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Abstract

This report describes the synthesis and molecular modeling study of assembly
properties of amide based anion receptors. Firstly, the molecular structures of 3,4-
dichlor-2,5-diamidopyrrole, its deprotonated species, self-assembly dimeric species and
its fluoride, chloride and hydroxide complexes were obtained using the DFT
calculations. The optimized structures of the self-assembly dimer co-existing with
tetrabutylammonium counter ions show good agreement with its X-ray crystallographic
structure.

Secondly, the molecular structures of the 4-aminomethyl-phenylamino-bis-(3,4-
dichloro-5-phenylcarbamoyl-1H-pyrrole-2-carboxamide), its deprotonated species and
the complexes with fluoride, chloride and hydroxide ions were obtained using the
DFT/B3LYP/6-31G(d) method. Energetics, and thermodynamics and equilibrium
constants of the deprotonation process of the compound in the presence and absence
of the fluoride, chloride and hydroxide ions including their complexations calculated at
the B3LYP/6-31G(d) level with ZPVE correction and the B3LYP/6-31+G(d,p)//B3LYP/6-
31G(d) are reported.

Additionally, assembly properties of three isophtalamide based anion receptors,
N,N “diphenylisophathalamide, N,N “bis-(3-nitrophenyl)isophathalamide, and N,N “bis-
(3,5-dinitrophenyl)isophathalamide were studied using the computational methods.
Optimized structures and thermodynamic properties of their complexes with fluoride,
chloride and bromide ions were investigated.

Finally, isophtalamide derivatives, N,N /-bis(4-nitrophenyl)isophthalamide and
N,N (bis—(4—trifluoromethyl—phenyl)isophthalamide, were synthesized. Their halide binding

properties were studies via the single crystal X-ray Spectroscopy, nuclear magnetic

resonance spectroscopy techniques and also the DFT calculation methods.

Keywords: Anion coordination chemistry, assembly properties, amide based anion

receptors, computational chemistry, DFT
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transfer process.

The molecular structures of 3,4-dichloro-2,5-diamidopyrrole LH, its deprotonated species L™, self-assem-
bly dimeric species and its complexes with fluoride, chloride and hydroxide ions were obtained using the
B3LYP/6-31G(d) calculations. The optimized structures at the B3LYP/6-31G(d) and ONIOM(B3LYP/6-
31G(d):PM3) levels of the self-assembly dimer co-existing with TBA (tetrabutylammonium) as
[L,.2TBA] were obtained and their geometrical data show good agreement with the X-ray crystallo-
graphic structure. In the presence of hydroxide (as TBA.OH), deprotonation of LH and dimerization of
L~ are the most favorable reaction as compared to systems in the presence of fluoride and chloride ions.
The hydroxide ion is able to draw a pyrrole proton from the LH and afford one water molecule via proton-

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Anionic self-assembly of the compounds resulting from per-
forming new noncovalently linked molecular architectures have
had an immense interest for supramolecular chemists to under-
stand these unusual processes [1-4]. Anion receptor containing
both amidopyrrole and electron withdrawing groups which in-
crease the acidity of NH hydrogen bond donor groups deproto-
nate at the NH-pyrrole protons in the presence of basic anion
and reveal the formation of a anionic self-assembly dimer in
the solid-state [5-8]. Functionalized isophthalamide with nitro-
aromatic substitution as 3,5-dinitrophenyl groups revealed a
double helix anion-directed assembly formed around two fluoride
anions via NH---F~ hydrogen bonds and m-m interactions in the
solid-state [9,10]. Gale and coworkers synthesized two 2,5-diam-
idopyrrolic compounds which contain 4-nitropenyl and 3,5-dini-
trophenyl groups appended to the amide positions and
investigated their anion binding properties. In solid-state, the
3,5-dinitrophenyl derivative has been shown to deprotonate at
the NH-pyrrole in the presence of tetrabutylammonium (TBA)
fluoride and also tetrabutylammonium hydroxide resulting in
the formation of the anionic self-assembly dimer via N™..-NH

* Corresponding author. Tel.: +66 2218 7644; fax: +66 2254 1309.
E-mail address: vithaya.r@chula.ac.th (V. Ruangpornvisuti).

0166-1280/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.theochem.2008.05.032

interactions [11]. In case of the electron withdrawing groups as
chlorine substitution at the 3- and 4-positions of the pyrrole ring,
1,3-phenylene-bis-(3,4-dichloro-5-phenylcarbamoyl-1H-pyrrole-
2-carboxylic acid amide) and 1,4-phenylene-bis-(3,4-dichloro-5-
phenylcarbamoyl-1H-pyrrole-2-carboxylic acid amide), have been
reported their formation of the interrocked pyrrole anion dimers
in the fluoride ion environment which played as a catalyst in the
deprotonation reactions [12-14]. These phenomenon have been
confirmed with the density functional theory (DFT) calculations
methods [15,16]. Moreover, they also reported the solid-state
structure of the narcissistic dimer which crystallized from 3,4-di-
chloro-1H-pyrrole-2,5-dicarboxylic acid phenyl amide, LH, solu-
tion in the presence of TBA fluoride [17]. In this structure, the
pyrrole group has been deprotonated and the N~ center was sta-
bilized by the formation of two amide NH---N~ hydrogen bonds
from another anion. Vice versa, another N~ was stabilized in
the same way from the opposite anionic pyrrole resulting in the
formation of their anionic self-assembly dimer.

In this report, the effect of fluoride ion to the deprotonation and
anionic self-assembly formation processes of LH have been studied
using DFT calculation (Scheme 1). The geometrical structures of all
species, deprotonation, their halide complexes and anionic self-
assembly dimer, have been considered in terms of their stabilities
and thermodynamic properties and compared to the X-ray crystal-
lographic data.
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@\ /@ 2. Computational methods
NH H HN Structures of 3,4-dichloro-2,5-diamidopyrrole LH, its deproto-

N nated species L™, dimeric species of anionic self-assembly and

(o) 0 complexes with fluoride, chloride and hydroxide were optimized
\ using the density functional theory (DFT) and the two-layered

cl cl ONIOM(MO:MO) method [18-19] for the anionic self-assembly
LH dimer. DFT calculations have been performed with the Becke’s
three-parameter exchange functional [20] with the Lee-Yang-

Scheme 1. Parr correlation functional (B3LYP) [21]. All geometry

N2-H2=1.01A

[LELF] [LH.CI] [LH.O]

Fig. 1. The B3LYP/6-31G(d) optimized structures of LH, deprotonated species L~ and its complexes with fluoride, chloride and hydroxide ions.

Fig. 2. The anionic self-assembly dimer as [L,.2TBA| obtained from (a) the B3LYP/6-31G(d)-optimized, (b) ONIOM(B3LYP/6-31G(d):PM3)-optimized and (c) X-ray
crystallographic structures.
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optimizations have been carried out using the MO computations
at the B3LYP/6-31G(d) level and single point calculations at the
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) level. The two-layered
ONIOM(B3LYP/6-31G(d):PM3) method [22] was employed to
optimize the large structure of anionic self-assembly dimer co-
existing with two molecules of TBA as [L,.2TBA]. Atoms of L,
molecule and two TBA molecules were treated as high and low
levels of theory, respectively. All calculations were performed
with the Gaussian 03 program [23]. The Molden 4.2 program
[24] was utilized to display the molecular structure, monitor
the geometrical parameters and observe the molecular geometry
convergence via the Gaussian output file. The molecular graphics
of all related species were generated with the Mercury 1.4.2 pro-
gram [25].

Stepwise deprotonation reactions of the system in presence and
absence of the fluoride, chloride and hydroxide ions (X™) are de-
scribed by the following equations.

System without X™:

2LH — 2L 4+ 2H" & [L,)* +2H". (1)
System with X™:

2LH + 2TBA.X™ — 2[LH.X]” + 2TBA" 2)

2[LH.X]” +2TBA" « [L,2TBA] + 2HX. 3)

3. Results and discussion
3.1. Geometrical structure

The B3LYP/6-31G(d) optimized structures of LH, deprotonated
species L~ and its complexes with fluoride [LH.F]~, chloride

Table 1

[LH.Cl]” and hydroxide ions in form of [L.H,O]  are shown in
Fig. 1. It was found that the anionic self-assembly dimer in gas
phase does not exist without two molecules of TBA (tetrabutylam-
monium) co-existing as counter ions. The gas phase of anionic self-
assembly dimer is therefore present as species [L,.2TBA]. The
B3LYP/6-31G(d) and ONIOM(B3LYP/6-31G(d):PM3) optimized
structures of [L,.2TBA] compared to the X-ray structure are shown
in Fig. 2. It shows that two TBA molecules of the computed and the
X-ray structures are situated in different space positions. It was
found that the interaction between two L~ species in [L,.2TBA] is
caused by salt-bridges N1H1---N2’/, N3H3.--N2/, N1'H1’---N2 and
N3’H3'---N2, where prime mark (') indicates atom belonging to
the other L™ ion.

