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The rare examples of intramolecular Hydrogen bonds (HB) of the type the N−H•••F−C, detected in a low polarity 

solvent in the derivatives of hydrazides, by utilizing one and two-dimensional solution state multinuclear NMR 

techniques, are reported. The observation of through-space couplings, such as, 1hJFH, and 1hJFN, provides direct 

evidence for the existence of intra-molecular HB. Solvent induced perturbations and the variable temperature NMR 

experiments unambiguously establish the presence of intramolecular HB. The existence of multiple conformers in 

some of the investigated molecules is also revealed by two dimensional HOESY and 15N-1H HSQC experiments. The 
1H DOSY experimental results discard any possibility of self or cross dimerization of the molecules.  The derived 

NMR experimental results are further substantiated by Density Function Theory (DFT) based Non Covalent 

Interaction (NCI), and Quantum Theory of Atom in Molecule (QTAIM) calculations. The NCI calculations served as 

a very sensitive tool for detection of non-covalent interactions and also confirm the presence of bifurcated HBs. 

 

 

 

 

 

 

 

Introduction  

Hydrogen bonding is one of the most important non-covalent 

interactions in chemistry and biology1-4.  Numerous reports in past 

few decades lead to the availability of voluminous information on 

the self-assembly of molecules driven by HB5-17. Most of the 

reported intramolecular HB pertains to the motifs O···H-N and 

N···H-N18-22. The first nuclear magnetic resonance (NMR) 

spectroscopic observation of the involvement of organic fluorine in 

the HB in the solution state was reported by the detection of through 

space (1hJFH) coupling23.  Subsequently the group of Limbach have 

made enormous contributions to the growth of this field and reported 

several examples where not only organic fluorine but also the 

participation of other halogens in the intermolecular HB24-27. It is 

also well known that organofluorine molecules have enormous 

applications as drugs, agro chemicals, biomaterials and also in 

molecular imaging28, 29. The organic fluorine has gained interest in 

the molecular association, such as, crystal engineering30-32 and in the 

design of the functional materials33. In bio-inorganic and medicinal 

chemistry, the formation of intermolecular X-H…F-C (X=O, N) 

hydrogen bridges is significantly important because of the binding 
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nature of the fluorinated compounds to enzyme active sites.34-38 In 

spite of the fact that fluorine containing organic molecules have 

great importance in number of fields, the study of intramolecular HB 

involving organic fluorine is limited owing to the fact it hardly ever 

accepts intramolecular HB39-43 44, 45. This is also substantiated by a 

report of Dunitz and co-workers entitled ‘‘organic fluorine hardly 

ever accepts hydrogen bonds’’46-49. However, there are very few 

reports of the involvement of organic fluorine in the HB in the 

solution state50-52. The NMR and X-ray crystallographic studies on 

the N-H…F-C HB have been reported in foldamers and 

benzanilides53, 54. Exclusive solution state NMR studies of the 

intramolecular HB of the type X-H…F-C (X=O, N) are reported on 

the derivatives of benzanilide and benzamide44, 45. Hydrazides are 

organic compounds that share a common functional group with N-N 

covalent bond where at least one of the four substituents should be 

an acyl group55.  Different derivatives of hydrazides have proven to 

be extremely important as, reagents in organic synthesis,56  anti-

tumor medicine,57, 58 and also in the cytotoxic functioning59. The 

derivatives of hydrazides are utilized in combination with other 

medicines for treatment or prevention of tuberculosis60. The 

hydrazides also provide a possibility to synthesize variety of 

derivatives with the substitution of interested acyl group(s).  In the 

present study many derivatives of hydrazides have been synthesized 

and characterized using one and two dimensional multinuclear NMR 

experiments, and ESI mass spectrometry. The procedure for 

synthesis of organic molecules and the relevant NMR spectra are 

reported in the supporting information. The NMR experiments 

reveal the existence of weak intramolecular interactions in all the 

investigated molecules. The NMR derived HB information has been 

further substantiated by Density Function Theory (DFT)61, 62 based 

Non Covalent Interaction (NCI)63, and Quantum Theory of Atom in 

Molecule (QTAIM)64 calculations. 

