6)  11.9080(6) 11.5929(4)  10.9094(3)

c (A) 11.3259(9) 8.2228(5)  10.3365(3)  10.3672(3)

a () 90.00 90 90 90

() 116.232(4) 104.178(3)  93.915(2) 94.576(2)

7 (°) 90.00 90 90 90

V(A% 1066.21(14) 2174.0(2)  1134.23(6)  1092.84(6)

Z,7Z 1,4 1,8 1,4 1,4

Density 1.335 1.419 1.360 1.411

(gem™)

4 (mm™") 0.093 0.110 0.105 0.109

F (000) 448 960 480 480

6 (min, max) 1.82,27.46 1.83,30.16 2.15,31.47 2.11,27.39

Treatment of Fixed Fixed Fixed Fixed

hydrogens

hmin,max! (_16, 16)! (_32y 32)’ (_13’ 11)! (_10’ 12)’

kmin,maxa lmin,max (_71 10), (_16v 16)) (_12) 17)v (—9, 14)v
(-14,14) (-8, 11) (-15,15)  (-13,13)

No. of ref. 8359 11982 14067 8976

No. of unique 2361, 1727 3220, 2579 3696, 2804 2452, 2163

ref./obs. ref.

No. parameters 150 96 158 154

R_all, R_obs 0.0731, 0.1010, 0.0753, 0.0433,
0.0494 0.0850 0.0574 0.0380

WR,_all, 0.1388, 0.2268, 0.1511, 0.1003,

WR,_obs 0.1250 0.2131 0.1413 0.0966

Aprmin,max -0.401, -0.996, -0.582, -0.231,

(e A™) 0.272 1.269 0.856 0.249

G.o.F. 1.072 1.107 1.073 1.040

analyzed quantitatively using the XPac 2.0.2*>°° program. It

gives information about the extent of dissimilarity (dissimi-
larity index x) as well as the dissimilarity parameters (stretch
parameter, change in angles and planes) between two crystal
structures. For XPac analysis, we have taken all the atomic co-
ordinates (in crystal geometry) except for the hydrogen and
fluorine atoms.

Intermolecular interaction energy

The dimeric interaction energies associated with the various
non-covalent interactions present in the crystal packing were
estimated using the PIXEL (version 12.5.2014)°*” program.
The electron densities were calculated using the Gaussian 09
program®® at the MP2/6-31G** level to generate the required
PIXEL input. The total lattice energy of the molecule is classi-
fied into the corresponding Coulombic, polarization, disper-
sion and repulsion terms. In this study, all the analysis has
been performed by taking the atomic coordinates of the ma-
jor conformer A.

This journal is © The Royal Society of Chemistry 2017
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Energy vector model

The crystal packing similarity of these sets of isostructural
compounds was also analyzed in terms of the energy vector
model®®®" using the processPIXEL method.®> This consti-
tutes a diagrammatic representation of the distribution of
intermolecular interaction energies which govern the forma-
tion of supramolecular architectures.®” The energy vector dia-
gram represents the image of a molecule based on the ener-
getic contribution (Coulombic, polarization, dispersion and
repulsion) of each basic structural motif (BSM) related to the
various symmetry operations in the crystal lattice. The vector
length scaled against the total PIXEL energy for the corre-
sponding pairwise intermolecular interactions is represented
as:

Li = (RiEi)/ZEmax (1)

where L; is the scaled vector length for an interaction i, R; is
the distance between the molecular centers, E; is the calcu-
lated interaction energy, and E,,x is the most stabilizing cal-
culated interaction energy in the structure.®® From eqn (1),
the vector corresponding to the most stabilizing molecular
fragment has a length equal to half of the centroid-centroid
distance between two interacting fragments and the most sta-
bilizing pair is highlighted by a continuous line joining the
centroids of the interacting molecules.

QTAIM analysis

Furthermore, QTAIM®"®® analysis of some selected building
blocks at the crystal geometry (with the hydrogen atoms
moved to their neutron value) was performed at the MP2/6-
311++G** level using the Gaussian 09 program. The format-
ted checkpoint file (fchk) was taken as the input file for
AIMALL (version 13.05.06)°° calculation. The topological fea-
tures at the bond critical points are computed: (i) electron
density (pp), (ii) Laplacian (V?pp), (iii) local potential energy
(Vp), and (iv) kinetic energy density (Gp,). The dissociation en-
ergies for the different intermolecular interactions were de-
termined using the empirical approach: (i) Ei, = 0.5V}, (in
au).67,68