Selected geometrical data for their structures in gas phase and
the X-ray crystal structure of [L,.2TBA] are given in Table 1; their
atoms are referred to atomic numbering as defined in Fig. 3.

3.2. Reaction energies

Reaction energies of deprotonation of the 3,4-dichloro-2,5-
diamidopyrrole LH and dimerization of its deprotonated species
L™ in systems with and without fluoride, chloride and hydroxide
ions computed at the B3LYP/6-31G(d) and B3LYP/6-31+G(d,p)//
B3LYP/6-31G(d) levels are shown in Table 2. Reaction energies of
dimerization listed in Table 2 were derived from the total energies
of [L,]*>~ at the B3LYP/6-31G(d)//B3LYP/6-31G(d) and B3LYP/6-
31+G(d,p)//B3LYP/6-31G(d) levels.

Relative stabilities of the anionic self-assembly dimers,
[L,.2TBA] depending on anions of TBA-salts based on either the
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) or B3LYP/6-31G(d) energies
are in order: hydroxide >> fluoride > chloride. Based on the

Selected geometrical data for the structures of 3,4-dichloro-2,5-diamidopyrrole LH, L™, [LH.F], [LH.CI] ", [L.H,0] and [L,.2TBA] dimer computed at the B3LYP/6-31G(d) level and

the ONIOM(B3LYP/6-31G(d):PM3) for the [L,.2TBA]

Parameter? LH L" [LH.F]~® [LH.C1]~" [LH,0]~P [L.2TBA]

DFT” ONIOM® X-ray?
Bond distances (A)
C6-N1 1.4157 1.3901 1.4010 1.4084 1.3978 1.4046 1.4095 1.4007
C7-N1 1.3865 1.3956 1.4010 1.3770 1.3918 1.3879 1.3745 1.3750
C7-C8 1.4854 1.4703 1.4850 1.4872 1.4765 1.4787 1.4666 1.4676
C8-N2 1.3778 1.3599 1.3631 1.3712 1.3652 1.3626 1.3642 1.3646
C11-N2 1.3778 1.3599 1.3631 1.3712 1.3652 1.3635 1.3627 1.3641
C11-C12 1.4854 1.4703 1.4850 1.4871 1.4766 1.4703 1.4784 1.4652
C12-N3 1.3865 1.3956 1.3805 1.3770 1.3918 1.3732 1.3887 1.3759
C13-N3 1.4156 1.3901 1.4010 1.4084 1.3978 1.4106 1.4035 1.4052
N1-H1 1.0122 1.0156 1.0332 1.0243 1.0140 1.0201 1.0192 0.8811
N2-H2 1.0100 = 1.0879 1.0384 = = = =
N3-H3 1.0122 1.0156 1.0333 1.0243 1.0141 1.0192 1.0191 0.8807
Bond angles (°)
C6-N1-C7 128.19 129.68 127.98 127.36 128.67 127.18 127.91 127.83
N1-C7-C8 113.01 111.54 113.13 116.22 114.73 114.48 115.37 115.64
C7-C8-N2 122.90 120.74 121.62 125.55 123.80 122.91 122.49 121.44
C8-N2-C11 111.05 107.35 111.23 111.43 107.85 107.43 107.25 106.69
N2-C11-C12 122.91 120.74 121.62 125.55 123.81 122.33 122.78 121.73
C11-C12-N3 113.02 111.54 113.12 116.22 114.77 115.11 114.43 113.97
C12-N3-C13 128.19 129.68 127.98 127.37 128.67 128.26 127.12 127.50
Dihedral angles (°)
C6-N1-C7-C8 176.74 —~179.99 —~170.97 —179.74 ~177.25 177.28 176.81 ~169.88
N1-C7-C8-N2 —33.49 0.00 12.55 1.16 6.81 -538 15.67 -1.04
C7-C8-N2-C11 179.44 180.00 —~175.15 179.91 ~179.83 179.49 179.59 178.02
C8-N2-C11-C12 179.43 —179.98 175.12 ~179.91 179.88 ~179.08 ~-179.76 177.45
N2-C11-C12-N3 —33.51 0.00 -12.50 -1.16 -6.21 12.62 —4.66 —2.42
C11-C12-N3-C13 176.73 179.99 170.98 179.74 177.59 178.15 175.47 —176.81

Atomic numbering is defined in Fig. 3.

At the ONIOM(B3LYP/6-31G(d):PM3) approach, atoms of L, molecule and two TBA molecules treated as high and low levels of theory, respectively (see Fig. 2b).

a
> At the B3LYP/6-31G(d) level of theory.
c
d

Taken from Ref. [17].



K. Navakhun, V. Ruangpornvisuti/Journal of Molecular Structure: THEOCHEM 864 (2008) 26-30 29

‘c;lz §cu

Fig. 3. Atomic numbering for LH structure.

Table 2

Reaction energies of deprotonation and dimerization of 3,4-dichloro-2,5-diamidopyr-
role LH in systems with and without fluoride, chloride and hydroxide ions, computed
at the B3LYP/6-31G(d) and B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) levels

System/reactions AE?

B3LYP/6-31+G(d,p)// B3LYP/6-

B3LYP/6-31G(d) 31G(d)
In the absence of X:
LH - L +H" 308.48 313.25
2L o [L]?> P 34.63 32.89
In the presence of F~:
Stepwise deprotonation
LH + TBA.F « [LHF]™ + TBA* 15.10 10.97
[LHF]™ <L~ + HF 18.13 29.72
Overall deprotonation
LH + TBAF & L~ + HF + TBA* 36.66 40.69
Dimerization
2[LHF]~ + 2TBA" «> [L,.2TBA] + 2HF —79.34 ~75.58
In the presence of Cl:
Stepwise deprotonation
LH + TBA.Cl <> [LH.CI]” + TBA* 24.92 24.92
[LH.CI]” < L™ + HCI 30.39 34.58
Overall deprotonation
LH + TBA.Cl < L~ + HCI + TBA* 55.30 59.5
Dimerization
2[LH.CI]” + 2.TBA* « [L».2TBA] + 2HCl -61.69 —66.88
In the presence of OH™:
Stepwise deprotonation
LH + TBA.OH « [LH,0] +TBA * 4.82 —1.08
[LH,0]" <L~ +Hy0 8.86 14.00
Overall deprotonation
LH+TBA.OH < L™ +H,O+TBA * 13.68 12.92
Dimerization
2[LH,0]" +2.TBA* & [L.2TBA] + 2H,0 —104.75 -107.03

@ In kcal/mol.

b The structure was taken from the B3LYP/6-31G(d)-optimized geometry of [L,]?
in [L,.2TBA] of which two TBA molecules were removed.

B3LYP/6-31+G(d,p)//B3LYP/6-31G(d)-energy calculations, deproto-
nation energies of 3,4-dichloro-2,5-diamidopyrrole LH in the pres-
ence of fluoride, chloride and hydroxide ions are more stable than
those systems without the halide ions by 271.82, 253.48 and
294.80 kcal/mol, respectively. Dimerization of its deprotonated
species L™ in the presence of fluoride, chloride and hydroxide ions
are, respectively, stabilized by —79.34, —61.69 and —104.75 kcal/
mol and more stable than the systems without fluoride, chloride

and hydroxide ions by 113.96, 96.32 and 139.38 kcal/mol,
respectively.

Relative energy profile for deprotonation and dimerization of
anionic self-assembly of systems without any anion is shown in
Fig. 4. Relative energy profiles for deprotonation and dimerization
of anionic self-assembly of systems with fluoride, chloride and
hydroxide ions are shown in Figs. 5-7, respectively. The Relative
energy profile for the system with hydroxide ion (see Fig. 7) is
obviously different from the relative energy profiles for fluoride
and chloride systems (see Figs. 5 and 6).