 

Results and discussion 

NMR spectral parameter that provides information on the HB is the 

variation of chemical shift under different experimental conditions. 

Since the chemical shift is the consequence of electronic environment 

around the nuclei, the down field shift in the resonance frequency is 

observed for a proton which gets involved in HB consequent to the 

depletion of the electron density surrounding it.  Number of NMR 

experiments are available to monitor the change in the chemical shift and 

to derive information on HB, viz., altering in the polarity of the solvent, 

changing the concentration of the solution (titrations experiments), and 

temperature induced perturbations. Another parameter that provides 

unambiguous evidence for the existence of HB is the detection of 

through space coupling between NMR active nuclei, where the transfer 

of spin polarization is mediated through hydrogen bond. The through 

space couplings can be determined using one and two dimensional 

homo- and hetero- nuclear correlation experiments.  The 19F possessing 

½ spin angular momentum is a favourable NMR active nucleus 

consequent to its 100% natural abundance. Thus one and two 

dimensional NMR experiments involving 19F have been carried out.  In 

the present work the different possible derivatives of hydrazide, 1-10, 

with generic name, 2-X-N-(2-X’)benzohydrazide, whose basic chemical 

structures and their site specific substituents are given in scheme 1, have 

been investigated. The symmetrically disubstituted molecules are 

classified into two categories, one where X=X’ (1-3 and 10) and the 

other where X≠X’ (4-9). 
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  Scheme 1. The chemical structures of 2-X-N-(2-X’)benzohydrazide derivatives. 

There is a possibility that such molecules can undergo self or cross 

dimenrization.  The absence of any type of intermolecular dimerization 

of the studied molecules was confirmed by the 2D DOSY65, 66 

experiments and ESI-MS analysis. The DOSY experiment was carried 

out for the mixture of molecules 1 and 3 (20 mM final solution) at the 

1:1 molar ratio in solvent CDCl3.  The corresponding spectrum is given 

in Fig.1.    

 

Figure 1. Two dimensional 1H DOSY NMR spectrum of 20 mM solution of 
the mixture of molecules 1 and 3 at a 1:1 molar ratio in the solvent CDCl3. 

 

It is evident from Fig.1 that both the molecules exhibit different 

coefficients of diffusion.  If there was a possibility of dimerization a 

single diffusion coefficient would have been measured for the mixture. 

The absence of dimerization may be attributed to the non-participation of 

the bulky OMe group of the molecule 3 either in self or cross 

dimerization.  On the other hand, the molecule 1 can get involved in self-

dimerization. However, from Fig. 1 one can visualize that the diffusion 

rate of molecule 3 is slower than that of molecule 1, thereby eliminating 

any possibility of its self-dimerization.  

Solvent titration experiment50-52,67 is employed to understand the weak 

interactions, such as, intra- and inter- molecular HB, to compare the 

relative strengths of interaction and also to evaluate the effect of 

monomeric water on HB, which is absorbed from atmosphere. Dilution 

studies has thus been carried out on the molecules 1-9  in the solvent 

CDCl3, and the plot of the variation of chemical shift as a function of the 

solvent concentration is reported in Fig. 2(a). There is no significant 

effect of concentration is detected on the chemical shift of NH proton in 

the 1H NMR spectra providing another strong evidence for the absence 

of any aggregation or dimerization due to intermolecular interaction. The 

chemical shift of the monomeric water in the CDCl3 solvent that 

resonates at 1.54 ppm remained nearly constant with only marginal 

change of about 0.02 ppm during CDCl3 titration indicating that it has no 

effect on the intramolecular HB68. The lowering of temperature results in 

the strengthening of HB and causes excessive deshielding of proton due 

to displacement of NH proton towards the H-acceptor, providing strong 

evidence for the presence of HB69-71. The variation in the chemical shift 
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of NH proton as a function of lowering of the temperature (300-220 K) 

