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INTRODUCTION

Both antitumor and anti-inflammatory activities are shown
by substituted succinamic acids [1-4]. As starting materials,
they are also very helpful, particularly for the synthesis of N,N'-
diaryl succinamides, a family of molecules exhibiting a number
of biological activities, such as anti-mycobacterial [5], anti-
algal [5] and anti-tumor [6].

Hirshfeld surface analyses are essential for the study of
modes of packing and re-assurance of the different inter-
molecular interactions, especially in the molecular crystals [7-
9]. It gives a visual illustration in a crystalline environment of
intermolecular interactions and molecular shape. Each type
of intermolecular atomic and atomic contacts can be identified
by their typical surface characteristics. Colour coded distances
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The ortho-CF; substituent and the N-H bond are in syn-conformation in N-[2-(trifluoromethyl)phenyl]succinamic acid. In amide and acid |
functionalities, the carbonyl groups are directed in opposite directions to each other and their related-CH, groups. syn-Conformation is |
observed for the acid functionality, where the carbonyl C=0 and hydroxyl O-H bonds are directed in the same direction. Three planar
fragments comprise of the molecule: aromatic ring (A), core portion -C,,-N(H)-C(=0)-C(H,)-C(H,)(B) and -C(H,)-C(=0)-OH(C). The |
dihedral angle between a pair of fragments being 48.6(4)° (A and B), 81.6 (4)° (B and C) and 70.5 (5)° (A and C). N-HeeeO hydrogen |
bonds bind the molecules forming C(4) chains in the crystal, and the neighbouring anti-parallel chains are bound by O-HeeeO hydrogen |
bonds resulting in a chair shaped ribbon of one-dimensional nature. The Hirshfeld surface study was carried out, including fingerprint
plots. Studies have shown that the interactions with OeseeH/HeoeO (27.4%), HeeeH (27.3%) and HeeeF/FeeeH (20.2%) substantially added |
to the surface. Theoretically, the highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO) and various |
global reactivity descriptors were also computed by the density functional theory (DFT/B3LYP) approach with a 6-311G(d, p) basis set |
in the ground state on the geometrically optimized structure in the gas phase. |
|
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from the closest atom outside the surface to the surface (d. plots)
and closest atoms inside the surface (d; plots) provide a diag-
rammatic illustration of the numerous modes of interactions
present in the crystal. The relative contributions made by each
interactions between the molecules in the crystal can also be
well illustrated. Especially, the analysis of total 2D fingerprint
plot and the fingerprint for the particular atom and atom contacts
in a crystal gives information on the percentage contribution
made to the Hirshfeld surface by each of the intermolecular
contacts experienced by bulk molecules. The demonstration
of these in an helpful colour graphic makes it more convenient
and useful. To demonstrate the modes of packing and inter-
molecular interactions encountered by the molecules in the
crystal setting, Hirshfeld surfaces consisting of d,.m surfaces
and fingerprint were produced and analyzed for the title molecule.

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.
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Density functional theory ( DFT) is an extremely useful
methodology in many fields for performing powerful and in-
expensive computational studies [10-13]. For the analysis of
structures consisting of electron lone pairs and/or compre-
hensive electron conjugation [ 14-17], DFT calculations encor-
porating the hybrid exchange correlation feature B3LYP (Becke’s
three parameter (B3) exchange in conjunction with the Lee-
Yang-Parr (LYP) correlation function are of special signi-
ficance. Computational molecular simulation is already an
evidently inevitable way to test and forecast the numerous
properties of molecules and structures [18,19]. In this work,
DFT calculations were used to address descriptors of global
reactivity.

Considering the diversed uses of succinamic acids with
various substituents and their variants, especially their biol-
ogical applications, it is worthwhile to synthesize and study the
crystal structure of a novel succinamic acid derivative, namely
N-[2-(trifluoromethyl)phenyl]succinamic acid. The present
study was also conducted to illustrate the modifications in the
structure- both molecular and crystal that can be obtained on
by inserting various substituents to the phenyl ring of N-(phenyl)-
succinamic acid, which was previously reported [20].

EXPERIMENTAL

Synthesis of N-[2-(trifluoromethyl)phenyl]succinamic
acid: 2-(Trifluoromethyl)aniline (0.0025 mol, 0.403 g) (15
mL) was dissolved in toluene and mildly heated with constant
stirring. To this solution, a hot toluene solution (10 mL) of
succinic anhydride (0.0025 mol, 0.25 g) was added dropwise
with continous stirring (Scheme-I). Solid title compound was
segregated instantly from the solution during the addition.
Stirring was performed for 1 h and filtered. To the solid thus
obtained was added dil. HC1 (10 mL) to separate the unreacted
aniline from the title compound solid. The mixture was again
filtered under suction and the filtered solid was thoroughly
washed with water. The product obtained was recrystallized
from ethanol using slow evapouration technique to obtain the
colourless product (yield = 0.28 g, 43%; m.p. = 428 K).