4. Conclusions

Relative stabilities of the anionic self-assembly dimer depended
on the TBA-salts of anion are in order: hydroxide >> fluoride >
chloride. Based on the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d)-en-
ergy calculations, deprotonation energies of 3,4-dichloro-2,5-
diamidopyrrole LH in the presence of fluoride, chloride and
hydroxide ions are more stable than those systems without the

) Lo)% +2H°
oL + 2" -]

— e
600 1 /616.96 (659.38)
/(626.49)

=400 1
£ ;
4 N

200 4 ’
2LH /
e —
0.00

Fig. 4. Relative energy profile for deprotonation and anionic self-assembly dimer-
ization of system without anion of LH computed at the B3LYP/6-31+G(d,p)//B3LYP/
6-31G(d) and B3LYP/6-31G(d) (in parenthesis) levels.

2L+ 2TBA”
+2HF

i —
80 /#7332

< (81.40)

60 1 s
40 ALHF) +
I 2TBA"
g ] ',—(
= 201 oaH+ BEMETITRN
E 2TBAF .-* (21.95)
= 04 — .
< 0.00 s
204
N, [L,2TBA]
-401 N, +2HF
\—
-49.14
001 (-53.63)

Fig. 5. Relative energy profile for deprotonation and anionic self-assembly dimer-
ization of system with fluoride ion of LH computed at the B3LYP/6-31+G(d,p)//
B3LYP/6-31G(d) and B3LYP/6-31G(d) (in parenthesis) levels.
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2L+ 2TBAY
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Fig. 6. Relative energy profile for deprotonation and anionic self-assembly dimer-
ization of system with chloride ion of LH computed at the B3LYP/6-31+G(d,p)//
B3LYP/6-31G(d) and B3LYP/6-31G(d) (in parenthesis) levels.

2L+ 2TBA®
40 1 +2H,0
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Fig. 7. Relative energy profile for deprotonation and anionic self-assembly dimer-
ization of system with hydroxide ion of LH computed at the B3LYP/6-31+G(d,p)//
B3LYP/6-31G(d) and B3LYP/6-31G(d) (in parenthesis) levels.

halide ions by 271.82, 253.48 and 294.80 kcal/mol, respectively.
Dimerization of its deprotonated species L™ in the presence of fluo-
ride, chloride and hydroxide ions are, respectively, stabilized by
—79.34, —61.69 and —104.75 kcal/mol and more stable than the
systems without fluoride, chloride and hydroxide ions by 113.96,
96.32 and 139.38 kcal/mol, respectively.

The B3LYP/6-31G(d)-optimized structure of self-assembly di-
mer obtained as co-existing with TBA ions as [L;.2TBA] shows good
agreement with its X-ray crystallographic structure. Both deproto-

nation of LH and dimerization of L™, in the presence of hydroxide
as TBA.OH are the most stable reactions as compared to the sys-
tems of fluoride and chloride ions. Only hydroxide can induce a
pyrrole proton transfer from a molecule of LH to afford a molecule
of water.
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The molecular structures of the 4-aminomethyl-phenylamino-bis-(3,4-dichloro-5-phenylcarbamoyl-1H-
pyrrole-2-carboxamide), (LH,), its deprotonated species (LH™ and L?>~) and their complexes with the fluo-
ride, chloride and hydroxide ions were obtained using the DFT/B3LYP/6-31G(d) method. Energetics, and
thermodynamics and equilibrium constants of the deprotonation process of the LH, in the presence and

absence of the fluoride, chloride and hydroxide ions including their complexations obtained at the B3LYP/
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6-31G(d) level with ZPVE correction and the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) (for the energies) are
reported. The B3LYP/6-31G(d)-optimized geometrical data for the species L?>~ is in good agreement with
its corresponding X-ray crystallographic data. The energy profiles for deprotonation of the LH; and their
complexes with the fluoride, chloride and hydroxide ions are demonstrated.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Pyrrole-containing amide groups which appended to the 2,5-
positions of the pyrrole ring have been used as anion receptors
[1-7]. These 2,5-diamidopyrroles systems probably refer to the
isophthalic amide anion receptors synthesized by Crabtree and
co-workers which their derivatives have been also studied contin-
uously [8-10]. To enhance the anions binding properties of these
receptors, the functional groups, quite often are electron with-
drawing groups, must be attached into the structure of the com-
pounds. For example, the nitro group is the one that has been
also used as electron withdrawing groups to the amide links
[11]. The chlorine moieties were added in 3- and 4-positions of
the pyrrole rings increasing the acidity of pyrrole NH groups and
therefore allow the receptors to form the stronger hydrogen bonds
to the putative anionic guests [9-11]. Not only the anion binding
affinity of these receptors has been improved but also the unusual
deprotonation process at the NH-pyrrolic proton was obtained in
the present of fluoride and hydroxide ions [12-14]. However, chlo-
ride ion, in this case, prefers to induce the complexation process
than acts as the catalyst in the deprotonation reaction [15]. These
processes have been studied using the molecular models calculat-
ing with the molecular orbital theory, the density functional theory

* Corresponding author. Tel.: +66 2218 7644; fax: +66 2254 1309.
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(DFT) [16-18]. In this work, 4-aminomethyl-phenylamino-bis-
(3,4-dichloro-5-phenylcarbamoyl-1H-pyrrole-2-carboxamide),
LH,, containing two 3,4-dichloro-2,5-diamidopyrrole subunits and
non-rigid linker, 1,4-dimethylphenyl group, has been theoretically
investigated using DFT method. The geometrical structures of all
species were evaluated in terms of stabilities and thermodynamic
properties of all deprotonation reactions with and without anions
(F~, CI” and OH™) comparing to the X-ray crystallographic data.

2. Computational details

Geometries of various species of the compound LH,, its depro-
tonated species and its complexes with fluoride, chloride and
hydroxide ions were optimized using density functional theory
(DFT) method. DFT calculations have been performed with the
Becke’s three-parameter exchange functional [19] with the Lee-
Yang-Parr correlation functional (B3LYP) [20]. All geometry opti-
mizations have been carried out using the MO computations at
the B3LYP/6-31+G(d)//B3LYP/6-31G(d) level and B3LYP/6-31G(d)
with ZPVE correction. All calculations were performed with the
Gaussian 03 program [21]. The molecular graphics of all related
species were generated with the GaussView 3.07 program [22].
The standard enthalpy AH,g9s and Gibbs free energy changes
AG;gsg of all deprotonation of LH, systems have been derived from
the frequency calculations at the B3LYP/6-31G(d) level of theory.
Deprotonation constant, K at 298.15 K and 1 atm for all reactions
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is evaluated using a thermodynamic equation AG®= —RTInK as
applied in the previous works [23-26].

Stepwise deprotonation reactions of the system in are defined
as shown in Eqgs. (1) and (2). The system in presence of each anion,
X~ (fluoride, chloride and hydroxide ions), reaction mechanisms
are separated into two paths. Therefore, all related reaction steps
are shown in Egs. (3)-(7).

LHy=LH +H" (1)
LH =L* +H" (2)
System with X™:

LH, + X =[LH, - X 3)
[LH; - X]”" =LH™ + HX 4)
LH™ + X =[LH-X* (5)
[LH-X*” =L +HX (6)
[LH, - X]” + X~ =[LH, - 2X]* (7)

3. Results and discussion

The B3LYP/6-31G(d)-optimized structures of the deprotonated
species, neutral forms, their complexes with fluoride, chloride

and hydroxide ions are shown in Fig 1. The B3LYP/6-31G(d)-opti-
mized geometrical data for the deprotonated form represented as
species L2~ are in good agreement with its corresponding X-ray
crystallographic data. The magnitudes of the dihedral angles
C12-N3-C13-C14 and N2-C11-C12-N3 are in increasing orders:
LH™ ~LH, <L?> and LH™ ~ L?>~ < LH,, respectively.

The deprotonation mechanism of the LH, is composed of two
reaction steps as shown in Egs. (1) and (2). The relative energy
profile for the deprotonation process of the absence of anion for
LH, is shown in Fig. 2. In the absence of halide ion, the first and
second deprotonations of the LH, computed at the B3LYP/6-
31+G(d,p)//B3LYP/6-31G(d) level are 339.92 and 680.06 kcal/
mol (335.52 and 672.77 kcal/mol at the B3LYP/6-31G(d) ener-
gies), respectively, see Fig. 2(a). The relative stabilities of all spe-
cies of the LH, are in decreasing order: LH, > LH™ > L?>~. These
results correspond to the relative stabilities of protonated species
of calix[4]-cyclen-benzo-crown-6 [27] and salicylaldehydes and
triethylenetetramine [28]. The energy profile for the complexa-
tion of the LH, with the fluoride ion and their dissociation is
shown in Fig. 2(a). The relative energies in kcal/mol of all related
species based on mass balance of LH, + 2F~, computed at the
B3LYP/6-31G(d) with ZPVE correction are listed in Table 1. The
reaction energies and thermodynamic quantities of the deproto-
nated species of the LH,, their complexations with halide anions
and equilibrium constants, computed at the B3LYP/6-31G(d) level
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Fig. 1. The B3LYP/6-31G(d)-optimized structures of (a) the various species of the LH,, their complexes with (b) fluoride, (c) chloride and (d) hydroxide ions.