is compared, for molecules 1-9, in Fig.2b.  It is obvious from Fig. 2b 

that, except for molecule 5, the NH proton chemical shifts of all the 

molecules moved downfield due to the strengthening of HB at lower 

temperature.  The unusual behaviour of the NH proton of the molecule 5 

can be interpreted as due to its temperature dependent switching over of 

its two conformations. The possibility of such a switching phenomenon 

is illustrated in scheme 2.  At lower temperature the molecule 5 is 

stabilized as a conformer where proton of OH is hydrogen bonded to 

oxygen of CO group through a nine membered ring.  As a result the NH 

proton, which is hydrogen bonded to OH group becomes weaker 

(scheme 2), and moves towards high field region (Fig. 2b). This is also 

confirmed by the gradual downfield shift of OH proton (11.31 ppm at 

298 K) of the molecule 5, due to its involvement in the HB. The OH and 

NH peak positions reverted back to their original chemical shift positions 

on systematically increasing the temperature. This phenomenon further 

strengthens the stabilization of another conformer at lower temperature. 

          

        

Scheme 2. Two different possible conformations of molecule 5, stable (a) at higher temperature, and (b) at lower temperature. 

 

In the subsequent study we attempted to qualitatively derive the relative 

strengths of the intramolecular HBs, by titrating the solution with 

dimethyl sulphoxide (DMSO), since it is well known that DMSO is a 

very good HB acceptor. The observed variation in the chemical shifts as 

a function of the incremental addition of DMSO-d6 is plotted for the 

molecules 1-9, in Fig. 2c.  Disruption of intramolecular HB44, 45 by the 

solvent DMSO results in the deshielding of NH protons.  On the 

contrary, for the molecules 3, 7, 8 and 9 high field shift of NH protons 

was detected. This is due to the fact that in these molecules HB 

involving OMe group and NH proton is relatively stronger than the 

DMSO interaction and the high field shift of NH proton hydrogen 

bonded to OMe group is interpreted as an equilibrium which is stabilized 

between intra- and inter- molecular hydrogen bonded species.  It is also 

evident from Fig. 2c that the proton H-bonded to F and OH groups 

resulted in high field shifts upto certain concentration of DMSO, and 

thereafter the downfield shift was detected due to the rupturing of 

intramolecular HB. 
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Figure 2.(a-c) Variation in chemical shifts of NH proton as a function of volume of 

CDCl3, temperature and volume of DMSO-d6 respectively for the molecules 1-9. The 
initial concentration was 10 mM in the solvent CDCl3. (a) The CDCl3 was 
incrementally added to an initial volume of 450 µl, at 298 K. (b) The temperature was 
varied from 300 to 220 K (c) The DMSO-d6 was incrementally added to an initial 
volume of 450 µl in CDCl3, at 298 K. The molecules 1-9 are identified by the symbols 
given in the inset. 
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Table. 1. The difference in the chemical shift of NH proton measured when the 

temperature is varied from 300 to 220 K, and from lower to higher 

concentrations of solvents CDCl3 and DMSO, for the molecules 1-9. The 
1
JNH 

was measured in the solvent CDCl3. The 
1
JNH of -98.23 Hz was measured for 

the molecule 10 in the solvent CDCl3. 

 

Mole

cule 

 

Proton 

involved 

in HB with 

(X����HN) 

 

Change in chemical shift (ppm) 

 

1
JNH in 

the 

solvent 

CDCl3 
 

On adding 

600 µl 

CDCl3 

 

On adding 

300 µl 

DMSO 

 

Temperature 

varied from 

300 to 220 K 

 

1 

 

(F···HN) 

 

-0.0010 

 

0.4748 

 

0.2869 

 

-102.78 

2 (Cl···HN) -0.0081 0.8760 0.3027 -100.76 

3 (MeO···HN) +0.0003 -0.4275 0.2984 -103.18 

4 (F···HN) 

(Cl···HN) 

-0.0119 

-0.0479 

0.4835 

0.8624 

0.36383 

0.9821 

-103.61 

-102.33 

5 (F···HN) 

(HO···HN) 

+0.0097 

-0.0920 

1.4193 

0.7165 

0.7848 

-0.0943 

-101.37 

-98.76 

6 (F···HN) 