NH, o) CF;
H
F;C Toluene, 1 h N. COOH
stirring at RT
+ _—
o
0 1

Scheme-I: Synthesis of N-[2-(trifluoromethyl)phenyl]succinamic acid

X-Ray crystallographic study: The intensity data of the
X-rays diffracted from the single crystal of compound I were
obtained using 0.71073 A wavelength radiation (Mo-Kot) at
296 K. The data were collected on a Bruker Proteum2 CCD
diffractometer. The diffractometer was equipped with an X-ray
generator that operated at 45 kV and 10 mA. The diffracted
X-ray intensity data were collected in such a way so as to collect
24 frames per series for different ¢ (0° and 90°) conditions,
keeping 0.5° scan width, 5 s exposure time, 45.10 mm gap
between sample and detector, and 26 value at 55.2°. Processing
of images and reduction of data were made using SAINT-Plus

and XPREP [21]. The direct methods in the SHELXT [22]
software were used to establish the crystal structure. The non-
hydrogen atoms were observed and refined anisotropically in
the first-difference Fourier plot. The H atoms were located
geometrically. Geome-trically placed were the carbon-bound
H atoms, With Curomaic — H=0.93 A and Cuenyiene — H=0.97 A.
All hydrogen atoms were refined using the riding model Ui,(H)
= 1.2U(C). The oxygen bound H atom was positioned at
defined positions [O-H = 0.82 A and Uiso(H) = 1.5U(O)]. In
contrast, the nitrogen bound H atom was located and modeled
as riding from differential Fourier maps: N-H = 0.86 A. Inside
the WinGX suite24 package, all the geometric calculations were
performed using PLATOn [23] within the WinGX suite [24].
The molecular and packaging diagrams were produced using
the MERCURY [25] program.

Hirshfeld surface calculations: Hirshfeld surface analysis
has been used to analyze the intermolecular interactions present
in the title molecule and is a helpful tool for determining the
surface characteristics of molecules [7-9]. Hirshfeld surfaces
and the corresponding fingerprint are unique to each crystal
structure and offer informations of the surface intermolecular
interactions quantitatively. They are obtained using Crystal
Explorer [26] software that accepts a cif format structure as
an input file. Two distances are specified for every point on
the isosurface of Hirshfeld: distance (d.) [distance between the
point and the closest nucleus outside the surface], and distance
(dy) [distance between the point and the closest nucleus inside
the surface]. The normalized contact distance (dyom) 1s defined
on the basis of distances d. and d;, and is given by

— (dl _rivdw) + (de _revdw)

norm
Ilivd\V revdw

where 1;,«W and r.aW represent the van der Waals radii of the
atoms. The negative signed dom values on the colour scale are
illustrated by the red colour indicative of those contacts that
are shorter than the van der Waals radii. The white colour on
the surface represent those points where the intermolecular
distances are close to the van der Waals contacts, with d,om values
equivalent to zero. Conversely, connections with positive dyom
values are longer than the total of van der Waals radii and
coded with blue.

Hirshfeld surface analyses were conducted using Crystal
Explorer 3.0 [26] software and fingerprint was plotted. Colour
scales were mapped to the d,om plots between —0.18 a.u. (blue)
and 1.4 a.u. (red). The fingerprint [8] is presented in the expanded
view, with the distances d. and d in the range 0.6-2.8 A presented
on the graph axes. The hydrogen bond lengths were immed-
iately modified to regular standard neutron values, i.e. C-H =
1.083 A and N-H = 1.009 A, when the cif file was uploaded
into the Crystal Explorer software.

DFT calculations: In order to quantify global reactivity
par: ameters such as EHQM(), ELUMO, AE(EHOMO— ELUMO), Electron
affinity (A), electronegativity ()), ionization potential (I),
chemical potential (i), global hardness (1), chemical softness
(), electrophilicity index (), electron donation power (®-) and
electron acceptance (w+), the optimized geometry in the ground
state and gas phase obtained by DFT technique was used. Using
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Gaussian 09 software package [27], measurements were made
within DFT with B3LYP exchange-correlation hybrid functional
[28,29] extended base sets with polarization and diffuse functions
6-311G(d,p). For the processing and visualization of input/output
data, the GaussView 5.0.8 software was used.