Please cite this article in press as: K. Navakhun, V. Ruangpornvisuti, J. Mol. Struct. (THEOCHEM) (2009), doi:10.1016/j.theochem.2009.04.029




K. Navakhun, V. Ruangpornvisuti/Journal of Molecular Structure: THEOCHEM xxx (2009) xXX—-XXX 3

2- +
700 |— L7220 c50.06
! (672.77) 0
© ©
(= ! g
B
= 350 — LH+H'S 33997 =
2 = (33552) 2100
gy § iy
< 2 <
LH, |
'] s e—
0.00
-200
(a)
LH, + 2CI
0 ‘ 0
0.00 |
= 3% [LH,CIf +CF =
RS L — NS
= 1-24.98", 3
g - : o
I (-32.65) %, e g
< L % [LHyCL)? <
“ ———— e
L -40.26
(-54.98)
-60 }— =200

(c)

LH, + 2F
0.00 %,
w F LH +HF +F

J—
. [LH,F|.--31.36 %,

G i HF  L*+2HF

-54.22 O :
», [ILHF[%-" -62.50
SCT6TD 8305
e— .
(-102.66)

—
! ~(151.81)
(-176.58
LH, +20H"
0.00 \
OH"
'-“.. +
L LH(H0)l_LH +H,0 + OH-
e 55.89%,
\ 65.64 L mo
B (-99.96) ¢ ""._ L ILH0)F" L™ +2H,0
L lILS6
L 120,12

741
(-185.25)

(d)

Fig. 2. The relative energy profile for deprotonation of the LH; in the system (a) without anion, (b) the presence of fluoride ion, (c) the presence of chloride ion and (d) the
presence of hydroxide ion, computed at the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) and the B3LYP/6-31G(d) with ZPVE correction (in parentheses).

of theory are listed in Table 2. Their reaction steps for the com-
plexes with fluoride ion correspond to Egs. (3)-(6). The energy
profile for the complexation of the LH, with the fluoride ion and
their dissociation is shown in Fig. 2(b). The relative energies in
kcal/mol of all related species based on mass balance of
LH, + 2C1-, computed at the B3LYP/6-31G(d) with ZPVE correc-
tion are listed in Table 1. Their reaction steps for the complexes
with chloride ion correspond to Eqgs. (3)-(5) and (7). The energy
profile for the complexation of the LH, with the fluoride ion and
their dissociation is shown in Fig. 2(c). The relative energies in

kcal/mol of all related species based on mass balance of
LH, + 20H™, computed at the B3LYP/6-31+G(d,p)//B3LYP/6-
31G(d) and B3LYP/6-31G(d) levels are listed in Table 1. Their
reaction steps for the complexes with hydroxide ion correspond
to Egs. (3)-(6). Fig. 2(d) shows that proton transfer occur during
the complexations of the LH™ and L?>~ complexes with hydroxide
ion and afford mono- ([LH(H,0)] ") and diaqua ([L(H50),]*~) com-
plexes, respectively. The complexations of all studied complexes
as listed in Table 2 are spontaneous and exothermic reactions.
The fluoride and hydroxide complexes are very stable and much

Table 1
The relative energies of all involved species relative to reactants LH, + 2X~ (X~ =F~, CI~ and OH ™), computed at the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) and B3LYP/6-31G(d) (in
parentheses).
System/anionic guest AE?
In presence of X LH, +2 X [LH,.X]~ + X LH™ +HX+X [LH.X]?>~ + HX L?~ +2HX [LH2.X,]?
F 0.00 —54.22 -31.36 -83.95 —62.50 b
(-102.66) (=76.77) (-176.58) (-151.81)
Cl 0.00 —24.98 = = = —40.26
(-32.65) (—54.98)
OH~ 0.00 —65.64 -55.89 -120.12 -111.56 B
(—99.96) (-87.92) (—185.25) (—-174.11)
In absence of X~ LH, LH- +H* L2~ +2H*
0.00 339.92 680.06
(335.52) (672.77)

¢ In kcal/mol.
b Not exist.
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Table 2

The reaction energies and thermodynamic quantities of the deprotonated species of LH,, their complexations with anions and equilibrium constants, computed at the B3LYP/6-

31G(d) level with ZPVE correction.

System/reaction AE? AHj95* AGyog? Koog

In the absence of X

LH, » LH +H" 335.52 335.68 334.14 b

LH - [* +H* 337.25 337.02 337.95 =

In the presence of F~

LH, + F~ — [LH,F]~ —~102.66 —-103.20 —95.42 1.57 x 107°
[LHoF]~ — LH™ +HF 25.89 27.19 15.84 222 x 10712
LH™ +F~ - [LHF]*~ —99.81 —100.69 —90.89 7.38 x 1056
[LHF]*~ > L?~ + HF 24.77 26.02 15.12 7.51 x 10712
In the presence of Cl~

LH, + Cl- > [LH,Cl]~ —32.65 —-32.10 —26.06 1.50 x 10'°
[LH,CI)]” —» LH™ + HCl 31.33 31.53 21.57 137 x 1076
LH™ + Cl- > [LHCI]*~ —29.66 -29.51 —-21.39 5.42 x 10"
[LHCI]?~ - L*>~ +Hcl 30.07 30.29 20.69 5.98 x 10716
[LH,Cl]~ +Cl~ — [LH,Cl, >~ —22.32 -23.94 -9.18 5.69 x 106
In the presence of OH~

LH, + OH™ — [LH(H,0)] —99.96 —99.71 -92.14 6.05 x 1057
[LH(H,0)]~ - LH™ + H,0 12.04 11.25 1.97 3.53 x 1072
LH™ + OH™ - [L(H,0)]*>~ -97.33 -97.41 —88.06 6.06 x 1054
[L(H,0)]*~ - L?>~ + H,0 11.15 11.29 1.70 5.59 x 1072
[LH(H,0)]~ + OH™ — [L(H,0),]*~ —96.90 —96.97 —88.05 5.94 x 1054
Overall reactions

LH, — L%~ +2H* 672.77 672.71 672.08 =P

LH, + 2F — L[> +2HF —-151.81 —~150.69 —-155.35 -

LH, +2Cl- — L2~ + 2HCl —0.90 0.22 -5.19 6.62 x 10°
LH, + 2C1~ — [LH,Cl,]~ —54.98 —56.03 —-35.25 8.52 x 10%
LH, + 20H™ — L2~ + 2H,0 —174.11 —~173.58 —~176.52 -

LH, + 20H™ — [L(H,0),]>~ —~196.86 —~196.69 —~180.18 -c

2 In kcal/mol.
b Very small value.
¢ Very large value.

more stable than the chloride complexes. The overall association
constants based on their basic components namely the LH,, fluo-
ride, chloride and hydroxide, listed in Table 2 show also their
spontaneous complexation.

The structures of the 4-aminomethyl-phenylamino-bis-(3,4-di-
chloro-5-phenylcarbamoyl-1H-pyrrole-2-carboxamide), its depro-
tonated species and their complexes with the fluoride, chloride
and hydroxide ions were obtained using the B3LYP/6-31G(d) calcu-
lations. Energetics, and thermodynamics and equilibrium con-
stants of the deprotonation process of the LH, in the presence
and absence of the fluoride, chloride and hydroxide ions including
their complexations obtained at the B3LYP/6-31G(d) level with
ZPVE correction and the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) (for
the energy profiles) are reported. The B3LYP/6-31G(d)-optimized
geometrical data for the species L2~ is in good agreement with
its corresponding X-ray crystallographic data. The complexations
of all the studied complexes either in terms of the cumulative or
overall reaction are a spontaneous process.
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ABSTRACT

The molecular structures of 1,3-phenylene-bis-(3,4-dichloro-5-phenylcarbamoyl-1H-pyrrole-2-
carboxylic acid amide), (L'H,), 1,4-phenylene-bis-(3,4-dichloro-5-phenylcarbamoyl-1H-pyrrole-2-
carboxylic acid amide), (L*H,), their deprotonated species and fluoride, chloride and hydroxide
complexes were obtained by geometry optimizations using density functional theory (DFT)
calculations. The B3LYP/6-31G(d)-optimized geometries of deprotonated species for both compounds
(L' * and L? *) show good agreement with their X-ray crystallographic structures. Energetics,
thermodynamic properties and equilibrium constants of deprotonation and complexation processes of
both compounds in the presence and absence of fluoride, chloride and hydroxide ions were computed
at the B3LYP/6-31G(d) level with ZPVE corrections.

