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Introduction

Bonds in the derivatives of Imides: NMR Evidence
corroborated by DFT based theoretical calculations

Sandeep Kumar Mishra and N. Suryaprakash*

The rare occurrence of the intramolecular Hydrogen bonds (HBs) of the type N—HeesF—C are detected in the
derivatives of imides in a low polarity solvent by using multi-dimensional and multinuclear NMR experiments. The
observation of "Jry, 2Jen, and 2 Jgp, where the spin magnetization is transmitted through-space among the interacting
NMR active nuclei, provided the strong and unambiguous evidence for the existence of intra-molecular HB. The
variation of chemical shifts of labile protons on physical conditions, such as, solvent dilution and systematic alteration
of temperature confirmed the presence of weak interactions through intramolecular HBs in all the investigated
fluorine substituted molecules. The self or cross dimerization of molecules is unequivocally discarded by the analysis
of the rates of diffusion obtained using pseudo-two dimensional DOSY experiments. The Density Function
Theoretical (DFT) calculations based on Quantum Theory of Atoms in Molecules (QTAIM) and Non Covalent
Interaction (NCI), are in close agreement with the NMR experimental findings.

23, 24 25-27

in molecular imaging, crystal engineering and also in the

Among several inter- and intra- molecular interactions which are functional materials designing™. The bio-origin of medicinal and

inherently present in diverse molecules, the weak hydrogen bonds
(HBs) occupy special place in chemistry and biology."* The
importance of HB in the self-assembly of molecules®” is well
documented in the literature. The majority of the reported
intramolecular HB mainly pertains to motifs of the type O---H-N and
N---H-N'"¥22 Furthermore it is well known that nearly 30% of the
commercially available drug molecules contain at least one fluorine
atom. In addition, the organofluorine molecules have enormous

importance due to their applicability as biomaterials, agro chemicals,

bio-inorganic property of fluorinated compounds is a consequence of

the binding nature of fluorine to enzyme active sites™

through
intermolecular hydrogen bonded bridges of the type X-HF-C
(X=0, N). Nevertheless there are very few reports of the
participation of organic fluorine in the HB in solution state®**®. The
nuclear magnetic resonance (NMR) and X-ray crystallographic
studies have been reported on the N-HF-C HB in foldamers and

benzanilides*™. It is also well known that organic fluorine generally

does not get involved in the intramolecular HB****. The report by
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Dunitz and co-workers concluded that ‘‘organic fluorine hardly ever
accepts hydrogen bonds”****. As far as the HB in the solution state
is concerned, the first NMR spectroscopic report involving organic
fluorine was reported by detecting the through space coupling
("Je)*® mediated by HB. Subsequently Limbach and his co-workers
have made enormous contributions for the development of this field
and have explored several examples where not only organic fluorine
but also other halogens participated in the intermolecular HB'*,
Exclusive NMR studies on the existence of intramolecular HB of the
type, X-HF-C (X=0, N), in the solution state, have been reported

in benzanilide and benzamide***

derivatives. Our group has
recently utilized NMR technique and detected the participation of
organic fluorine in the intramolecular HB in the derivatives of

hydrazides and bisoxamides>>*®

. In continuation of the ongoing
research in our group, in the present work we are reporting the
extensive studies carried out on the fluorine substituted derivatives
of imides. The imides are the diacyl derivatives of ammonia or the
primary amines> . Different derivatives of imides have been proven
to be very important in, high strength electrically conductive

58-60

polymers®® %, synthetic applications®', medicinal activity®, as ionic

fluids®, in pharmacology64 and as synthetic precursors®®. The NH

linker of an imide provides ample scope to synthesize different
derivatives with the desired substitution on acyl group(s). The
procedure for their synthesis is already available in the
literature®®*’_ In the present study we have synthesised the selected
derivatives of imides using microwave assistedmethod®® of imide
synthesis and characterized them by extensive utility of NMR
techniques and ESI-HRMS spectrometry. The chemical structures of
the investigated molecules are reported in the scheme 1. These
molecules can be classified into two categories, symmetric ones

where X=X (molecules 1-3) and the asymmetric ones where X+#X’

(molecules 4-7). The NMR derived information on intramolecular

2| J. Name., 2012, 00, 1-3

HB has been unequivocally supported by Density Function Theory
(DFT)*® ® based Non Covalent Interaction (NCI)”°, and Quantum

Theory of Atom in Molecule (QTAIM)”' calculations.