RESULTS AND DISCUSSION

Molecular conformation: Table-1 shows the crystallogra-
phic descriptions of the compound and Table-2 listed the
selected bond lengths and bond angles, while the different
hydrogen bonds and their geometries are shown in Table-3. The
N-H bond in the title molecule’s side chain and the ortho-CF;
substituent are in syn-conformation (Fig. 1). In comparison,
amide and acid carbonyl groups are anti-conforming and are
even anti-conforming to their adjacent CH, groups. The O2=C10-
03-H3 torsion angle = 32.6 (9)° shows the syn-orientation of
the C=0 and O-H bonds of the acid group. Three planar frag-
ments compose the molecule-the aromatic ring (A), the center
portion C1-N1-C7(=01)-C8-C9 (B), and C9-C10(=02)-
O3(C). For all the non-H atoms in B, the r.m.s.d. is 0.002 A,
and in C, it is 0.011 A. The dihedral angle between the three
segments taken two at a time is 48.6 (4)° (A and B), 81.6 (4)°
(B and C), and 70.5 (5)° (A and C). The -CH,-CH,- bond in
the side chain has staggered conformation.

To date, 47 substituted N-(aryl)succinamic acids have been
reported. The phenyl rings of the reported structures bear
different substituents at different positions (mono-, di- and

TABLE-1
SINGLE-CRYSTAL DATA AND
REFINEMENT PARAMETERS FOR (I)
CCDC deposit 1993889
Empirical formula C,,H,;(NO;F;
Formula weight 261.20
Temperature (K) 293(2)
Crystal system Triclinic
Space group P-1
a(A) 4.828(13)
b (A) 11.46(3)
c(A) 11.87(3)
o) 65.72(6)
B () 81.62(8)
v(©) 84.03(7)
Volume (A% 592(3)
Z 2
Peac (g/em’) 1.466
p (mm™) 0.137
F(000) 268.0
Crystal size (mm?®) 0.21 x0.19 x 0.16
Radiation MoKo (A = 0.71073)

26 range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F*

Final R indexes [[>=26(1)]
Final R indexes [all data]
Largest diff. peak/hole (e A

6.992 to 55.226
6<h<6,-14<k<13,-13<1<
15

3487

2663 [Ryy, = 0.0525, Ry =0.1101]
2663/1/168

1.029

R, =0.1023, wR, = 0.2766

R, =0.1981, wR, = 0.3425
0.25/-0.25

TABLE-2
BOND LENGTHS (A), ANGLES AND
TORSIONS (°) IN THE TITLE COMPOUND

FI_CI1 1.320 (8) C9-C10 1.492 (9)
F2-Cl1 1.340 (9) C9-C8 1.514 (8)
F3-Cl1 1.317 (8) C8-C7 1.505 (8)
02-C10 1.227 (7) C2-Cl1 1.495 (9)
01-C7 1.227 (7) N1-C7 1.355 (7)
03-C10 1.314 (7) NI-CI 1.425 (8)
C7-N1-Cl 125.9 (4) 01-C7-N1 123.4 (5)
C10-C9-C8 112.8 (5) 01-C7-C8 121.6 (5)
C7-C8-C9 113.6 (5) N1-C7-C8 114.9 (4)
C3-C2-Cl1 118.9 (6) C6-C1-N1 120.1 (5)
Cl-C2-Cl11 121.9 (5) C2-C1-N1 120.4 (5)
02-C10-03 122.1 (6) 03-C10-C9 113.9 (5)
02-C10-C9 123.8 (5)
Cl10-C9-C8-C7  -720(7)  Cl-NI-C7-C8 179.0 (5)
C5-C6-C1-N1 179.1(5)  C9-C8-C7-O1 3.6 (9)
Cl1-C2-C1-C6  -1744(5)  C9-C8-CT-N1 177.0 (5)
C3-C2-CI-N1  -178.1(5) Cl1-C2-C3-C4 1754 (6)
C11-C2-C1-N1 4.5 (8) C1-N1-C7-01 0.3 (9)
C7-N1-C1-C6 487(8)  C8-C9-Cl10-02  -21.1(8)
C7-NI-C1-C2  -1302(6) (C8-C9-C10-03  162.8(5)
TABLE-3

LIST OF DIFFERENT HYDROGEN-BONDS AND
OTHER INTERMOLECULAR INTERACTIONS (A, ©)
IN THE TITLE COMPOUND'S CRYSTAL STRUCTURE
AND THEIR GEOMETRIC SPECIFICATIONS