In solid phase, the species L' > (W-like structure) is less stable than the L? * (S-like structure) by
88.04 kcal.mol'. In gas phase, the fluoride ions are able to form stable complexes with the
deprotonated species of the compounds in forms of [LH,F]” and [LH,F]*. Whereas, both complex
systems with chloride ion, the [LH,Cl]  and [LH,C1,]* species show high stabilities and for the system
with hydroxide ion, the hydrated-forms as [L(H,0)]* and [L(H,0),]* species are dominant species.

Keywords
Anion coordination; Supramolecular chemistry; Pyrrolic anion dimer; Deprotonation; DFT.

1. INTRODUCTION

In recent years, designs of anion coordination, especially for self-assembly purpose have been
developed by Supramolecular chemists resulting to the development of anion supramolecular
materials. Non-covalent and coordinate bonding motif has been used for the construction of
interlocked material and new noncovalently linked molecular architectures. Self-assembly process of
the chemical molecules induced by anions is the one of the interesting fields which many research
groups are investigating to understand these nanoscale level properties. Anions such as fluoride and
hydroxide ions can be used to generate the self-assembly structures.

It was found that two 2,5-diamidopyrrole anion dimers 1,3-phenylene-bis-(3,4-dichloro-5-
phenylcarbamoyl-1H-pyrrole-2-carboxylic acid amide), (L'H,), and 1,4-phenylene-bis-(3,4-dichloro-5-
phenylcarbamoyl-1H-pyrrole-2-carboxylic acid amide), (L’H,), and their deprotonated forms when
interacted with basic anions as fluoride and hydroxide ions showed the formation of interlocked
hydrogen-bonded molecular assemblies by orthogonal components as the results. Whilst in the
presence of chloride ion, L*H, showed the forming of dichloride complexes in the solid state without
any deprotonation species as the products. Herein the effects of fluoride, hydroxide and chloride ions
to the deprotonation properties of L'H, and L*H, were studied. The geometrical structures of these
compounds and their deprotonation species in term of stabilities and thermodynamic properties of all
deprotonation reactions in presence and absence of the target anions have been theoretically
investigated using DFT method.
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2. METHODOLOGY

Geometries of various species of L'H,, L’H,, their deprotonated species and fluoride, hydroxide and
chloride complexes were optimized using density functional theory (DFT) method. DFT calculations
have been performed with the Becke’s three-parameter exchange functional with the Lee—Yang—Parr
correlation functional (B3LYP). All geometry optimizations have been carried out using the MO
computations at the B3LYP/6-31G(d) level. The calculations were performed with the GAUSSIAN 03
program. The standard enthalpy AH,es and Gibbs free energy changes AG,ys of all deprotonation of
L'H, and L*H, systems have been derived from the frequency calculations at the B3LYP/6-31G(d)
level of theory. Deprotonation constant, K at 298.15 K and 1 atm for all reactions is evaluated using a
thermodynamic equation AG® = - RT In K.

Stepwise deprotonation reactions of the compounds in absence (pathway 1) and presence (pathway 3)
of each anion, X" (fluoride, hydroxide and chloride ions) and complexation reactions (pathway 2) in
these anion systems are described in scheme 1.

System without X~
LH, =— LH+H" == L2 +2H" pathway 1
System with X~
LH,+2 X = [LHHX]+X === LH +HX+X
[LH, X] + X" [L.HX]*> +HX
[LH,.2X]* L* +2 HX
pathway 2 pathway 3

Scheme 1

3. RESULTS AND DISSCUSSION

The B3LYP/6-31G(d)-optimized structures of deprotonated species of the compounds, L' * and L*?,
and their deprotonated X-ray structures are shown in Figure 1 and 2, respectively. The B3LYP/6-
31G(d)-optimized geometrical data for the deprotonated forms of both compounds represented as
species L' > and L? * are in good agreement with their corresponding X-ray crystallographic data. The

B3LYP/6-31G(d)-optimized energies with ZPVE corrections of the species L' * (EX% = —

total

3623.93069611 au) and L* ¥ (EZZ = —-3624.07099171 au) are more and less stable than their

total
corresponding X-ray crystallographic structures by 21.62 and 60.50 kcal mol’, respectively. Both of
the B3LYP/6-31G(d)-optimized and X-ray geometries of the species L' > and L* * are the W- and S-
like structures. Due to the B3LYP/6-31G(d) energies of the X-ray geometries of both compounds, the
species L' (W-like) is less stable than the L?* (S-like) by 88.04 kcal mol™.
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L'* (top)

APCL B IOOR-C-200%Wo -

L'* (side) L'* (X-ray) (side)

Figure 1. The B3LYP/6-31G(d)-optimized structure of L' * and its X-ray structure

L2 (top) L'* (X-ray) (top)
L2 (side) L' % (X-ray) (side)

Figure 2. The B3LYP/6-31G(d)-optimized structure of L? * and its X-ray structure

Moreover, the results show that the deprotonation process of L'H, and L*H, in fluoride and hydroxide
systems is more preferable than the system without these anions. However, in the system with chloride
environment, the compounds prefer to form the chloride complexes in stead of deprotonate their
protons. Relative energy profiles of the systems of L'H, and L*H, without anions, with fluoride, with
chloride and with hydroxide are shown in Figure 3, 4, 5 and 6, respectively.
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Figure 3. Relative energy profiles of the systems without anions of (a) L'H, and (b) L*H, computed at

the B3LYP/6-31G(d) with ZPVE corrections and B3LYP/6-31G+(d,p)
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Figure 4. Relative energy profiles of the systems with fluoride ion of (a) L'H, and (b) L*H, computed

at the B3LYP/6-31G(d) with ZPVE corrections
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Figure 5. Relative energy profiles of the systems with chloride ion of (a) L'H, and (b) L*H, computed
at the B3LYP/6-31G(d) level with ZPVE corrections
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Figure 6. Relative energy profiles of the systems with hydroxide ion of (a) L'H, and (b) L*H,
computed at the B3LYP/6-31G(d) level with ZPVE corrections

4. CONCLUSIONS

The geometry optimization of the 1,3-phenylene-bis-(3,4-dichloro-5-phenylcarbamoyl-1H-pyrrole-2-
carboxylic acid amide), (L'H,), 1,4-phenylene-bis-(3,4-dichloro-5-phenylcarbamoyl-1H-pyrrole-2-
carboxylic acid amide), (L*H,), their deprotonated species and fluoride complexes were carried out at
the B3LYP/6-31G(d) level of theory. The B3LYP/6-31G(d)-optimized geometries of deprotonated
species for both compounds (L' * and L? *) show good agreement with their X-ray crystallographic
structures. The B3LYP/6-31G(d)-optimized geometrical data for the deprotonated forms of both
compounds as species L' > and L* > are in good agreement with their corresponding X-ray
crystallographic data.

The chemical reactivities of all the species of both compounds in the fluoride ion environment are in
increasing order:

LH <[LH,.F] <[LH.F]* <L* <LH,
In chloride ion environment, their chemical reactivities are in increasing order:
LH <[LH,.CI] < [LH.CI]* <[LH.CL,]* <L* <LH,

In hydroxide ion environment, their chemical reactivities are in increasing order:

[L'H.H,0] < L'H < [L'(H,0)]* ~ L'* <[L'(H,0),]* <L'H,

L’H < [L*H.H,0] < L** ~ [L}H,0)]* ~ [L*(H,0),]* < L*H,
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ABSTRACT

Assembly properties of three isophtalamide based anion receptors, N,N’-diphenylisophathalamide, 1,
N,N’-bis-(3-nitrophenyl) isophathalamide, 2, and N,N/-bis-(3,5—dinitrophenyl)isophathalamide, 3 were studied
using the computational method with the GAUSSIANO3 program and the density functional theory (DFT) at
the B3LYP/6-31G(d) level. Optimized structures and thermodynamic properties of these compounds and
fluoride, chloride and bromide ions which used as tetrabutylammoniumfluoride (TBAF),
tetrabutylammoniumchloride (TBACI) and tetrabutylammoniumbromide (TBABr), respectively, complexes were

investigated. In gas phase, the results show N,N’-bis—(3,5—dinitrophenyl)isophathalamide, 3 bound the anions

better than N,N ’—bis-(3—nitrophenyl)isophathalamide, 2, and N,N ’—diphenylisophathalamide, 1, respectively.