Results and discussion
Analysis of structural similarity

Table S1t lists the three relevant torsions and the angle be-
tween the two phenyl rings at the crystal geometry. The tor-
sion angles of these structures show that the molecular con-
formations of DB10-E1 and DB11-E2 are similar, whereas
the molecular conformations of DB23 and DB33 are different
and the dihedral angle between the two phenyl rings is 56.6°
in DB23 and 87.2° in DB33. XPac analysis shows that the iso-
structural compounds consist of three-dimensional (3D) su-
pramolecular constructs with a dissimilarity index of 2.1 for
DB10-E1 (Fig. 1), 2.2 for DB11-E2 (Fig. 2) and 9.7 for DB23-
DB33 (Fig. 3). The J,/d, [where J, and J, are the angular

CrysttngComm, 2017, 19, 47-63 | 49
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Dissimilarity index x = 2.1
Stretch parameter D = 0.06A
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0 2 4 0.0 01 02 03 0.4
delta(p) [°] vs delta(a)[°] Dissimilarity index x(i)
vs. delta (d)[A]
delta [a] (angles) = 1.0°
delta [p] (planes) = 1.9°

Fig. 1 3D supramolecular constructs obtained from XPac analysis of the isostructural molecules DB10 and E1.

parameters for the change in angle and plane, respectively]
diagrams for all the cases (DB11-E1, DB11-E2 and DB23-
DB33) contain a region with closely distributed data points at
a low angle (J, = 1.0°, 1.6° and 3.6°). Similarly, X/J, diagrams
which display the extent of stretching in the crystal packing
of one structure compared to the other also show very closely
distributed data points with stretch parameter = 0.06 A and
0.10 A for DB11-E1 and DB11-E2, respectively, whereas in
the case of DB23-DB33, the distributed data points are rela-
tively spread out, the stretch parameter being 0.18 A. Thus,
this analysis fully supports that the crystal packing arrange-
ments of the two polymorphic forms E1 and E2 are individu-
ally similar to the molecular arrangements of DB10 and
DB11, respectively.

Isostructural DB10-E1

DB10 (Fig. S5af) and E1 (Fig. S5b:t polymorphic form of
DB12) crystallize in the monoclinic system in the centrosym-
metric P2,/c space group with four molecules in the unit cell
(Z = 4). The difference between these two structures is that
E1 has one extra fluorine atom attached at the meta position
on the second phenyl ring (Cg2). The fluorine atom attached
at the ortho position is positionally disordered and refined as
F1A (major) and F1B (minor), F2A and F2B. Fig. 4 shows the

3D Supramolecular Construct

Dissimilarity index x = 2.2
Stretch parameter D = 0.01A

overall molecular arrangement of (a) DB10 and (b) E1 down
the ab plane. Table S2t lists the lattice energy of four new
structures (DB10, DB11, DB23 and DB33). All the molecular
pairs were extracted from the crystal packing and their stabi-
lization energies were obtained using the PIXEL method.
Each molecular pair of one structure has an equivalent mo-
lecular pair [Fig. 5 and Fig. S6(a) and (b)f] associated with
the same or different intermolecular interactions present in
the crystal packing of compounds which exhibit iso-
structurality. The total stabilization energy for each molecular
pair is partitioned into coulombic, polarization, dispersion
and repulsion terms. Table 2 lists all the molecular pairs of
DB10 with their stabilization energies and the centroid-cen-
troid distances. The molecular pairs of E1 and E2 were al-
ready mentioned (Table 2) in the previous report.*® The pri-
mary building blocks (I; ~-42.5 k] mol™) associated with the
strong N-H-*'N (dy..y = 2.11 A and #N2-H2B--'N1 = 149°)
H-bonds and weak N-H-n (dy..cg = 2.36 A and «N2-
H2A---Cgl = 161°) interactions generate a molecular chain
along the crystallographic b axis. These molecular chains are
interlinked with each other down the ab plane via weak C-
H:--F and C-H--7 interactions and n---n stacking. Thus, the
N-H- - interaction plays an important role in the observed
isostructurality between DB10 and E1. Fig. 6 shows the
electrostatic and the dispersion contributions to the total

30 10
20
5
10
@y
o
0 # . 04 ;
0 5 10 0.0 0.5 1.0 1.5

delta (p) [°] vs. delta (a) [ Dissimilarity index x(i)

vs. delta (d) [A]

delta [a] (angles) = 1.2°
delta [p] (planes) = 1.8°

Fig. 2 3D supramolecular constructs obtained from XPac analysis of the isostructural molecules DB11 and E2.
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Dissimilarity index x = 9.7
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delta (p)[°] vs delta (a) [°] Dissimilarity index x(i)

vs delta (d) [A]
delta [a] (angles) = 3.6°
delta [p] (planes) = 8.9°

Fig. 3 3D supramolecular constructs obtained from XPac analysis of the isostructural molecules DB23 and DB33.