(CF3···HN) 

-0.0176 

-0.1207 

0.5041 

1.5109 

0.6077 

0.4151 

-102.06 

-101.21 

7 (Cl···HN) 

(MeO···HN) 

-0.0028 

-0.0477 

0.9333 

0.0866 

1.27245 

0.37045 

-101.66 

-102.45 

8 (MeO···HN) 

(CF3···HN) 

-0.0025 

-0.1203 

-0.7987 

1.5729 

0.3832 

1.79355 

-103.90 

-102.26 

9 (MeO···NH) 

(HO···NH) 

+0.0097 

-0.0920 

-0.4326 

1.3998 

0.2569 

1.62855 

-102.83 

-101.20 

 

Another interesting NMR parameter that provides very useful 

information about HB is the detection of couplings between two NMR 

active nuclei involved in hydrogen bond, where the spin polarization is 

transferred across the hydrogen bond72-75. The 19F coupled and decoupled 

1H spectrum of molecule 1 in the solvent CDCl3,
 and the 19F coupled 

spectrum in the solvent DMSO-d6 are given in Fig. 3. The NH peak of 

the molecule 1 is a doublet with a separation of 12.75 Hz (Fig. 3a). It 

may be pointed out that the NH peak in Fig. 3a appears like a quartet, 

which is due to the presence of both 2hJFN and 1hJFH. This will become 

clear from the HSQC spectrum, discussed in the later part of the 

manuscript. The doublet collapses into a singlet in the 1H45 experiment 

confirming the presence of coupling between 1H and 19F (Fig. 3c).  Such 

a large value of the coupling mediated through covalent bond (5JFH) 

between 1H and 19F is very unlikely44, 45 and might be mediated through 

HB (1hJFH).  This is ascertained by recording the spectrum in a high 

polarity solvent DMSO-d6 instead of CDCl3, which resulted in the 

collapsing of doublet to a singlet (Fig.3b).  
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Figure 3: 400 MHz 1H NMR spectrum of  molecule 1; (a) in the solvent CDCl3; (b) 1H NMR spectrum in solvent DMSO-d6  and (c) 1H{19F}  NMR spectrum in solvent CDCl3. 

 

 

However, the 3
JHH and 4h

JFH couplings, if any, are not detectable due to 

the symmetry of the molecule.  For the determination of these values, 

which provides another strong evidence for the existence of HB, we 

resorted to the technique of extracting the coupling among equivalent 

spins by breaking the symmetry of the molecule. For such a pupose we 

have carried out the two dimensional proton-coupled 1H-15N HSQC 

experiment for the molecule 1, where 15N is present in its natural 

abundance and the corresponding spectrum is reported in Fig. 4(A). In 

the isotopomer with a single 15N at natural abundance, there is a 

possibility of detecting, all the seven couplings, 1JNH, 
2h
JFN, 

2
JNH, 

3h
JFN, 

1h
JFH, 

4h
JFH and 3JHH.  The measurable couplings from both the 1H and 

15N dimensions of HSQC spectrum are marked with alphabets and their 

values are reported in the figure. The observation of through space 

couplings of significant strengths, such as 1hJFH, 
2h
JFN 

3h
JFN and 4hJFH, 

gives strong and direct evidence for the involvement of organic fluorine 

in the intramolecular HB. The NH-coupled 1H-15N HSQC experiment in 

the solvent DMSO-d6 was also carried out and the corresponding 

spectrum is given in Fig. 4(C).  In the solvent DMSO, except for 1JNH, all 

the other couplings mediated through hydrogen bond disappeared. This 

gives the unambiguous evidence that the measured couplings 1hJFH, 
2h
JFN 

3h
JFN and 4hJFH in the solvent CDCl3 are mediated through HB. One of 

the through bond couplings 3
JHH could not be determined from the 

HSQC spectrum in the solvent DMSO.  The 1H-15N HSQC spectra of all 

the other investigated molecules, along with the measured coupling 

values are reported in supporting information. 
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Figure 4. (A) 800 MHz 1H-15N-HSQC (NH-coupled) spectrum of molecule 1 in the solvent CDCl3; (B) Expanded region enclosed in the green box in Fig.4(A);  (C) 400 MHz 1H-