D-H--A D-H H-A DA D-H--A
NI-HI--O1 0.86 2.13 2.9648(10) 165
03-H3--02" 0.82 2.07 2.686(10) 132

ir 14x,y,z; ii: 1-x, 3-y, 1-z

Fig. 1. A view of the molecular structure of compound I in which the
thermal ellipsoids are fixed at 50% probability level

trisubstituted derivatives at different positions) and even
containing heterocyclic rings. Three of these compounds, i.e.
N-(phenyl)-succinamic acid (CCDC refcode: IOYEM) [20]
and two ortho-substituted compounds, i.e. N-(2-methylphenyl)-
succinamic acid [30] and N-(2-chlorophenyl)succinamic acid
[31], are highly associated with title compound I. Rest of them
are the compounds with either di-/tri-substitutions or heterocyclic
compounds, or the monosubstituted ones with substitutions at
positions other than ortho. In addition, the crystal structure of
an analogue of I with maleic acid, namely, N-[2-(trifluoromethyl)-
phenyl]maleamic acid, has recently been described [32].



3182 Suchetan et al.

Asian J. Chem.

In all the three corresponding succinamic acids and the
analogous maleamic acid, the -COOH group adopts syn-
conformation identical to that in title compound I. In all the
three succinamic acids identical to the one in title compound
I, the conformations of amide and acid carbonyl groups are
both anti- to each other and even to the adjacent-CH, groups.
This is identical to that found in N-[2-(trifluoromethyl)phenyl]-
maleamic acid, where amide and acid carbonyl groups are anti-
to each other and even to the adjacent -CH groups. The N-H
bonds in the side chains of N-(2-methylphenyl)succinamic
acid, N-(2-chlorophenyl)succinamic acid and N-[2-(trifluoro-
methyl)phenyl]-maleamic acid and their ortho-substituents are
in syn-conformation as in title compound I. It is found that
three corresponding succinamic acids vary from title compound
I in the way the side chains are oriented with respect to the
aromatic ring (Fig. 2).

(IJOYEM)

U

(KUTROH)

U

(PONXAS)

U

Fig. 2. A view of the molecular fit of compound I with IJOYEM) (a),
(KUTROH) (b) and (PONXAS) (c)

Crystal structure: The molecules in the crystal of (I) are
connected through N1-H1-.O1 hydrogen bonds that create
Ci(4) chains parallel to the crystallographic a-axis (Fig. 3).
03-H3..-02 hydrogen bonds forming inversion-related R3(8)
dimers (Fig. 3) connects the neighboring chains anti-parallel
to each other, resulting in a chair-shaped ribbon propagating
along the ag-axis. Thus, a one-dimensional chair shaped ribbon
ensues.

Fig. 3. O-HeeeO and N-HeeeO hydrogen-bonded ribbons (thin blue lines)
propagating along a axis, when viewed approximately down the ¢
axis of the crystal packing in compound I

The type and motif of hydrogen bonds and intermolecular
interactions, and hence, the consequential framework in title
compound I are identical to those found in the associated succi-
namic acids as mentioned above. In N-[2-(trifluoromethyl)-
phenyl]maleamic acid, however, two-dimensional sheets formed
by O-H...O and N-H-...O hydrogen bonds are crosslinked
through interactions of the type C-H---O into a 3D network.
The packing properties of the two analogues, which vary only
in the form of C-C bond in the chain, are also entirely different.

Hirshfeld surface analysis: In order to further analyze
the intermolecular interactions and hydrogen bonds in the crystal
structure of title compound I and also to obtain a piece of evid-
ence for the relative quantitative contributions of these to the
surfaces, the analyses of Hirshfeld surface mapped over duom
surfaces and the two-dimensional fingerprint plots were made
[33]. The presence of dark-red spots in the proximities of the
O1 and O2 oxygen atoms confirms the involvement of these
oxygen atoms as a strong acceptor in hydrogen bonding frame-
works (Fig. 4). Likewise, dark-red spots around the hydrogen
atoms of H1 and H3 are attributed to their presence in stronger
hydrogen bonds as donors (Fig. 4).

The fingerprint features a set of large, pointed spikes
typical of strong hydrogen bonds (Fig. 5). The occurrence of
pointed spikes at d;+ d. = 1.9 A in the fingerprint of HeO/
O---H contacts almost matches with the dy.. value observed
for O3-H3..-02 hydrogen bond in the crystal structure (Table-
3). The study of the fingerprint shows that the primary
contribution to the total Hirshfeld surfaces of title compound
I consists of O«-H/H--O contact (27.4%; d, + d. = 1.9 A),
followed by HeeH (27.3%: d; + d. = 2.4 A), FeeH/He-F (20.2%;;
di + d. = 2.6 A), CoH/HeC (6.9%; d; + d. = 2.8 A), FeuuF
(6.3%; d; + d. = 3.2 A), CoE/FeeeC (5.7%; d; + d. =~ 3.2 A) and
6.2% by others.