(a) (b)
4. X=H and X’=F
1. X=X"=F
5. X=Cl and X’=F
2. X=X"=Cl
6. X=0OMe and X’=F
3. X=X"=H
7. X=CF; and X’=F

Scheme 1. The chemical structures of the derivatives of 2-X-N-(2-X’-
benzoyl)benzamide.

Results and discussion

The basic information on HB can be derived by monitoring the
variation in the chemical shift in the NMR spectrum as a function of
the physical parameters, such as, systematic variation in the
temperature or solvent dilution. The hydrogen bonded proton will
have its resonance peak shifted towards downfield consequent to the
decrease in the electron density surrounding it. This change in
chemical shift arises due to the variation in the concentration,
alteration in the polarity of the solvent, and the temperature
alteration. In order to distinguish the intra- and inter- molecular HB
and to monitor the effect of atmospheric monomeric water on HB,

the solvent titration experiments®*>® 72

were performed on the
molecules 1-7 in the solvent CDCl;. The plot of variation of the
chemical shift as a function of solvent concentration is reported in
Fig. 1A. From this figure it is clearly evident that there is not any
significant change in the chemical shift of NH proton in the '"H NMR
spectra, thereby discarding the possibility of intermolecular HB,
aggregation or dimerization. In addition the chemical shift of 'H

resonance of water was invariant confirming the negligible effect of

monomeric water on the intramolecular HB”>.

High polarity solvent dimethyl sulphoxide (DMSO) is a very good

HB acceptor and hence it can rupture the variety of inter- and intra-

This journal is © The Royal Society of Chemistry 2012
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molecular HBs**

. To derive the qualitative information on the
relative strengths of intramolecular HB the titration study with the
solvent DMSO-ds was carried out on the molecules 1-7. The
variation of the chemical shift of NH proton as a function of solvent

concentration is reported in Fig. 1B. The excessive deshielding of

NH proton is observed due to the disruption of intramolecular
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HB** due to the strong interaction with DMSO. Interestingly the
molecule 6 exhibited the upfield shift for NH peak on addition of
DMSO indicating that, in this particular example, the intramolecular
HB formed between oxygen atom of the methoxy group and NH

proton might to be stronger than its interaction with DMSO™.
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Figure 1. (A,B) The variation in chemical shifts of NH protons as a function of volume of CDCl; and the volume of DMSO-dg respectively for the molecules 1-7. The initial
concentration taken was 10 mM in the solvent CDCls. (A) The plot of NH chemical shift with the incremental addition of CDCl; to an initial volume of 450 pl, at 298 K. (B) The
incremental addition of DMSO-dg to an initial volume of 450 ul in CDCls, at 298 K. The molecules 1-7 are identified by the symbols given in the inset.

The strength of HB gets increased on lowering the temperature. As a
result the deshielding of the NH proton in the 'H NMR spectrum is
observed due to the larger displacement of hydrogen bonded proton
towards the HB acceptor, providing an evidence of intramolecular
HB™*7%. The chemical shift of NH protons as a function of
temperature (over the range of 298-220 K) for molecules 1-7 are
compiled in Fig. 2A. The downfield shift of the NH proton

resonance on lowering the temperature is observed due to

strengthening of HB.

This journal is © The Royal Society of Chemistry 2012

Another interesting feature observed is the change in FH coupling
value in the '"H NMR spectrum. Such a variation is detected only
when the organic fluorine is interacting with the NH proton mediated
through HB. The variation in the coupling constant (through space)
as a function of temperature is reported in the Fig. 2(B), for the
molecules 1 and 4-7.

This phenomenon provides the strong

evidence in favour of HB.