stabilization for all the equivalent molecular pairs. In the
case of the equivalent molecular pair DB10-1 and E1-I
(Fig. 5a), the electrostatic (64%) and the dispersion (36%)
contributions to the total stabilization are comparable. The
difference in the stabilization energies between the equiva-
lent molecular pairs DB10-1II (-21.2 kJ mol ")/E1-IV (-19.3)
(Fig. 5b) and DB10-1V (-19.9 kJ mol ")/E1-1II (-21.4 kJ mol™)
(Fig. 5¢) is —1.9 k] mol™". Between the equivalent molecular
pairs DB10-1V/E1-1II, the latter has the intermolecular C-
H---F interaction, but in the former case it is absent. Instead
of a C-H:-'F interaction, there is the formation of a H---H
contact with a distance of 2.35 A (less than the sum of the
vdW radii of hydrogen atoms). Because of this, E1-III has 6%
more electrostatic contribution than DB10-IV. The equivalent
molecular pairs DB10-V/E1-V (Fig. 5d) have a comparable en-
ergy of ~—12.5 k] mol™". Between the structurally equivalent
molecular pairs DB10-VI (-12.2 k] mol™) and E1-VI (-9.7 k]
mol ") (Fig. 5€), E1-VI has short C-H---F interactions (dy...r =
2.40 A) and a weak C-H:-7 interaction, but DB10-VI has only
a weak C-H---m interaction. Thus, DB10-VI has 9% less
electrostatic contribution compared to E1-VI. The equivalent
molecular pairs DB10-VII/E1-VII (Fig. S6bf) and DB10-VIII/
E1-VIII (Fig. 5f) also contribute to the stabilization of the

This journal is © The Royal Society of Chemistry 2017
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crystal packing. The contributions from these molecular pairs
are mainly of the dispersive (~90%) type. In the case of the
equivalent molecular pairs DB10-II (23.8 k] mol™") and E1-1II
(25.9 kJ] mol™) (case of parallel dipole---dipole interaction),
the dispersion contribution is more dominant than the
electrostatic contribution (Fig. S6at). The centroid-centroid
distances between two interacting molecules are 6.462 A and
6.515 A for DB10-1I and E1-1I, respectively. Hence the repul-
sion energy is less for E1-II.

Isostructural DB11-E2

The compounds DB11 (Fig. S5ct) and E2 (Fig. S5df) crystal-
lize in the centrosymmetric monoclinic space group C2/c with
eight molecules in the unit cell (Z = 8). The difference be-
tween the two molecules is the change in fluorination on the
second phenyl ring (Cg2), ie. the fluorine atom is ortho-
substituted for DB11 and meta-substituted for E2. In each
case, the fluorine atom is disordered over two positions,
namely F1A (major part) and F1B (minor part); F2A and
F2B. The crystal packing arrangements for DB11 and E2 are
similar wherein for both cases the crystal packing is mainly
stabilized via the centrosymmetric N-H:-*N dimer which

1
1
1
1
1
1
I

(b)

Fig. 4 The molecular arrangements of the isostructural compounds (a) DB10 down the ab plane and (b) E1 down the ab plane.
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Fig. 5 The equivalent molecular building blocks (a—f) for the isostructural compounds DB10-E1.

plays a crucial role resulting in a similar packing pattern with
structurally equivalent building blocks (Fig. 7). In the pres-

ence of a strong hydrogen bond, the synergistic effect of weak
intermolecular interactions (like C-H--‘F, C-H--*n and 7-'n

Table 2 The stabilization energy (in kJ mol™) of the molecular pairs for the DB10 and E1 [D = the centroid-centroid distance between two interacting

molecules]

Motifs Symmetry code D (A) Ecoul Epol Episp Egep Erot Possible interactions Geometry (A/O]

DB10

I X,y -~ 1/2,-z+1/2 7.086 -36.3 -18.6 -30.3 42.7 -42.5 N2-H2B---N1 2.11, 149
N2-H2A---Cgl 2.36, 161

1I -x,y,1-2 6.462 -9.4 -1.8 -15.9 3.3 -23.8 vdWaals, C12-H12---N2 3.04, 143
C6A-H6A---N1 3.28, 158

I 1-x,-y,1-2z 6.737 -6.1 -4.0 -32.2 21.1 -21.2 C10-H10---F1A 2.54, 122
C9-H9--'F1A 2.62, 119
C9---C9 3.477(3)

v x,-0.5-»,05+z2 6.073 -6.6 -4.2 -29.5 20.5 -19.9 C5A-H5A-"N1 2.59, 156
C2A-F1A---C5A 2.988(3), 136
H3A---H11 2.35

\' x,1+y,2 8.391 -7.3 -4.0 -18.9 17.6 -12.8 C4A-H4A---Cg2 2.56, 136

VI 1-x,-05+y,1.5-2 8.101 -1.3 -1.0 -12.0 4.6 -9.7 C10-H10---C4A 2.90, 136

VII -x,-1-y,1-2 8.862 1.1 -1.2 -13.5 6.5 -7.0 C5A---C6A 3.660(3)

VIII xX,05-y,05+z 8.396 -0.6 -0.8 -8.9 3.9 -6.3 H9---H11 2.70
C8-H8---C11 2.99, 134

E1

1I 2-x,y,1-2 6.515 -12.1 -1.6 -14.0 1.8 -25.9 vdWaals, C12A-H12A:--N2 3.44, 157

52 | CrysttngComm, 2017, 19, 47-63

C6A-H6A-"N1 3.31, 142

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Comparison of the percentage energy contribution towards total stabilization for the equivalent molecular pairs DB10 and E1.