Optimization of geometry and frontier molecular orbital
analysis: Using the DFT/B3LYP/6-311G(d,p) basis package,
the title compound I was optimized. The designed structure
(Fig. 6) has 0.5975 Debye dipole moment and -1005.47277039
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Fig. 4. Hirshfeld surface, mapped over the range -0.753 to 1.252 a.u. in the dyom for the molecule in compound I, displaying its interaction
with neighboring molecules via hydrogen bonds (dashed lines)

280 |28/ds
26 126
24 24
22 22
2.0 2.0
1.8 18
16 16
1.4 1.4
12 12|
1.0 1.0
08 08
06 Overall d, '}0.6 HeeeO/QeeeH di 0.6 HeeeH d,
[ [t P ottt TP I IO el I TG
06081.0121416182.022242628 060810121.416182022242628 060810121416182022242628
28ldd 28!
26 26
24 241
22| 2.2
2.0 2.0
1.8 1.8
16 16
1.4 1.41 Piin: =
10 J 1.0 P H HeeeO/QeoeH B HeeeH I HeeeF/FoooH
1.0 y 4 1.0 /."' H CeeeH/HeeeC H FeeoF I CeeelF/FeeeC
0.8 08 0.8!
06 HeesF/FeeeH d, 06 HeesC/CooeH d, 06 CeeeF/FeeeC d (b)
0608101.214161.82022242628 060.81.0121416182022242628 060810121416182022242628

(@)
Fig. 5. Total FP and those decomposed into OeeeH/HeeeO, FeeeH/HeooF, HeeeH, CoeeH/Heoo  and CeeeF/Feee( contacts in compound I

a.u. ground state energy. The energies of the HOMO and
LUMO orbitals for the title compound are -6.6240 and -1.1760
eV, respectively. The molecule-associated global chemical
descriptors are: ionization potential (I) = 6.6240 eV, electron
affinity (A) = 1.1760 eV, electronegativity (x) = 7.8, global
hardness (1) = 5.448, chemical potential (i) = -7.8, electro-
philicity index (®) = 5.5837, electron donation power (®-) =
5.0823 and electron acceptance value (w+) =1.1823 eV [34,35].
It is apparent from Fig. 7 that HOMO is positioned over the
phenyl ring, amide group and partly over the -CF; group, and
that LUMO is positioned over the phenyl ring, carbonyl and
-CF; groups. This indicates the electrons in the molecular system
are delocalized.

Conclusion

Title compound, N-[2-(trifluoromethyl)phenyl]succinamic
Fig. 6. Optimized structure of the title compound I acid (I), was synthesized and by single-crystal X-ray diffraction
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LUMO

Fig. 7. HOMO and LUMO of N-[2-(trifluoromethyl)phenyl]succinamic
acid (I)

experimental study, its molecular and crystal structure was
determined. In the molecule, substituent -CF; at the ortho
position and the N-H bond are in syn-conformation. In comp-
arison, carbonyl groups in the amide and acid functionalities
are aligned anti to each other and even to the respectively
attached methylene groups. Also, the carboxylic acid (—COOH)
group has syn-conformation. Three planar fragments comprise
of the molecule viz. aromatic ring (A), central portion -Cq-
N(H)-C(=0)-C(H,)-C(H,)(B) and -C(H,)-C(=0)-OH(C). The
dihedral angles are 48.6(4)° (A and B), 81.6(4)° (B and C),
and 70.5(5)° (A and C). Adjacent anti-parallel N-He..O
hydrogen bound C(4) chains are connected in the crystal through
O-H.--O hydrogen bonds forming R3(8) dimers related by
inversion. These ensure a one-dimensional chair shaped ribbon.
The Hirshfeld surface fingerprint plots indicate that O«--H/H+--O
contacts (27.4%) led by He--H (27.3 %) and He--F/F-+.H (20.2%)
are the largest contribution to surface contacts. To quantify
different global reactivity parameters, the refined geometry in
the ground state and gas-phase acquired via the DFT technique
was used. The spatial distribution of HOMO and LUMO
showed the delocalization of electrons inside the molecule.
The molecule is correlated with less chemical reactivity and
strong kinetic stability as it has a broad HOMO-LUMO energy
gap (AE) = 5.4480eV.
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