Keywords: anion coordination chemistry, supramolecular chemistry, isophtalamide based anion receptors,

assembly properties, DFT

1 a a a o 13
819138 03, MAATUAT ABANIENT URINNRETINFURS

2 o a a a a o °
unﬁnmﬂszyzy’m’% madTuail ﬂmmmnma@? URINBIREUINUATLAY

362



malszpainniuaide Wil 2551 (RURC2008) 25 nIngnAu 2551

o
N
= &a o . . . . o A = A &
LﬂNIﬂaﬂi(ﬂLquumadeﬂﬂauﬂU (Anlon coordination chemlstry) Q@Lﬂua’]“ﬂjﬂuﬂluLﬂN‘gﬂiqiuLﬂﬂ'lfﬂ']'i

. A & = a o o & ' s A a A ' v a
(supramolecular chemistry) Faidunisnmfauwusszniluananuluananialuananulassuilildifa

nwuszlaaauwd uwd jaunusnielWidatio wuszlalesian Usunutvesszuunuse T U394 100
a8 wazeavesdarthazany lessuaudanuimanludiudns g namaanuazneay lududsuindaw
Yuradanniinldveslasonay wuluiaimusznasinalasauainnisinsas gamwnITNLaziwTau
AalfiAauanizdafinadan

auﬁ’ﬁmﬁwﬁwaams%’uvl,aaauauﬁgn%’nﬁﬂﬂﬁﬂ‘;zﬁgl,m:m%avl,aaauau vanmelusazanguen
luana Lflumuﬁ%‘smmmﬁaﬁﬁﬁfﬂﬁmmsma(iulﬁmmauh Wasanlumsdnsaviasingn Senusuin
asmﬁaﬁﬁmﬁmiaammuimaqamaamﬁ'u"laaauaulﬁmm:aw TagRnsoninleasnaufiarnnsasniiale
LAANTZUINANITINGIV0981 750 L0 8o wa U AT INITAN BN Wurialauszagluaniizuiadenuuyle
uam’mfrﬂ;iiﬁaﬁ%'uﬁslﬁﬂuaaﬁﬂizﬂauiuimLaqa*‘uaami%'uvlaaauauﬁﬁm’méwﬁty Tassaalalawmanlug

&

v lé dl YV & 1 Lﬂl ) Q/ - tﬂld a a Q
Wulavagsraniie ‘ngﬂhmumuﬂizﬂammmylumiaammumﬁuvlaaauaumauumlumim@mﬁwm
o A o o A & v o A o &
nu‘ﬂgnmﬂmmnﬂi:ﬁ;auLm:/mavl,aaauau ma’mmﬂmm:mﬁuanimaqa% muamiugﬂ‘ﬂ 1 QInUNI
Fauluauasnaniazyin i lafan Tz uInn1THaz T s NN RNV INITLAANNTTINAIN WY BIENITU LoD O UAL
fgndnihandszgauuazmislessusy uazenanulassaivsfalni gnuiiserabh luldwannduaiaslian

ulddaly

H H
N N

\\ //
\\
AN

O O

AN 1 81330 leaauauaialalawnial lua

[ 6

nnilszaia

1. e lassananausuazdiwimniaimamesinlawingueszIUsznauiTetaurasanssu loaauay
gialelawman luaurssiia nu'losanaulasdsnmaaddiwio
A R = A o [ A & A o

2. wadnmianalnmufamirudivesansivleessuavsiia lalowmanludussiie lasendbiszaauuas/
nIalosauaunsannnielu LLa:mﬂuaﬂimaqai@m"?%mamﬁﬁﬂmm wazilIsunsunudayannnis
NANDI VINL‘Hﬂﬁﬂﬁ’JLﬂaﬂgLLuﬂLuaﬂLSISITLLuWI?mﬂﬂI@SaIﬂﬂLLaz"ITEIHaﬂﬁdiﬂidﬁ%’]{l?ﬂﬁﬂmﬂﬁﬂLgﬂ‘EL’iﬁa
wnlasalad

363



malszpainniuaide Wil 2551 (RURC2008) 25 nIngnAu 2551

A8n1sdnmw
1. Computational method

Tassasinunzanvaiaddfans g vasassulossusvaiialelonnialud 3 a5 fa NNZ
diphenylisophathalamide, 1, N,N’-bis-(3-nitrophenyl)isophathalamide, 2, LR N,N’-bis-(3,5-dinitropheny|)
isophathalamide, 3 LLa:a’liUS:ﬂaUL%d‘EE}uﬁg{i RIUNY tetrabutylammoniumfluoride (TBAF),
tetrabutylammoniumchloride (TBACI) LLa¢ tetrabutylammonium bromide (TBABr) mldlasmIdiuinanit
NMINQuLandaneriTwia (DFT) maswimnszvinlasls Becke's three parameter exchange functional
57N Lee-Yang-Parr correlation functional (B3LYP) Iﬂidﬁ%‘ld‘ﬁlm&I’]Zﬁ&JYJﬂIﬂNﬁ%’ld‘ﬁ’]ﬂ”ﬁﬁ’]%?fu‘ﬂﬁdiﬂLa
na1ieaiidaa (MO) finnufszdy BILYPB-31G(d) SemIaduwaunsitrnlasldllsunsy GAUSSIANOS uas
m’%f'aaﬂs:mawammﬁaga suusaslawsaivvadluanaldainldsunsy MERCURY 1.4.2

NO, NO,
: “NH HN’ : OoN” j “NH HN’ i "NO, O,N” )\: “NH HN" )\: "NO,

1 2 3

lapfsumsvesUisenmaiiesstsznouidsdamdn

H + G —_— HG (1)
(Host) (Guest)
¢1 standard enthalpy change ( AHOZ%) Wae standard Gibbs free energy change ( AGO298 ) VBINN 9
silFsvasanasznavlelawmalud 1, 2 waz 3 ldanmadiwanidn Frequency finqufseau  BILYP/6-
31G(d) taz ZPVE correction freafimadsldsnon (K) 29815 K uaz 1 ANGHLIILINA ém%"unﬂ

fisendumangamimanasiulawingde

AG® = RTInK @)
AG® = AH® - TAS® 3)
NanN1sANEN
nnTItenwuitansdsenaulalawnian’lud NN Zdiphenylisophathalamide, 1, N,N “bis-(3-

nitrophenyl)isophathalamide, 2, N,N’—bis-(3,5-dinitrophenyl)isophathalamide, 3 Lﬁaﬁﬂmmmimaa‘}’wﬁ

wmanesulaslinnuszau B3LYP/6-31G(d) wuindlassaefiaiosas uaaslugi 2

364



mydszguiTineuaside ezl 2551 (RURC2008) 25 nIngnAu 2551

i 2 lasseanatusvesanstsznauvedanssulesauausia balannmailud 1, 2 uaz 3

ﬁ]’mmiﬁﬂmmﬂﬂmm‘i’wﬁmmmu’uaam‘iﬂizﬂauL“Tjd%'aumaa N,N/-diphenylisophathalamide, 1,
N,N ,-bis-(3-nitrophenyl)isophathalamide, 2, uar NN /-bis-(3,5-dinitrophenyl) isophathalamide, 3 A
tetrabutylammoniumfluoride (TBAF), tetrabutylammoniumchloride (TBACI) ez tetrabutylammonium bromide

(TBABr) laglinguijszau B3LYP/6-31G(d) wuinﬁImaaﬁ”ﬂoﬁLaﬁUsﬁoLLa@alugﬂﬁ' 3, 4 uaz 5 ARG

1+ TBAF 2 + TBAF 3 + TBAF

NN 3 lasssananysvedsnsUszneuiditanuasansiulosanaushalalonmanlugd 1, 2 uss 3 N
TBAF Nifuimildannnu)szau B3LYP/6-31G(d)
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1+ TBACI 2 + TBACI 3 + TBACI

N 4 lassssnedoTwasansUsznauiditaurasaniiulosauausiialalownmalud 1, 2 waz 3 nu
TBACI fisnwansl@annguijszau B3LYP/6-31G(d)

1 + TBABr 2 + TBABr 3 + TBABr

AN 5 lassaananusvedansUszneuititontadansiulosanausia lalonnmanlug 1, 2 uaz 3 NU
TBABr Nifnuamsldannaefszau B3LYP/6-31G(d)
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asugadamanaslylawang