Fig. 7 The connectivity and the packing patterns for the isostructural (a) DB11 and (b) E2.

Table 3 The stabilization energy (in kJ mol™) of the molecular pairs for DB11 and E2 [D = the centroid-centroid distance between two interacting

molecules]

Motifs Symmetry code D (A) Ecoul Epol Episp Egep Erot Possible interactions Geometry (A/°)

DB11

I x, -y, 0.5 +z2 6.564 -30.7 -14.7 -36.7 40.0 —42.2 N2-H2B---N1 2.09, 156
N2---C2A 3.563(4)

1I 2-x,-y,2-2 7.692 -32.1 -10.3 -17.9 19.9 -40.4 N2-H2A:--N1 2.39, 144

I 1.5-x05-y,1-2 6.690 -9.7 -4.0 -30.8 18.3 -26.2 C4A-H4A---F2A 2.48, 154
C4A---C5A 3.791(5)

v xX,1-y,05+2 7.939 -4.2 -2.3 -16.2 10.3 -12.3 C9A-H9A--F1A 2.67,138

\' x,y,1+z 8.223 -3.6 -1.7 -13.4 7.4 -11.4 C3A—H3A"'n(C10A) 3.01, 143

VI 1.5-x05-y,2-2 7.645 -4.2 -1.4 -10.4 6.7 -9.3 C11A-H11A---F2A 2.49, 147

VII 2-x,1-y,2-2 8.894 -1.4 -0.3 -7.0 1.4 -7.2 C9A-H9A---C8A 3.14, 138

VIIIL 1.5-x,05+y,1.5-2 8.334 -0.8 -0.9 -9.0 3.9 -6.8 H11A---H6A 2.64
H10A---H5A 2.40

IX 2-xy,15-2 5.684 2.4 -3.0 -27.7 28.1 -0.3 F1A---F1A 2.456(4)
C8A-HS8A---F1A 2.53, 123

E2

11T 05-x,05-y,1-2 6.902 -7.4 -2.5 -22.3 8.4 -23.8 C4A-H4A--F2A 2.59, 128
C4A---C5A 3.777(2)

VII 1-x,1-y,2-2 8.685 -1.5 -0.2 -6.5 0.9 -7.3 C9A-HO9A:---C8A 3.60, 136

stacking) also provide additional stability to the crystal pack-
ing. From a detailed PIXEL analysis, all the molecular pairs
were extracted from the crystal packing. Table 3 lists all the
molecular pairs with their stabilization energies for DB11.

This journal is © The Royal Society of Chemistry 2017

The new molecular fragment III (centrosymmetric dimer as-
sociated with C-H---F interaction and n---n stacking) of E2 is
equivalent to the molecular fragment III of DB11. All the
equivalent molecular pairs with their stabilization energies
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Fig. 9 Comparison of the percentage energy contribution towards the total stabilization of the equivalent molecular pairs for DB11 and E2.

are shown in Fig. 8 and S6c.f In most of the equivalent motifs
[a (DB11-1 and E2-1I), b (DB11-1I and E2-1), ¢ (DB11-III and
E2-1II), d (DB11-1V and E2-1V) and e (DB11-V and E2-V)] the
stabilization energies are comparable with each other. Subse-
quently, the energetic contributions (electrostatic and disper-
sion contribution) are also equivalent (Fig. 9). The centrosym-
metric N-H---N dimer is the strongest molecular pair (having
a stabilization energy of —45.4 k] mol™) for E2 and provides

54 | CrysttngComm, 2017, 19, 47-63

maximum stability to the lattice, whereas DB11-1I (involving a
strong N-H--‘N hydrogen bond and a weak N---C contact) is
the strongest molecular pair for DB11. In the case of the C-
H--F centrosymmetric dimer [DB11-VI and E2-VIII; Fig. 8f]
the stabilization energy is —2.6 kJ mol™ higher for the former
DB11-VI (which does not contain a F---F contact) than that
for E2-VII [having a F---F contact, at a distance of 3.118(2) A].
Furthermore, the electrostatic contribution is 12% more than

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 The molecular arrangement of the isostructural compounds DB23 [(a) and (c)] and DB33 [(b) and (d)].
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Table 4 The stabilization energy (in kJ mol™) of the molecular pairs for the isostructural molecules DB23 and DB33 [D = the centroid—-centroid distance

between two interacting molecules]