J. Name., 2012, 00, 1-3 | 3
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Figure 2. Variation of (A) chemical shifts of NH protons as a function of temperature for the molecules 1-7 and (B) the through space mediated HF coupling constant as a function
of temperature for the molecules 1 and 4-7. The molecules are identified by the symbols given in the inset. The initial concentration was 10 mM in the solvent CDCl;,

The variation in the chemical shift values during titration studies are  of NH protons for the molecules 1-7. It is observed that the CSGT
assimilated in Table 1. The 'H NMR chemical shifts derived using method is giving the values that are in close agreement with the
GIAO"" and CSGT”’, DFT methods of NMR simulation were experimental values. The calculated values using CSGT method are

compared with experimentally determined '"H NMR chemical shifts compiled in Table 1.
Table. 1. The solvent and temperature dependent changes in the chemical shifts, through space couplings for the molecules 1-7. The chemical shift (ppm) of NH protons is

theoretically calculated using CSGT method of NMR simulation in default-chloroform solvation medium. The reported experimentally determined chemical shifts (ppm) for the
molecules 1-7 are in the solvent CDCl;.

Change in chemical shift (ppm) Change in through-
space coupling (Hz)
Molecule HB type Theoretical Experimental
Chemical shift of Chemical shift of
(X----HN) NH proton (ppm) NH proton (ppm)
On adding 600 pl On adding 250 Temperature varied Temperature varied
CDCl; ul DMSO from 298 to 220 K from 298 to 220 K
1 (F--HN) -0.0052 1.0423 0.4309 3.09 9.8 10.15
2 (CI---HN) -0.0079 2.6999 0.2868 9.0 9.07
3 (H---HN) -0.0739 2.2485 0.3456 9.2 9.00
4 (F---HN and H---HN) -0.0063 1.5813 0.46225 1.98 9.5 9.62
5 (F-HN and CI---HN) +0.00135 2.0087 0.3917 2.44 9.4 9.46

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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6 (F-+-HN and -0.0008 -0.0954 0.4001 2.75 10.5 11.40
MeO---HN)
7 (F-+-HN and -0.0062 2.2942 0.3076 2.67 9.2 9.26
CF;--HN)

There is a possibility that molecules of this type might undergo self-
dimerization. The absence of any type of dimerization of the
investigated molecules was confirmed by pseudo two dimensional
'H DOSY™” experiments and ESI-HRMS analysis. Since it is well
known that the molecule 2-methoxy-N’-(2-
methoxybenzoyl)benzohydrazide labelled as 8 in Fig. 3, does not
show any type of self-dimerization or aggregation™, even in 20 mM
solution. The 'H-DOSY NMR experiment was therefore carried out
for a mixture of 1:1 molar ratio (20 mM final solution) of molecules

8 and 1 in the solvent CDCl;. The corresponding DOSY spectrum is

reported in Fig. 3.

log(m2/s)

4 ppm

Figure 3. 500 MHz 'H-DOSY NMR spectrum of 20 mM solution of the
mixture of molecules 8 and 1 at a 1:1 molar ratio in the solvent CDCls.

From the Fig. 3 one can visualize that both the molecules have
different coefficients of diffusion. Furthermore the rate of diffusion

for the molecule 8 is slower than the molecule 1, as expected in the

This journal is © The Royal Society of Chemistry 2012

absence of any aggregation or self-dimerization by molecule 1. Thus
it conclusively eliminates any possibility of self- or cross-

dimerization.

The unambiguous evidence for the existence of HB can be obtained
by detecting through space couplings between hydrogen bonded
NMR active nuclei, where the magnetization transfer takes place
through hydrogen bond. The one and two dimensional homo- and
hetero- nuclear NMR correlation experiments can be employed for
the detection of through space couplings, where the spin polarization
is transferred across the hydrogen bond®***. The 1/2 spin and 100%
natural abundance of '°F renders it a favourable nucleus for NMR
detection. Thus the various NMR experiments involving '°F were
carried out. The 'H and 'H{'’F}* spectra of molecule 1 in the
solvent CDCl,, and the 'H spectrum in the solvent DMSO-dy are
given in Fig. 4. The NH peak of the molecule 1 is a triplet with the
separation between the adjacent transitions of the triplet
corresponding to 13.03 Hz (Fig. 4a). This triplet collapses into a
singlet in 'H{'*F}** experiment confirming the presence of coupling
between 'H and "°F (Fig. 4b). Such a large value of the coupling
mediated through covalent bond (*Jp) between 'H and °F is very

unlikely***

and the most likely possibility would be mediated
through HB (”’JFH). This is further ascertained by acquiring the
spectrum in a high polarity solvent DMSO-dg which resulted in the

collapsing of triplet to a singlet (Fig.4c).