Compounds Anions A€’ AGom AH0289 o9 Kogg
(kJ/ mole) (kJ/ mole) (kJ/ mole) (kJ/ mole)
TBAF -51.68 -34.66 -47.41 25.50
1 TBACI -35.52 -20.44 -37.74 15.04
TBABr -36.39 -16.25 -34.28 11.95
TBAF -54.79 -39.21 -50.59 28.85
2 TBACI -36.57 -22.08 -33.64 16.25
TBABr -41.54 -23.29 -38.38 17.13
TBAF -57.01 -39.54 -53.33 29.09
3 TBACI -44.75 -26.76 -41.85 19.68
TBABr -49.54 -31.51 -46.62 23.18

a3luaziansniua

nmyBspaansaswamlassseiisissassssulosanavrfialelawmalad 3 a3 @
N,N “diphenylisophathalamide, 1,  N,N “bis-(3-nitrophenyl)isophathalamide, 2, U8z  N,N “bis-(3,5-
dinitrophenyl)isophathalamide, 3 lag3snisiaiidwine @aalisunsay GAUSSIANO3 uaznguflaudananTuis
(DFT) 713260 B3LYP/6-31G(d) uszwansanismudanvlesauay uszdrmaneilalawinduasansdsznau
LB kU aIRIIAINEIINY tetrabutylammoniumfluoride (TBAF), tetrabutylammo-niumchloride (TBACI) Wag
tetrabutylammonium bromide (TBABr) wuinauiadhilunmsiessUszneudetawmdn 3 > 2 > 1 uae
WU tetrabutylammoniumfluoride $anudiadhlunsiiesnsdszneuditeunuansiulosauavsiialolowm

& s P
aludimafunfiae

naanssnlszn@
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Synthesis of Isophthalamide Derivatives as Anion Receptors

1 @ 2
ning u’qu LRSNURNIIITH UBBNUN

unanga

anvaynulalawniarlaud NN “bis(4-nitrophenyl)isophthalamide gné’al,mﬂ:ﬁa'ma'ﬁﬁv‘aﬁu 2 ofia
fa isophthaloyl chloride W& 4-nitroaniline  uazAnwauTANTTuaISUlesauaulasmIannansIuAL
tetrabutylammonium fluoride (TBAF) g tetrabutylammonium chloride (TBACI) wudw"[ﬁwﬁm,ﬂugﬂl,wim,u,a:
WHUAEGY FesnansanilassasvesasdszneuiBeteuiiinduldanninaie single crystal  X-ray
Spectroscopy Anwantan1yiulessuaulaslditialswin laslslusunsn GAUSSIANO3 uasnnuiand

WarnTuiia (DFT) 152aU B3LYP/6-31G(d) tanlatsainefitnunsauuaznidinianesiulawinduas

a1rUsznevietausasasiiungea’lsd analsd uazlusludlasan wudn NN “bis@-nitrophenyl)

isophthalamide ananIniungaalididaninlusluduazaaalidlaaauaudey

o o a ca . = a 6 . a 6 o
ANdEA: mwiﬂaaimumumaﬂaaauau LﬂN‘HﬂiWINLNﬂ?ﬂ’]'S mimvlaaauaumuﬂvlaisnwmmvlm N3y

a a
lanauay fLand

ABSTRACT

Isophtalamide derivative, N,N’-bis(4-nitropheny|)isophthalamide, was synthesized from two starting
materials, isophthaloyl chloride and 4-nitroaniline. Its anion receptor property was studied via the
crystallization in the present of tetrabutylammonium fluoride (TBAF) and tetrabutylammonium chloride
(TBACI) resulting to form rod and plate shape crystals respectively. The complex structures were evaluated
from the single crystal X-ray Spectroscopy technique. Anion binding properties of the compound were
studied using the computational method with the GAUSSIANO3 program and the density functional theory
(DFT) at the B3LYP/6-31G(d) level. Optimized structures and thermodynamic properties of the complexes of

this compound with fluoride, chloride and bromide ions were investigated. The results showed that N,N’—

bis(4-nitrophenyl)isophthalamide bound with fluoride better than bromide and chloride ions respectively.

Keywords: anion coordination chemistry, supramolecular chemistry, isophthalamide based anion receptors,

anion binding, DFT
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1. N1IRILAIIZHA

faazdanssulesauaunilasiainsves isophthalamide  1Huasdisznay  fa NN “bisd-

nitrophenyl)isophthalamide GuaaIlUILN 2 LaZUNUNINA 1 audIGL

O,N NO,
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NO, O.N NO,
o) o)
N(Ets), DMAP NH HN

Cl Cl +

DCM o) o)
NH,

LHWATNN 1 FUNTLATLEAINTFILATIER N,N /—bis(4-nitrophenyl)isophthalamide

2. 35n19F9LATIENR

2.1
22

23
24
25
2.6

43 isophthaloyl chloride 1 n3% (1 eq.) azanelu dichloromethane 100 Jaaaas

°fTI'\‘1 4-nitroaniline 1.7 N7 (2.5 eq.), triethylamine 1.98 Ny (4 eq.) WLaz 4-dimethyl aminopyridine 5
§adn3n avanelu dichloromethane 100 §aRa7S

NENENTAZANETE 1 uasde 2 [Weanin Aol 24 $9lus

52148 dichloromethane 08N L&uANA 100 Hadans Auialy 10 W

nsasvasudsmnanafile a19detiinan dichloromethane UazlunHaa THasz 30 iaaaas MUAAU
auﬁqm‘vxgﬁ 110 svmraifos lavasudsFimaaimin 0.3603 n3W U3ngI1le %yield = 18%, Melting
point > 280 °C

3. Mmafigoulaseasng

a ¥ A o 6 v a 1 o A a
miwgaﬁmmﬁwa\‘lmwaamiﬂ:% EL“HL‘Vlﬂuﬂ@]'N f NU B

3.1 ES mass spectrum: m/z (%): 407 (68) [M+H]+, 429 (28) [M+Na]+

3.2 Microanalysis (CHN analysis)

Calc. for CpgH,4N,Og: C 59.12, H 3.47, N 13.79 ; found: C 58.80, H 3.13, N 13.68

3.3 "H NMR 400 MHz in DMSO-d, O(ppm) 7.75 (t, 1H meta to CONH, J = 7.8) , 8.18 (dd, 8H, CgH,NO,, J =

9.1), 8.21 (d, 2H ortho to CONH, J = 7.8), 8.57 (s, 1H ortho to CONH), 10.99 (s, 2H CONH)

MWA 3 uFe9aLAASY 'H NMR 400 MHz 1% DMSO-d,
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3.4 "C NMR 100 MHz in DMSO-d, 8(ppm) 119.9, 124.8, 127.4, 128.8, 131.4, 134.5, 142.6, 145.2, 165.6

| 1

bl

A 4 usasallaasy °C NMR 100 MHz 1 DMSO-d,

4. midnsanianissulosaway
ANKANENIN baTINAL tetrabutylammonium fluoride (TBAF), tetrabutylammonium chloride (TBACI)
@ o R @ a A A Ao &
Wae tetrabutylammonium bromide (TBABr) luaavinazany acetonitrile vlﬂwﬁﬂmgll‘n 5 Uy 6 TINanmmeLin

wris (rod) dwiuwgaalsduazusin (plate) miuasalsd luwnzAluslud bifiandn

AN 5 NANVBIFINANKANIINAL tetrabutylammonium fluoride (TBAF)
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ANA 6 (N) UaT (V) NANBIENTNANNANTINAL tetrabutylammonium chloride (TBACI)

nfigailanaiesssdiznaudidauntldlaslfinadia single crystal X-ray Spectroscopy lakaaIuaas
luz 7 uaz 8

n’lwﬁ 7 lavsaevad N,N ’-bis(4-nitropheny|)isophthalamide nu TBASIFg
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n’]‘wﬁl 8 lavsaiavad N,N’-bis(4-nitrophenyl)isophthalamide Nu TBACI

5. Computational method

lassaanmanzanvadansivlesanavsiialalanmanlud NN Zbis(4-nitrophenyl)isophtha lamide

A v & o & & & o aa a Aad

wazasdaznauiidouvassmstiungaalad asalsd uazluslud wldlasmsduwimeniimmguijieud

WIRTUUR (DFT) mIswinszvinlagls Becke’s three parameter exchange functional TN Lee-Yang-Parr

correlation functional (B3LYP) lawsaiafinanzaunnlansaiisrimdwimnisluananieasiaa (MO) 7