Motifs Symmetry code D (A) Ecoul Epol Episp Egep Erot Possible interactions Geometry (A/°)
DB23
1 x,0.5-y,05+2z 5.272 -33.5 -15.1 -29.9 39.0 -39.5 N2-H2D---N1 2.05, 160
C2A-H2A---N1 2.70, 133
I -1-x,1-y,1-2z 9.198 -17.9 =5.2 -25.2 20.9 -27.3 N2-H2C---F2 2.19, 156
C10(n):+-C10(x) 3.367(2)
111 x1-y,1-z 5.138 -8.7 -39  -33.7 21.6 247  C9-H9---m(C5A-C6A) 3.03, 158
v -x,-y,1-2z 7.111 -7.3 -3.0 -30.3 161  -24.6  C2A--Cgl 3.550(2)
v 1-x,-y,1-2 13.130 =5.5 -0.9 -6.5 3.0 -10.0 C4A-H4A---F1A 2.63, 177
VI 1+x,05-y,05+z 10.541 -4.1 -1.2 -11.3 6.8 -9.9 C3A-H3A'--F2 2.74, 116
VII 1+x,9,2 9.488 -1.4 -0.8 =7.5 3.6 -6.0 C12-H12---F1A 2.57,122
VIII ~x,0.5+y,05 -z 7.419 -1.6 12 -10.6 7.5 -5.9  F1A---n(C9-C10) 2.944(2)
IX -1-x,05+y,05-2 10.322 -1.2 -0.7 -5.2 2.7 -4.4 C12-H12---F2 2.52, 138
DB33
1 x,0.5-y,05+z 5.230 -38.1 -17.0 -32.9 44.2 —-43.8 N2-H2B--*N1 2.09, 151
C2-H2---N1 2.46, 162
I 1-x,1-y,2-2 6.440 -10.2 -4.3 —43.2 28.4 -29.2 C8-H8:--F1 2.56, 128
Cgl-+-Cgl 3.738(2)
I 1-x,-y,2-2 5.131 -12.7 -5.7 -40.0 30.5 -27.9 C11-H11---Cg1 2.81, 152
v X, Y,2-2 9.303 -17.9 -5.8 -27.2 24.9 -26.0 N2-H2A---F2 2.20, 151
7(C10)---n(C10) 3.261(2)
\% 1-x,-05+y,15-2 7.313 =5.1 -3.2 -16.6 13.9 -11.0 C5-H5---Cg2 2.61, 143
VI 1+x05-y,05+z 10.644 -2.1 -1.3 -10.7 5.9 -8.2 C3-H3:-'F2 2.70, 135
VII 1-x05+y,25-2 8.192 1.0 -1.8 -8.9 4.3 -5.4 Dipole---dipole interaction —
VIII -x,05+y,15-2 10.280 -4.1 -1.6 —6.8 7.5 =5.0 C8-H8:-"F2 2.27, 146
IX 2-x,1-y,2-2 13.007 -0.6 -0.3 -4.7 1.4 -4.2 F1---F1 2.984(1)

in the latter case. It is of interest to note that although DB11-
VIII (-6.8 k] mol™") and E2-VI (-10.1 kJ] mol™"), because of

This journal is © The Royal Society of Chemistry 2017

the existence of isostructurality, are the structurally equiva-
lent motifs, following the robustness of the supramolecular

CrysttngComm, 2017, 19, 47-63 | 55
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Fig. 11 The equivalent molecular building blocks (a-h) for the isostructural compounds DB23-DB33.

architecture (Fig. 8g), their stabilization energies are differ-
ent. In DB11-VIII, as only a H---H contact is present, hence
the maximum contribution comes from the dispersion (16%
electrostatic) whereas in E2-VI, there is a formation of bifur-
cated C-H--'F interactions (41% electrostatic). Between the
molecular pairs DB11-IX (-0.3 kJ mol™; involving a short
type I F1A---F1A contact with an “unusually short” distance
of 2.456(4) A) and E2-IX (-6.4 k] mol*; involving a short type
I F1A---F1A contact with a distance of 2.711(2) A) [Fig. 8h],
the electrostatic contribution is 13% more and the repulsion
energy is 10.3 k] mol™ less in the case of E2-IX in compari-
son to the former.