15N-HSQC spectrum (NH-coupled) in the solvent DMSO-d6. The molecular structure and the separations that gives magnitudes of scalar and through space couplings are identified 

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

 

From Figs. 4(A) and 4(B) the magnitudes and relatives signs of the 

couplings could be derived. Assuming 1hJFH (marked as c) to be negative 

as reported earlier44, 45 the relative slopes of the displacement of cross 

sections indicate that sign of 4hJFH (marked as f) is positive. Similarly 

2h
JFN (marked as b) is reported to be negative, then from the slope of the 

displacement cross sections the sign of 3hJFN (marked as e) is determined 

to be positive. All the mesured magnitudes of the couplings along with 

their appropriate signs are given in the figure.  

The value of 1JNH has a great significance as far as the nature of HB is 

concerned.  If HB is predominantly electrostatic then its strength 

increases76 and if the HB is predominantly a covalent type its strength 
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decreases 77. Thus the NH coupled 15N-1H HSQC experiments were 

carried out for all the investigated molecules in the solvent CDCl3 and 

the measured couplings are compiled in Table 1. The visual comparison 

of these values with 1
JNH coupling (-98.23Hz) of an unsubstituted 

molecule 10, it can be inferred that the 1
JNH couplings of the substituted 

molecules 1-9 are substantially smaller than the molecule 10, providing 

ample evidence that the nature of HBs in derivatives of hydrazides are 

predominantly covalent.  

The change in the intensity of peak in nuclear Overhauser effect 

spectrum is correlated to the spatial proximity between two spins 

involved in dipolar interaction. Hence nuclear Overhauser (nOe) effect 

can be exploited to correlate the strength of HB in the molecule. Thus 

the 2D 1H-19F hetero nOe spectroscopy (HOESY)78-80 experiments, 

where the through space correlation is established between NH proton 

and the F atom in the molecules, have been carried out for all the 

fluorine containing molecules. The 2D 1H-19F HOESY spectrum of the 

molecule 1 is reported in the Fig. 5. The HOESY spectra of molecules, 

4, 5, 6, and 8 are reported in ESI. The strong correlation between F and 

NH proton is an indication of close spatial proximity between F and NH 

proton which favors the existence of intramolecular HB. 

 

 

         

Figure 5. (a) 19F and (b) 2D 1H-19F HOESY spectra of the molecule 1 acquired using 400 MHz NMR spectrometer in the solvent CDCl3. The hexafluorobenzene (C6F6), 
19F chemical 

shift of -164.90 ppm is used as internal reference for all the 19F spectra. 

 

The various NMR experiments carried out on all the investigated 

molecules provided strong evidence for the involvement of organic 

fluorine in HB.  

 

Theoretical calculations 

The weak molecular interactions established by NMR studies were also 

corroborated by theoretical DFT61, 62 optimized structure based 

calculations. The DFT calculations were performed using Gaussian09 
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suit,81 with B3LYP/6-311+g (d,p) level of theory with the solvation 

medium (Default-chloroform) to optimize the lowest energy structures 

for all the investigated molecules 1-9. The energy minimized structures 

were confirmed by harmonic vibrational frequency. The optimized 

molecular geometries were used to generate the wave function files for 

QTAIM, and NCI studies. The same optimized coordinates with 

identical parameters are used with CSGT90 method for simulation of 1H 

NMR spectra.  