J. Name., 2012, 00, 1-3 | 5
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Figure 4: 400 MHz '"H NMR spectra of molecule 1; a) in the solvent CDCly; b) "H{'°F} in the solvent CDCl; and ¢) "H NMR spectrum in the solvent DMSO-ds,

For obtaining stronger evidence for the involvement of organic
fluorine in the intramolecular HB we have carried out the 2D NH-
coupled and 'H decoupled 'H-""N HSQC NMR experiment, where
5N is present in its natural abundance. The corresponding spectra
for molecule 1 are reported in Figs. 5(a) and 5(b) respectively. The
coupled '"H-""N-HSQC spectra are also helpful in assigning the
relative signs of couplings mediated through HB. The measured
through space couplings in both direct and indirect dimensions of
HSQC spectrum are labelled with alphabets and their values with the
relative signs are also reported in the spectrum. The observation of

through space couplings of significant larger strengths, such as, "J;;
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and ?Jpy gives strong and direct evidence on the involvement of
organic fluorine in the intramolecular HB. The NH-coupled 'H-"*N
HSQC experiment was also carried out in the solvent DMSO-ds and
the corresponding spectrum is reported in Fig. 5(c). In the solvent
DMSO, except for 'Jyy, all the other couplings disappeared. This
gives another strong and unambiguous evidence that the measured
couplings My and " Jey in the solvent CDCl; are mediated through
HB. The '"H-"N HSQC spectra of all the other investigated

molecules, along with the measured magnitudes and relative signs of

the couplings are reported in ESI.
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Figure 5. 800 MHz spectrum of molecule 1 in the solvent CDCl; (a) 'H-""N-HSQC (NH-coupled); (b) 'H-""N-HSQC (NH-decoupled); (C) 400 MHz 'H-"*N-

HSQC spectrum (NH-coupled) in the solvent DMSO-de. The chemical structures with the magnitudes of scalar and through space couplings are identified by

double headed arrows. The measured coupling values and their relative signs derived from the relative slopes of displacement of cross sections are also given.

From Figs. 5(a) and 5(b) the magnitudes and the relative signs of the

4445 g0

couplings could be derived. Based on the earlier reports
relative signs of My and gy are assigned to be negative. All the

measured magnitudes of the couplings along with their appropriate

signs are reported in Fig. 5.

There is also a great significance in the value of 'Jyy in
understanding the nature of HB. The extent of 'Jyy will increase if
HB is predominantly electrostatic and decrease if the HB is
predominantly a covalent type®. The 'Jyy values of all the
investigated molecules obtained from NH coupled "N-"H HSQC
experiments in the solvent CDCIl; are compiled in Table 2. The
visual comparison of 'Jyy couplings of all other molecules with that
of an unsubstituted molecule 3, it is evident that the 'Jyy couplings
of the substituted molecules 1, 2 and 4-7 are substantially smaller
than the molecule 3, providing strong and unambiguous evidence
that the nature of HBs in the derivatives of imides is predominantly

of the covalent type.

This journal is © The Royal Society of Chemistry 2012

The nuclear Overhauser (nOe) effect can also be used to correlate
the strength of intramolecular HB in the molecule. The spatial
proximity between two spins involved in dipolar interaction is
correlated with the change in intensity of peak in two dimensional
nuclear Overhauser effect spectrum. Thus the 2D 'H-""F hetero nOe

86-88

spectroscopy (HOESY) experiments were carried out for all the
fluorine containing molecules 1 and 4-7, where the through space
correlation is established between NH proton and the F atom. The
hexafluorobenzene (C¢Fy) is used as an internal reference for all the
F spectra. The 2D 'H-'’F HOESY spectrum of the molecule 1 is
reported in the Fig. 6b. The HOESY spectra of other molecules, 4-7
are reported in ESI. The close spatial proximity between F and NH
proton is established by detecting the correlated peak between NH
proton and F atom in all the molecules. Thus the results derived
from the different NMR experiments provided strong evidence for

the involvement of organic fluorine in the intramolecular HB in all

the investigated fluorine containing molecules.