56 | CrysttngComm, 2017, 19, 47-63

Isostructural DB23-DB33

Both the compounds DB23 (Fig. S5ef) and DB33 (Fig. S5fY)
crystallize in the centrosymmetric monoclinic P2,/c space
group with closely related unit cell parameters having four
molecules in the unit cell (Z' = 1, Z = 4). One fluorine atom is
attached at the para position of the phenyl ring (Cg2) in both
cases and the other fluorine atom is attached at the meta and
para positions of the phenyl ring (Cg1) of DB23 and DB33, re-
spectively (Scheme 2). The molecular arrangements were sta-
bilized via strong N-H--N chains (DB23-I and DB33-I; ~-42
k] mol™) associated with the weak C-H---N interactions

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 Energy vector diagram for the isostructural (a) DB10 and (b) E1 down the bc plane.

along the ¢ direction [Fig. 10(a) and (b)]. In addition, the
weak intermolecular interactions like N-H---F, C-H:-‘F, C-
H--'m and n--n also provide extra stability to the lattice.
Table 4 lists the stabilization energy of each motif
(extracted from the crystal packing) and the geometry of
the interactions. All the equivalent structural motifs respon-

This journal is © The Royal Society of Chemistry 2017

sible for the formation of similar supramolecular architec-
tures in isostructural DB23 and DB33 are shown in Fig. 11.
Two parallel N-H:-*N chains were further connected with
each other via a C-H---n intermolecular interaction (DB23-III
and DB33-1III) [Fig. 11c], the equivalent motif (DB23-VIII and
DB33-V) [Fig. 11g], (DB23-1IV and DB33-1I) [Fig. 11d] and the

CrystEngComm, 2017, 19, 47-63 | 57
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Fig. 15 The fingerprint plots and associated relative contribution of different atom---atom contacts in the crystal packing of isostructural

compounds [(a) DB10 and (b) E1; (c) DB11 and (d) E2].

occurrence of a “short (2.20 A) and highly directional (151°)”
N-H-F dimer (DB23-II and DB33-1V) in the crystalline lattice
which is further associated with - -7 stacking [Fig. 10(a) and (b)].
On viewing down the ab plane the molecules form a zigzag
array [Fig. 10(c) and (d)] associated with the molecular chains
(involving weak C-H--'F and C-H--'m interactions) utilizing
the structural building blocks III, IV, VI and VII for DB23 and
the motifs II, III, VI and VIII for DB33 which provide addi-
tional stability to the crystal packing. From the overall molec-
ular arrangements, considering that all the centroids of the
phenyl ring of this array are combined together, leading to
the formation of a distorted six-membered ring down the ab
plane [Fig. 10(c) and (d)]. The four structurally equivalent mo-
lecular motifs (a), (b), (c) and (h) are also energetically equiv-
alent but in the case of (c) (5% more electrostatic contribu-
tion for DB33-III) and (h) (17% more electrostatic
contribution for DB33-VIII) the energetic contributions are
not the same (Fig. 11 and 12). Between DB23-IV (-24.6 K]

58 | CrysttngComm, 2017, 19, 47-63

mol™"; having n---n stacking only) and DB33-1I (-29.2 kJ
mol'; associated with n---% stacking and C-H---F interaction)
the electrostatic contribution is 8% more for DB33-II in
comparison to the former (Fig. 11d). The centrosymmetric C-
H---F dimeric motif DB23-V (-10.0 k] mol™") is structurally
(Fig. 11e) but not energetically equivalent to DB33-IX (—4.2 k]
mol ™) having only a type I F---F contact with a distance of
2.984 (2) A and subsequently the dispersion contribution is
36% more (Fig. 12) for DB33-IX.

Energy vector model

The energy vector models (magenta color) for DB10-E1 and
DB11-E2 are shown in Fig. 13 and 14, respectively. The Cou-
lombic (yellow color) and dispersion (green color) compo-
nents were also scaled against the interaction energy of the
most stabilizing molecular pair. In the case of DB10-El,
there is a formation of a zigzag continuous line (magenta

This journal is © The Royal Society of Chemistry 2017
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Fig. 16 The fingerprint plots and associated relative contribution of

different atom---atom contacts in the crystal packing of isostructural
compounds [(a) DB23 and (b) DB33].

colored) between the two interacting fragments I (~-42 kJ
mol "), whereas for the other interacting fragments, a discon-
tinuous magenta colored line with a smaller gap (relatively
more stabilizing) and a higher gap (relatively less stabilizing)
appeared in both cases. Table S31 shows the energy vector
lengths of some selected equivalent molecular pairs for the
isostructural molecules. In the case of DB11, there is a con-
tinuous magenta colored line between the two interacting
fragments I (-42.2 k] mol™) and II (-40.4 kJ mol ™) for DB11;
I (-45.4 k] mol™) and 11 (-39.5 k] mol ") for E2 having a com-
parable stabilization energy. Here, a discontinuous magenta
colored line with a smaller gap and a higher gap is also ob-
served for the other building blocks. The vector lengths (yel-
low color) for the coulombic component in molecular pairs I
and II are longer than those of motif III whereas the vector
lengths (green color) for the dispersion component in the
molecular pair I and III are longer than those of motif III
(Fig. 14a). In the case of E2 (Fig. 14b), a similar feature was
observed. Energy vector models for DB23-DB33 are shown in
Fig. S7.f In both cases, the strong N-H:--N chain (I: more sta-
bilizing) along the ¢ axis leading to the formation of wave-
like (magenta colored) columnar architectures is shown. Dis-

Fig. 17 Molecular graphs for the equivalent molecular pairs (a) DB11-
VI and (b) E2-VIII associated with the C-H:--F dimer [red color and
deep red color depict the ring critical point and the bond critical point
respectively].