NCI plot 

The non covalent interaction (NCI)82 theoretical approach is used to 

detect non-covalent interactions in real space, based on the electron 

density and its derivatives. It provides a rich representation of van der 

Waals interactions, HBs, and the steric repulsion. In density tails (i.e., 

regions far from the molecule, where the electron density exponentially 

decays to zero), the reduced density gradient (RDG) will have very large 

positive gradient, and the RDG values will be small and approaches 

zero.  This happens for the regions of both covalent and non-covalent 

bonding. In the corresponding region for the weak interactions having 

large correlation with electron density (ρ(r)), the correlations for the steric 

effect is negative and for the HB is positive.  The van der Waals 

interaction will always have very small ρ(r) values82. The calculated grid 

points are plotted for a defined real space function, sign(λ2(r))ρ(r), as 

function 1 and reduced density gradient (RDG) as function 2 using 

Multiwfn83 program for the molecules 1-9. The color filled isosurfaces 

have been plotted using these grid points by program VMD84. The plot 

for the sign(λ2(r))ρ(r) v/s RDG, and the colored isosurfaces for the 

molecule 1 are reported in Figs. 5a and 5b respectively. 

 

  

 

Figure 6. (a) The plot of sign(λ2(r))*ρ(r) as function 1 v/s the RDG as function 2, and (b) coloured isosurface plot (green color denotes weak H-bond and red color stands for steric 
effect) for molecule 1. The plots for remaining molecules, 2-8 are given in the supporting information. 

 

 

There are three spikes on the left hand side of Fig.6a (i.e. sign(λ2(r))*ρ(r) 

is negative) for the molecule 1 denoting three HBs, viz., N-H···F, N-

H···O and C-H···O. These three HBs can be observed in Fig. 6b as 

green coloured isosurfaces. The red colour in isosurface plot (Fig.6b) 

represents the steric hindrance arising from phenyl ring of the molecule 

and other HB mediated rings.  This is seen as four spikes on the right 
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hand side (i.e. sign(λ2(r))*ρ(r) is positive) of Fig.6a. The similar plots for 

the molecules 2-8 are discussed in the supporting information. 

 

Atoms in molecules (AIM) calculations 

In addition to confirming the presence of HB by NCI plot, for in 

depth understanding of the molecular properties influenced by 

weak HBs, the information about the energy of interaction must be 

known. The topology analysis technique initially reported as 

"atoms in molecules" (AIM) theory, which is also cited as "the 

quantum theory of atoms in molecules" (QTAIM)64, 85-88 relies on 

quantum observables such as the electron density ρ(r) and the 

energy densities. In topology analysis, the points where gradient 

norm of function value is zero (except at infinity) are called as 

critical points (CPs). CPs can be classified into four types 

according to the negative Eigenvalues of Hessian matrix of real 

space function64, 85-88. Out of all four CPs, (3,-1) is commonly 

called as bond critical point (BCP). The value of real space 

function at BCP has great significance.  For example the value of 

electron density ρ(r) and the sign of Laplacian of electron density 

(∇2ρ(r)) at BCP are closely related to bond strength and bond type 

respectively64, 85-88.  The magnitudes of ρ(r) and signs of ∇2ρ(r) for 

BCP of HBs of interest, calculated using QTAIM calculations, are 

compiled in Table 2. The potential energy density (V(r)) at 

corresponding (3, -1) critical points (rcp) where the gradients of 

electron density (ρ(r)) get vanished, is directly related to the energy 

of HB (EHB) by straightforward relationship89 EHB=V(rbcp)/2. The 

above discussed relationship is applicable to calculate the EHB of 

X•••HX type HB89. The calculated values of EHB for all the studied 

molecules at located BCPs are assimilated in Table 2. 

 

Table 2. Electron density (ρ(r)) and Laplacian of electron density (∇
2
ρ(r)) at different 

BCPs of type (3, -1) for (X····HN) H-bond. The energy of particular H-bonds calculated 
on the basis of potential energy density (V(r)) using formulae discussed above are also 
listed. The calculations were done using solvation medium of default-chloroform. 
Theoretically simulated chemical shift(ppm) of NH protons are calculated using CSGT 

method of NMR simulation. The given chemical shifts (ppm) are for the molecules 1-9 
in solvent CDCl3. The chemical shift of NH proton at 9.23 ppm was measured for the 
molecule 10 in the solvent CDCl3. 

 

Mole

cule 

 

HB type 

(X··HN) 

 

Electron 

density 

(ρ(r)) 

(a.u.) 