=l Qs A o ' dq‘ o {

nouieau  B3LYP/6-31G(d) T9nsswawnaivinlaslilisunsy  GAUSSIANO3  uazia3091l3zuians

anuiIg Juaadlansiivasluanaldnldsunss MERCURY 1.4.2 asuaadlugdil 9 uaz 10

2NN 9 Iﬂi\‘la{ﬂdﬁmm:auma{l N,N’-bis(4-nitrophenyl)isophthalamide
ﬁ@‘hmmvlﬁmnmwﬁszé’u B3LYP/6-31G(d)
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(F;)

i 10 lassensfmanzauvesansdsznauidaton N,N’-bis(4-nitrophenyl)isophthalamide 1 (n)

Waealsd (v) analed uaz (A) Tusludfdualdnnngegszdy B3LYP/6-31G(d)

F9TU AH 05 Waz AG 0 1 LN IAMIBMLUL FREQUENCY lagandtaunis

AG’ = -RTInK (1)
AG’ = AH’ - TAS® )
VL@?Naé’GLLﬁ@\‘lELu@]’]TN
0
Anions A€ A 289 AH0289 log K 260
(kJ/ mole) (kJ/ mole) (kJ/ mole) (kJ/ mole)
F -131.13 -121.15 -132.15 89.13
or -60.79 -46.51 -61.74 34.22
- -65.03 -55.95 -65.51 41.16
Br
Aa I3
gyduazlansoina

nnTITeaINTagdasziansIvlesauausiialalowniarlud fe NN Zbis(d-nitrophenyl)
isophthalamide @nmnantanmysuivlesauaulagnsanranasisauny tetrabutylammonium fluoride (TBAF)
Wae tetrabutylammonium chloride (TBACI) W@ hilAANANUBIRIIAINANIND tetrabutylammonium  bromide
(TBABr) wlanahmwasmidsznoudstauiifaiwldaninaia single crystal X-ray Spectroscopy

fmramnlaseanofiafinsuas NN Zbis@-nitrophenyl)isophthalamide  lag3insiafidwin dan
113un3a GAUSSIANO3 uasnguijiaudawsnduia (DFT) fis2@u B3LYP/6-31G(d) uwaswisntanissuny
lonauay uazdmamailylawiindvesssvznanddauvasmsanannnungaalsd asalsd uazluslud
losaw wuinanwiashaeslessulumsfessUszneudstomueoit

ng}aavliﬁ > Tuslud > asolse
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Abstract: The effect of anions, including fluoride, chloride and hydroxide ions, to the
deprotonation and anionic self-assembly dimer formation processes of 3,4-dichloro-2,5-
diamidopyrrole, LH, were studied with the density functional theory (DFT) calculation
methods. The optimized structures computed at the B3LYP/6-31G(d) and ONIOM(B3LYP/6-
31G(d):PM3) levels of the self-assembly dimer co-existing with tetrabutylammonium ion
(TBA") as [L,.2TBA] were obtained. The calculated geometrical data show good agreement
with its X-ray crystallographic structure.

Introduction: Anionic self-assembly of the compounds resulting to perform the new
noncovalently link molecular architectures have been of immense interest by supramolecular
chemists to understand these unusual processes. Anion receptor containing both amidopyrrole
and electron withdrawing groups which increase the acidity of NH hydrogen bond donor groups
undergo deprotonation at the NH-pyrrole protons in the presence of basic anions and reveal the
formation of a anionic self-assembly dimer in the solid state. In the case of the electron
withdrawing groups as chlorine substitutions at the 3- and 4- positions of the pyrrole ring, 1,3-
phenylene-bis-(3,4-dichloro-5-phenylcarbamoyl-1H-pyrrole-2-carboxylic acid amide) and 1,4-
phenylene-bis-(3,4-dichloro-5-phenylcarbamoyl-1H-pyrrole-2-carboxylic acid amide), have
been reported their formation of the interrocked pyrrole anion dimers in the fluoride ion
environment which played as a catalyst in the deprotonation reactions. These phenomena have
been confirmed with the density functional theory (DFT) calculations methods. Moreover, the
solid-state structure of the narcissistic dimer which crystallized from 3,4-dichloro-1H-pyrrole-
2,5-dicarboxylic acid phenyl amide, LH, solution in the presence of TBA fluoride was found. In
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this structure, the pyrrole group has been deprotonated and the N™ center was stabilized by the
formation of two amide NH---N" hydrogen bonds from another anion. Vice versa, another N°
was stabilized in the same way from the opposite anionic pyrrole resulting to the formation of
their anionic self-assembly dimer. In this research, the effect of fluoride ion to the deprotonation
and anionic self-assembly formation processes of LH were studied using DFT calculation
method. The geometrical structures of all species, deprotonation, fluoride complex and anionic
self-assembly dimer, were considered their stabilities and thermodynamic properties and
compared to the X-ray crystallographic data.

LH

Methodology: Geometries of various species of 3,4-dichloro-1H-pyrrole-2,5-dicarboxylic acid
phenyl amide, LH, its deprotonated, fluoride, chloride and hydroxide complexes and anionic
self-assembly dimer species were optimized using the density functional theory (DFT) method
and the two-layered ONIOM(MO:MO) method for the anionic self-assembly dimer. DFT
calculations have been performed with the Becke’s three-parameter exchange functional with
the Lee—Yang—Parr correlation functional (B3LYP). All geometry optimizations have been
carried out using the MO computations at the B3LYP/6-31G(d) level and single point
calculations at the B3LYP/6-31G(d) level. The two-layered ONIOM(B3LYP/6-31G(d):PM3)
method was employed to optimize the large structure of anionic self-assembly dimer co-existing
with two molecules of TBA" as [L,.2TBA]. Atoms of L, molecule and two TBA" molecules
were treated using high and low levels of theory, respectively. All calculations were performed
with the GAUSSIANO3 program.

Stepwise deprotonation reactions of the system in the presence of and in the absence of the
fluoride, chloride and hydroxide ions (X°) are described by the following equations.

System without X:

2LH ~—— 2L +2H" R [L.]*+2H (1)
System with X

2LH + 2TBAX ~—> 2[LHX] + 2TBA" )

2[LH.X] + 2TBA® ~—— [L,2TBA] + 2HX (3)

Results, Discussion and Conclusion: The B3LYP/6-31G(d) optimized structures of LH,
deprotonated species L~ and its complexes with fluoride [LH.F], chloride [LH.CI] and
hydroxide ions in the form of [L..H,O] are shown in Figure 1.
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[LH.F] [LH.CI] [L.H,OJ

Figure 1 The B3LYP/6-31G(d) optimized structures of LH, deprotonated species L and its
complexes with fluoride, chloride and hydroxide ions.

It was found that the anionic self-assembly dimer in gas phase does not exist without two
molecules of tetrabutylammonium (TBA") co-existing as counterions. The gas phase of anionic
self-assembly dimer is therefore present as species [L,.2TBA]. The B3LYP/6-31G(d) and
ONIOM(B3LYP/6-31G(d):PM3) optimized structures of [L,.2TBA] compared to the X-ray
structure are shown in Figure 2. The results show two TBA" molecules of the computed and the
X-ray structures are situated in different space positions. Moreover, the interaction between two
L species in [L,.2TBA] is caused by salt-bridges N1H1 N2, N3H3"N2’, N1'H1""N2 and
N3'H3" N2, where prime mark (") indicates atom belonging to the other L." ion.

Relative stabilities of the anionic self-assembly dimers, [L,.2TBA] depending on anions of TBA
salts based on The B3LYP/6-31G(d) energies is in order:

hydroxide > fluoride > chloride

Based on the B3LYP/6-31G(d)-energy calculations, deprotonation energies of 3,4-dichloro-2,5-
diamidopyrrole LH in the presence of fluoride, chloride and hydroxide ions are more stable than
the system without halide ions by 302.27, 288.32 and 314.34 kcal/mol, respectively.
Dimerization of its deprotonated species L with TBA", [L,.2TBA], in the presence of fluoride,
chloride and hydroxide ion are stabilized by -75.58, -66.88 and -107.03 kcal/mol, respectively
and more stable than the systems without the dimerization processes by 135.03, 121.85 and
122.46 kcal/mol with fluoride, chloride and hydroxide ions, respectively.
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Figure 2 The anionic self-assembly dimer as [L,.2TBA] obtained from (a) The B3LYP/6-
31G(d)-optimized, (b) ONIOM(B3LYP/6-31G(d):PM3)-optimized and (c) X-ray crystallo
graphic structure.
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