This journal is © The Royal Society of Chemistry 2017
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continuous lines (magenta colored) with less gap or higher
gap were observed for other slightly less (II, III, IV) or more
stabilizing molecular pairs. For DB23, the vector lengths for
the Coulombic component (yellow color) in I and II are longer
than those for the other motifs (Fig. S7at), whereas the vector
length for the dispersion component (green color) in DB33-1I
(Fig. S7bt) is longer than those of the other molecular frag-
ments present in both DB23-DB33. Thus, according to the
energy vector distribution patterns, DB10 is isostructural with
E1, DB11 is isostructural with E2, and DB23 is isostructural
with the compound DB33.

Hirshfeld surface analysis

Hirshfeld analysis®® was performed using
CrystalExplorer 3. to further study the isostructurality
behaviour between two sets of isostructural compounds,
DB10-E1 (Fig. 15a and b), DB11-E2 (Fig. 15c¢ and d)
and DB23-DB33 (Fig. 16), to account for the similarities in
the crystal environment. Hirshfeld surface associated finger-
print plots”"”> were analyzed to map the two-dimensional su-
pramolecular blueprint to compare the three sets of iso-
structural compounds. The fingerprint plots and the relative
contribution from the various atom---atom contacts are also
shown. In the case of DB10-E1 and DB11-E2, it is observed
that both the fingerprint plots containing the sharp spikes
(blue colored triangles) for the strong N-H---N hydrogen
bond and the wing regions for the other contacts show the
similarity in the packing patterns. Subsequently, the contri-
butions from different atom---atom contacts are also compa-
rable due to the closely related supramolecular architectures.
The small spikes (green colored triangles) in E2 signify the
presence of short C-H---F interactions (E2-V) with a distance
of 2.40 A which is not observed in the fingerprint plot of
DB10. In case of isostructural compounds DB23 and DB33,
two types of sharp spikes were observed. The spikes denoted
with blue colored triangle correspond to the strong N-H--N
hydrogen bonds and the spikes denoted with green colored
triangle correspond to the presence of short N-H:-F interac-
tions. The atom---atom contributions for the different con-
tacts are also similar to each other in three sets of iso-
structural compounds.

To obtain quantitative insights into the nature of various
non-covalent interactions, QTAIM analysis was performed. In
the ESIj the molecular graphs for some selected building
blocks (Fig. S8-S11t) for DB10, DB11, DB23 and DB33 are
shown, where the bond critical points (3, -1) for the N-H-''N,
N-H---F, N-H:-'n, C-H--‘F, C-H---C, F--‘F interactions were
obtained. The topological parameters [the electron density
(pscp), the Laplacian (V?pgcp), local potential energy (V4,), ki-
netic energy density (Gp,) and the dissociation energy DE"(int)
(= —-0.5V},)] for these BCPs are shown in Table S4.f The posi-
tive Laplacian values signify the closed shell interaction be-
tween the atoms. For the equivalent molecular motifs, the to-
pological parameters are comparable. The electron density
and the Laplacian value at the BCP for the intermolecular N-

surface
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Fig. 18 RDG isosurface (s = 0.6) for the intermolecular N-H---F interaction and the plot of reduced density gradient (RDG) versus electron density
multiplied by the sign of the second Hessian eigenvalue [p x sign (1,)] and electron density (p).

H--m interaction (DB10) are 0.0634 e A and 0.726 e A™°, re-
spectively, which are comparable to the previously reported*®
values for E1. In the case of equivalent molecular pairs (f) (C-
H--F dimer), for the isostructural DB11-E2, the molecular
graphs are shown in Fig. 17. For DB11-VI, there is only one
(3, +1) ring critical point whereas in E2-VIII there are two
ring critical points due to the formation of a F---F contact.
The electron density value at the BCP for the C-H--F interac-
tion is observed to be 0.0475 ¢ A~ for DB11-VI and 0.0316 e
A™ for E2-VIII and the magnitude of the Laplacian is ob-
served to be 0.723 e A™ for DB11-VI and 0.527 e A for E2-
VIIIL. The corresponding bond dissociation energies are 6.7 kJ
mol " and 4.1 k] mol™" for DB11-VI and E2-VIII, respectively.
To get more insights into the nature of the C-H--F dimer,
NCI (non-covalent index)”®”* analysis was performed using
the program NCImilano.”>”® 1t is a graphical visualization of
the regions where the non-covalent interactions take place.”’
The reduced density gradient (RDG) comes from the electron
density (p) and its first derivative (gradient of the electron
density):