J. Name., 2012, 00, 1-3 | 7
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Figure 6. 376.5 MHz (a) "°F and (b) 2D 'H-'""F HOESY spectra of the molecule 1 in the solvent CDCl;.

Theoretical calculations

The molecular weak interactions established by NMR experimental

T ¢ optimized

findings were also further corroborated by DF
structure based theoretical calculations. To optimize the lowest
energy structures for the investigated molecules 1-7 the DFT
calculations were performed using Gaussian09 suit* with
B3LYP/6-311+g (d,p) level of theory with the default-chloroform as
the solvation medium. The harmonic vibrational frequency values
were utilized to obtain the minimum energy structures. The
coordinates of these energy minimised molecular geometries were

used to generate the wave function files for QTAIM, and NCI

studies.

Non Covalent Interaction (NCI) Calculations

The powerful non covalent interaction (NCI)*® approach is used to
detect non covalent interactions in real space which is dependent on
the electron density and its derivatives. It provides a strong

representation of the steric repulsion, van der Waals interactions and

8 | J. Name., 2012, 00, 1-3

the HBs. There is a very large positive gradient of the reduced
density gradient (RDG), and the RDG values will be small,
approaches zero in the density tail (i.e., regions far from the
molecule, where the electron density exponentially decays to zero).
This is the condition for both the covalent and non-covalent bonding
regions. There is a strong correlation of electron density (p) with
the weak interactions in the corresponding regions. The correlations
for the HB are negative and positive for the steric effect, while the
van der Waals interaction will always have very small p values”
(near to zero). The calculated grid points are plotted for a defined
real space function, sign(Ayy)p), as function 1 and reduced density
gradient (RDG) as function 2 using Multiwfn®' program for the
molecules 1-7. The program VMD®? is used for plotting colour filled
isosurfaces from these grid points. The plot for the sign(Ay))pr) V/s
RDG, and the coloured isosurfaces for the molecule 1 are reported in

Figs. 7a and 7b respectively.

This journal is © The Royal Society of Chemistry 2012
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Figure 7. (a) The plot of sign(X,(r))*p(r) as function 1 v/s the RDG as function 2, and (b) coloured isosurface plot (green colour denotes weak H-bond and red colour stands for steric
effect) for molecule 1. The plots for remaining molecules, 2-7 are given in the supporting information.

The four spikes on the left hand side in Fig.7a (i.e. sign(X,(r))*p(r)
negative) for the molecule 1 denotes four types of weak interactions,
viz., N-H-+-F, C-H:--O, F---F and a very weak O---O. These four
HBs can be visualized in Fig. 7b as isosurfaces of green colour. The

red coloured isosurface in plot (Fig.7b) represents the steric

Atoms in molecules (AIM) calculations

After confirming the presence of HB by NCI plot, the energy of
interaction must be known for in depth understanding of the
molecular properties influenced by weak HBs. The topology
analysis technique was reported as "atoms in molecules" (AIM)
theory, and also cited as "the quantum theory of atoms in
molecules” (QTAIM)"" %3¢ dependent on the quantum
observables (electron density p(; and the energy densities). The
points (except at infinity) where gradient norm of function

value is zero are called as critical points (CPs) in topology

interactions arising from aromatic phenyl ring and other HB
mediated rings. This is seen as five spikes in the Fig.7a on the right
hand side (i.e. sign(Ay(r))*p(r) is positive) . The similar plots and
discussions for the remaining molecules 2-7 are reported in the

supporting information.

analysis. According to the negative Eigenvalues of Hessian
matrix of real space function’" *>*° CPs can be of four types.
Out of them the (3,-1) CP is called as bond critical point (BCP).
There is a great significance of the value of real space function
at BCP. For example the bond strength and bond type
respectively are related closely to the value of electron density
(pry) and the sign of Laplacian of electron density (Vzp(r)) at
BCPs’" . The magnitudes of P and signs of Vzp(r) for BCP

of HBs of interest are calculated using AIM calculations and
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compiled in Table 2. At corresponding (3, -1) critical points
(rep) the gradients of electron density (p)) get vanished. The
energy of HB (Eyg) is directly related to potential energy
density (V) by straightforward relationship(’7 Eupg=V(rpep)/2.
The Eyp of XeeeHX type HB can be calculated by using this
relationship. The calculated values of Eyg for all the located

BCPs of interest are assimilated in Table 2.