 

Laplacian 
of 

electron 
density 

(∇2* ρ(r)) 

 

Energy 

of HB 

(EHB) 

(Kcal/m

ol) 

 

Theoreti

cal CS 

of NH 

proton 

(ppm) 

 

Experi

mental 

CS of 

NH 

proton 

(ppm) 

 

1 

 

(F··HN) 

 

0.0215 

 

0.0935 

 

-5.6964 

 

9.75 

 

9.79 

2 (Cl··HN) 0.0224 0.0764 -4.6865 9.70 9.56 

3 (MeO··HN) 0.0292 0.1226 -7.7411 10.5 11.27 

4 (F··HN) 

(Cl··HN) 

0.0218 

0.0227 

0.0949 

0.0770 

-5.7828 

-4.7620 

9.3 

9.1 

9.76 

9.65 

5a (F··HN) 

(HO··HN) 

0.0218 

0.0267 

0.0944 

0.1163 

-5.7686 

-6.8456 

9.4 

10.3 

9.78 

10.98 

5b (F··HN) 

(HO··HN) 

(OH··O) 

0.0228 

0.0137 

0.0333 

0.0973 

0.0561 

0.1113 

-6.0952 

-3.0533 

-8.5621 

8.9 

8.5 

 

--- 

--- 

--- 

6 (F··HN) 

(CF3··HN) 

0.0216 

0.0141 

0.0939 

0.0559 

-5.7183 

-3.3642 

9.8 

9.6 

9.93 

9.55 

7 (Cl··HN) 

(MeO··HN) 

0.0118 

0.0292 

0.0455 

0.1218 

-2.2735 

-7.7411 

10.6 

11.5 

9.88 

11.05 

8 (MeO··HN) 

(CF3··HN) 

0.0283 

0.0171 

0.1191 

0.0689 

-7.3975 

-4.2437 

10.4 

9.4 

10.90 

9.28 

9 (MeO··NH) 

(HO··NH) 

0.0290 

0.0266 

0.1217 

0.1163 

-7.6618 

-6.8521 

10.4 

10.3 

10.98 

9.78 
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The bond paths and BCPs at the HB for all the molecules are 

reported in ESI. Such large values of ρ(r) (Table 2) indicates the 

presence of significant interactions at (3,-1) BCPs. The sign of 

(∇2ρ(r)) at BCP is having significance in discriminating the shared-

shell (covalent bond (-ve)) and closed-shell (van der Waals 

interaction, ionic interactions and HB (+ve)). From Table 2 it is 

confirmed that, BCPs are coming under closed-shell (HB) 

interactions. The calculated strengths of HBs are compared with the 

chemical shifts of NH protons in Table 2. It is evident that the 

strength of HB is showing a direct correlation with chemical shift 

of NH (H-bonded) proton (downfield shift with increasing strength 

or vice versa). Thus by utilizing the EHB or NMR chemical shifts in 

identical conditions we could compare the relative strengths of 

HBs. In addition to this the 1H NMR spectra were simulated using 

GIAO90 and CSGT90 methods of NMR simulation. NMR studies 

confirmed that some of the molecules exist in more than one 

conformation.  Hence the calculated chemical shift values of NH 

protons deviated slightly from the experimental data. The values 

observed from CSGT method are almost comparable with the 

experimental results given in Table 2. 

Experimental 

The NMR spectra were recorded for all the investigated molecules using Bruker 

AVANCE 400, 500 and 800 MHz NMR spectrometers. Proton chemical shifts are 

measured with TMS as internal reference (TMS, 0.0 ppm).  All the 19F spectra 

were referenced to internal hexafluorobenzene.  For characterization of 

synthesized molecules, all the NMR spectra were acquired at 298 K (except for the 

temperature dependent studies). Deuterated solvents, such as, CDCl3, and DMSO-

d6 were purchased from Cambridge Isotopes Limited and used as received. In 

general the strength of non-covalent interactions are found to be dependent on 

solvent and substrate purity. Thus fresh CDCl3 was used to avoid the possibility of 

artificial alteration in the interaction strength. Electrospray ionization mass 

spectrometric data was collected (ESI-MS) to confirm molecular mass of the 

synthesized molecules.  The two dimensional HSQC, HOESY and DOSY spectra 

were acquired using the standard programs available in the software library of 

Bruker NMR spectrometers.  