The reduced density gradient isosurface was generated at
0.6 (s) and plotted using MoleCoolQt’® software. The NCI
based RDG isosurface was plotted with the color range —-0.03
< p x sign (1,) < 0.03 au around the ring critical points and
the bond critical points for the C-H:--F dimeric motif in real
space (Fig. S121). RDG isosurface is based on the three com-
ponents of the electron density distribution: electron density
(), reduced density gradient (RDG) and the gradient of the
electron density (Vp). The sign of the second Hessian matrix
indicates whether the intermolecular C-H-F is stabilized (1,
< 0) or destabilized (4, > 0). In the case of DB11-VI, the RDG
isosurface is light green colored (disc-shaped) having a nega-
tive eigenvalue (1, < 0) around the BCP and shows the attrac-
tive nature of the C-H--F interaction. The 2D plots associ-
ated with the RDG vs. p x sign (4,) indicate a sharp spike in

60 | CrysttngComm, 2017, 19, 47-63

the negative region corresponding to the BCP and another
sharp spike (for the dumb-bell shaped dodger blue RDG iso-
surface) in the positive region corresponding to the ring critical
point. But in the case of E2-VIII, there is a total of three light
sky blue RDG isosurfaces, ie., two disc-shaped which corre-
spond to the BCP for the C-H:-F interaction and the third one
(dispersive nature) corresponds to the BCP for the F--F con-
tact. Here the value of p x sign (/) is less negative compared to
the value for the C-H:-F present in DB11-VI. In addition, there
is a total of two dodger blue RDG isosurface regions which cor-
respond to the two ring critical points in E2-VIIIL.

In the occurrence of the isostructurality for DB23-DB33,
the intermolecular N-H:--F interaction plays an important
role in the presence of a strong N-H--N chain. This interac-
tion is rarely observed in the formation of organic solids,
containing the N-H or NH, functional group along with the
C-F bond. Here, there is a formation of a centrosymmetric di-
mer utilizing the short and highly directional N-H:--F

Upper view I8 77| side view v
- 0.01
: .
0.00 v
-0.01
[«
-0.02 =

-0.03

0.0

-0.04 -0.02 0.00 002 0.04

0.0 v - .
0.00 0.01 0.02 0.03 0.04 0.05
p * sign (A;) P

Fig. 19 RDG isosurface (s = 0.6) for intermolecular N-H---r interaction
(DB10-1) and the plot of reduced density gradient (RDG) versus
electron density multiplied by the sign of the second Hessian
eigenvalue [p x sign (4,)] and electron density (p).
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interaction. Cambridge Structural Database’® (CSD: version
5.37) search has been performed taking the different con-
straints: dy...p = 2.0 to 2.3 A, «N-H---F = 140 to 180°, R factor
< 0.1, not disordered, not polymeric, no errors, no ions, no
powder structures, and only organic compounds. A CSD study
reveals that the total number of hits is 19 for the compounds
having the NH, group (Fig. S13 and S14t). The NCI-based
RDG isosurface for the N-H:---F interaction also shows a
green colored disc (Fig. 18) with a highly negative value
(~—0.0105 au) of p x sign (4,) which indicates the attractive
(stabilized) nature of this type of interaction. Furthermore,
the NCI analysis of the N-H---n (DB10) interaction gives some
interesting information about the nature of this interaction.
It shows that there is formation of a “funnel-like” RDG iso-
surface (Fig. 19) in which the inside surface color of the fun-
nel is green (stabilized interaction), and the outside surface
color is light blue (destabilized). In addition, there is also
one small light blue colored (destabilized) region around the
bond critical point. The pink colored RDG isosurface (vertical
spike) formed around the ring critical point inside the phenyl
ring indicates the more destabilized interaction.

Summary

In this study, the crystal structures of fluorine containing
molecules, existing as E-Z isomers, are found to exhibit iso-
structurality, having equivalent supramolecular building
blocks. Thus, the substitution at the fluorine atom on the
phenyl ring is responsible for the observed isostructurality in
isomeric fluorinated phenyl benzamidine compounds. Most
of the structurally equivalent motifs present in the crystal
packing are isoenergetic and the contribution of electrostatic
and dispersion interactions is comparable in these com-
pounds. The structural similarity analysis supports quantita-
tively the existence of isostructurality, and the NCI analysis
establishes the N-H--‘F and N-H---n interactions to be “at-
tractive” in nature. The energy distribution patterns for the
energy vector models are similar in both sets of isostructural
compounds. The Hirshfeld surface analysis also helps to ver-
ify the behaviour of isostructurality in terms of fingerprint
plots associated with various non-covalent interactions in the
crystal. This study once again illustrates the significance of
weak and rare intermolecular interactions in the solid state
and hence depict the pivotal point that the study and investi-
gation of interactions in molecular crystals is an important
exercise. This has special relevance and significance in the
design of crystals with desired properties with implications
in polymorphism, cocrystal formation, and the development
of technologically important materials.
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