Conformational study

The molecules of investigated imides can exhibit

conformational isomerism and the number of such possible
isomers is dependent on the substitution on the phenyl ring. For
the investigated molecules maximum of 3-4 conformers are

possible, which are shown in the scheme below.

o) 0 o} X' X o} o) X 0O (o) X
N N N N
I | | I
H H H H

X X X X'

(cis-cis) (cis-trans)

(trans-cis) (trans-trans)

Scheme 2: The possible conformers of the investigated imide molecules arising due to ring flip.

Out of the four possible conformers the conformers cis-cis and
trans-trans were optimized using Gaussian09 suit,*’ with
B3LYP/6-311+g (d,p) level of theory with the default-
chloroform as the solvation medium and the difference ((cis-

cis) — (trans-trans)) of minimum energy was taken. The energy

difference AE s a0 Of all the investigated molecules is listed in
Table 2. From the Table 2 it is evident that the energy of cis-cis
conformers is always lower than the trans-trans that are due to

the presence of HB.

Table 2. Electron density (py)) and Laplacian of electron density (Vhpm) at different BCPs of type (3, -1) for (X----HN) H-bond and the energy of particular H-bonds calculated on
the basis of potential energy density (V) are listed. The calculations were done using solvation medium of default-chloroform. The "Jnw was measured in the solvent CDCla.

Molecul HB type (X:-HN) Electron density (p)) Laplacian of electron Energy of HB (Eyg) Energy difference (cis- TJnw in the solvent
e (a.u.) density (V2* p)) (Kcal/mol) trans) A Eig.ans CDCl3
(Kcal/mol)
1 (F--HN) 0.0237 0.1006 -6.4283 -10.97 -89.37
2 (Cl--HN) 0.0179 0.0617 -3.4298 -1.88 -88.07
(Cl---C)) 0.0109 0.0444 -2.0711
3 (H--HN) 0.0297 -0.8246 a -86.43

10 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 2012

Page 10 of 16



Page 11 of 16

RSC Advances

4 (F--HN) 0.0268 0.1127 -7.4767 -6.33 -88.22
(H:--HN) 0.0145 0.0568 -2.7708

5 (F--HN) 0.0209 0.0870 -5.5176 -7.63 -89.17
(CI--HN) 0.0217 0.0723 -4.4714
(F---Cl) 0.011 0.0483 -2.6671

6 (F--HN) 0.0184 0.0777 -4.7723 -10.68 -89.59
(MeO--HN) 0.0326 0.1300 -8.9233

7 (F--HN) 0.0256 0.1083 -7.0360 -3.83 -88.52
(CFs+-HN) 0.0107 0.0424 -2.5233

* shared-shell interaction because the Laplacian of electron density is negative.

The visualization of BCPs and bond paths of HBs for the
molecule 1 is reported in the Fig. 8 and for the other

investigated molecules 2-7 in ESI.

Figure 8: The visualization of BCPs and bond paths of HB for the molecule 1
plotted using multiwfn software. Dots represent the CPs and thin bar represents
the HB interactions.

The presence of significant interactions at (3,-1) BCPs are
confirmed by significantly large values of p() (Table 2). The
sign of (VZp(r)) at BCP is having significance in discriminating
the shared-shell (covalent bond (-ve)) and closed-shell (ionic,
van der Waals interaction, and HB (+ve)). From Table 2 it is
confirmed that, BCPs other than for molecule 3 are coming
under closed-shell (HB) interactions. The BCPs of interest for

molecule 3 shows —ve value of (VZp(r)) indicating that these

This journal is © The Royal Society of Chemistry 2012

interactions as expected are coming under shared-shell. If the
calculated strengths of HB in Table 2 are compared with the
chemical shifts of NH protons in Table 1, it will become
evident that the strength of HB is directly related with chemical
shift of NH (H-bonded) proton (downfield shift with increasing
strength or vice versa). Thus at identical experimental

conditions we could compare the relative strengths of HBs by

utilizing the NMR chemical shifts.