General procedure for synthesis of hydrazides  

Different substituted hydrazides were synthesized using the corresponding benzoyl 

chlorides. All benzoyl chlorides, and concentrated hydrazine hydrate 

(NH2NH2.H2O) of high purity were purchased from Sigma Aldrich and used as 

received. The AR grade solvent methylene chloride (CH2Cl2), chloroform (CHCl3) 

and n-pentane (C5H12) were used in the synthesis. To the best of our knowledge 

this method for syntehesis of hydrazides is not reported and this is the first report.   

Step 1: Synthesis of unsubstituted hydrazides (R-CONH2NH2) 

200 mgs of benzoyl chloride was kept in an ice bath in a ml round bottom flask 

(RB) and cooled to 0o C.  The cooled 1.1-equivalent concentrated NH2NH2.H2O in 

1 ml CD2Cl2 was added drop by drop using dropping funnel with continuous 

stirring of the reaction mixture. A precipitate was formed during this process.  

After complete addition of hydrazine hydrate the ice bath was removed and the 

reaction mixture was stirred at room temperature for 2 minutes. Then the solvent 

CH2Cl2 was added to the RB containing reaction mixture and shaken till the 

precipitate gets completely dissolved.  Subsequently the 50 ml of distilled water 

was added to this solution. A biphasic mixture of two solutions thus obtained was 

transferred to the separating funnel and was separated out from each other. The 

solvent CH2Cl2 was evaporated using a rotatory evaporator at the temperature and 

pressure of 45OC and 500 mm Hg respectively. White crude compound left in RB 

was dissolved in 5 ml chloroform and was kept overnight for crystallization with 

addition of 0.1 ml of methanol.  The 1H NMR spectra were recorded for 

characterization. The 1H NMR spectra and ESI MS analysis of all the compounds 

gave evidence for the pure form of the synthesized compound.      

Step 2: Synthesis of N-substituted hydrazides (R-CONH-NH-R’) 

The benzoyl chloride of interest was kept at 0oC in ice bath, and to this 0.9 

equivalents of cooled compound synthesized as discussed in the step 1 was added 

drop by drop using dropping funnel.  Then the procedure similar to step 1 was 

repeated. Some impurity peaks were seen in the region of 1-1.5 ppm in the 1H 

NMR spectrum. For further purification, the compounds were washed with n-

pentane three times and then dried for complete evaporation of n-pentane. This 

washed compound was analyzed using 1H, 13C NMR and electrospray ionization 

mass spectrometry (ESI-MS) and the formation of expected hydrazides was 

confirmed. 

Conclusions 
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The combined NMR experimental observations and DFT based 

theoretical calculations revealed the existence of intramolecular HBs in 

different derivatives of hydrazides. The existence of more than one 

conformers are established in several molecules by using different NMR 

studies. CDCl3 concentration titration and 1H DOSY technique are 

utilized to discard any possibility of self or cross dimerization. The 1H-

19F HOESY experiment is utilized to extract the information about the 

possibility of intramolecular HB by through space correlation, as well as 

for the determination of different conformers. Through space coupling 

via HB is detected by 2D 1H-15N HSQC, experiment, whose magnitudes 

varied between 1-14 Hz in several F-containing molecules. The NCI 

calculations acted as a very sensitive tool for detection of non-covalent 

interactions, also confirm the presence of bifurcated HBs in the 

molecules 1-9. To derive the energy of HBs, the QTAIM calculations are 

utilized and the strengths of different HBs present in investigated 

molecules are calculated to be in the range of -2.27 to -9.62 kcal/mol.  

The Laplacian of electron density sign is used to discriminate the HBs 

from the covalent bonds. We believe that the present studies might lead 

to better understanding of the HB and open up opportunities in designing 

of different foldamers and supramolecules that are of chemical and 

biological importance. 
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