Relaxed potential energy scan

Relaxed potential energy surface for the internal rotation of the
phenyl ring through single bond was performed at B3LYP/6-311G
(d, p) level of calculation. The rotation of 360° (-180 — 0 — +180)
through single bond was scanned in 20 steps with 18° size of
rotational segments. The scanned graph of Energy (kcal/mol) versus
Dihedral Angle (0) is reported in Fig. 9 and the animation of scan is
also reported with ESI. From the graph it is clear that the energy of
cis conformer is lower than the other, and is maximum for the trans

conformation.

J. Name., 2012, 00, 1-3 | 11
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Figure 9: Relaxed potential energy surface for the internal rotation of the phenyl ring
through single bond was performed at B3LYP/6-311G (d, p) level of calculation. The
dihedral angle and the rotation direction are highlighted in the structure of molecule.
Experimental

The NMR spectra of all the investigated molecules were acquired
using Bruker AVANCE 400, 500 and 800 MHz NMR spectrometers.
TMS (0.0 ppm) is taken as the internal reference for proton chemical
shifts and hexafluorobenzene (-164.9 ppm) is used as internal
reference for all '"F spectra. All the NMR spectra for
characterization of synthesized molecules were acquired at 298 K.
Deuterated solvents, such as, CDCl;, and DMSO-d¢ were purchased
from Cambridge Isotopes Limited and used as received. The fresh
CDCl; was used to avoid the possibility of artificial alteration in the
interaction, because the strength of non-covalent interactions is
found to be dependent on solvent and substrate purity. The
molecular mass of the synthesized molecules were confirmed using
electrospray ionization high resolution mass spectrometry (ESI-
HRMS). The standard programs of Bruker NMR spectrometers
library were used to acquire the two dimensional HSQC, HOESY

and DOSY spectra.

General procedure for synthesis

12 | J. Name., 2012, 00, 1-3

Different derivatives of imides were synthesized using the

corresponding benzamide and benzoyl chlorides®®. All the
benzamide and benzoyl chlorides of high purity were purchased and
used as received. The AR grade solvent n-hexane (C¢Hyy)
chloroform (CHCI;), n-pentane (CsHj,) and HPLC grade methanol

(CH50H) were used in the purification.
Synthesis of substituted imides

200 mg of corresponding benzamide and the benzoyl chloride of
interest were taken in (1:1.2) molar ratio in the silica crucible and
mixed using clean spatula. The resulted mixture was exposed in the
microwave irradiation at 450 W for 5 min. The reaction was
monitored using TLC till completion. For further purification the
compound was passed through the column loaded with neutral
alumina (Al,O;) using the mixture of solvents, n-hexane and
chloroform. The gradient of solvent was varied from 5% to 30%
chloroform with gradual increment. The obtained product was
crystalized using methanol (CH;OH) and dichloromethane (CH,Cl,)

in 2:1 ratio.

Conclusions

The combined multinuclear and multidimensional NMR experiments
and DFT based theoretical calculations unambiguously establishes
the presence of intramolecular HBs in all the investigated fluorine
derivatives of imides. Any possibility of self or cross dimerization
has been discarded by CDCI; titration (concentration variation study)
and also by 'H DOSY NMR technique. The 'H-'"F HOESY
(heteronuclear through space correlation) experiment indirectly
provided the information about the possibility of intramolecular HB.
Through space coupling via HB is detected in 1D 'H and 2D 'H-"*N
HSQC, experiments whose magnitudes varied over the range of 6-15

Hz in different fluorine containing molecules. A very sensitive NCI

This journal is © The Royal Society of Chemistry 2012
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calculation has been used as a tool for the detection of non-covalent
interactions and confirmed the existence of bifurcated intramolecular
HBs in the molecules 1-7. The QTAIM calculations are utilized to
derive the energy and strengths of HBs. The calculated energies of
HB (E) for different investigated molecules are found in the range
of -2.07 to -8.92 kcal/mol. The HBs are discriminated from the
covalent bonds by using the signs of the Laplacian of electron

density. We strongly believe that the present studies lead to a better

understanding of the HB in the derivatives of imides and open up the
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