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Advanced multidimensional NMR techniques have been employed to investigate the intramolecular
hydrogen bonds (HBs) in a series of N,N'-([1,1'-binaphthalene]-2,2’-diyl)bis(benzamide) derivatives, with
the site-specific substitution of different functional groups. The existence of intramolecular HBs and the
elimination of any molecular aggregation and possible intermolecular HBs are ascertained by various
experimental NMR techniques, including solvent polarity dependent modifications of HB strengths. In the
fluorine substituted derivative, direct evidence for the engagement of organic fluorine in HB is obtained
by the detection of heteronuclear through-space correlation and the coupling between two NMR active
nuclei where the transmission of spin polarization is mediated through HBs (MJgy). The extent of
reduction in the strength of Jp, on dilution with high polarity solvents directly provided the qualitative

measure of HB strength. The HB, although becoming weakened, does not get nullified even in pure high
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Accepted 7th October 2019 polarity solvent, which is attributed to the structural constraints. The rate of exchange of a labile

hydrogen atom with the deuterium of the solvent permitted the measurement of their half-lives, that are
correlated to the relative strengths of HBs. The experimental NMR findings are further validated by XRD
and DFT-based theoretical computations, such as, NCl and QTAIM.
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Introduction

The HB, a weak molecular interaction plays a pivotal role in
understanding many chemical and biological phenomena.*™
Numerous applications through inter- or intra-molecular interac-
tions are found in supramolecular chemistry, biomolecules, such
as, proteins, peptides, etc.*” The HB has thus been proven to be an
important area of research, and is investigated by various analytical
techniques® and many groups are constantly exploring the diverse
utility of HB interactions.”'® The commonly encountered HB motifs
are of the type, C-H---O, C-H---N and N-H-- -7, N-H---O, O-H---O,
and O-H---N. These HB interactions could be both intra- and inter
and have significant contributions in determining the structures
and conformations of the molecules.” The strength of intra-
molecular HBs also can control the population of different
conformers for a molecule.”
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The fluorine is one of the essential atoms presents in
majority of the drugs due to its bio-availability and stability. On
an average nearly 30% of commercial drugs contain at least one
fluorine atom to enhance the metabolic stability, binding
affinity and to alter physicochemical properties.”* To highlight
the importance of fluorine containing drugs, the three out of
the top 10 best-selling drugs, Lipitor, Advair and Crestor
contain a fluorine atom, and seven out of 35 approved drugs in
2011 contain a fluorine atom.™ The dynamics and the interac-
tion of these drug molecules with the biomolecules are
controlled by HB. Dunitz et al. have reported that organic
fluorine hardly ever accepts hydrogen bond.*® Nevertheless over
the years the involvement of organic fluorine in HB in large
number of molecules including foldamers have been re-
ported.**>* The studies report that the inter- or intra-molecular
HB of the type X-H---F-C (X = O, N) plays a significant role in
the dynamics as well as the functionalities of the drugs* viz.,
dipole-dipole interaction, HB and steric hinderance.

In the present work, various 1,1’-binaphthalene-2,2’-diamine
(BINAM) derivatives have been synthesized and characterised
using several one and two-dimensional multi-nuclear NMR
techniques as well as, XRD and ESI-HR mass spectrometry. The
procedure for synthesis of all the investigated molecules and
their NMR spectra along with the assignment of peaks are re-
ported in ESL{ The structural frameworks of the molecules
investigated are given in Scheme 1. The utility of BINAM and its
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derivatives is multifold, viz., synthesis of [BINAM-FeCl,]
complex for the conversion of indole into bisindolylmethane
with high yield,* to derivatize an organocatalyst for the asym-
metric synthesis in Henry reaction which yields the high reac-
tivity and enantioselectivity,” the covalently linked azobenzene
and the enantiopure BINAM is able to produce materials that
exhibits photoresponsive chiroptical behaviour due to cis-trans
isomerism shown by its backbone.*® In many chemical reac-
tions, the proton transfer due to the complex formation through
HB is also reported.” The transfer of hydrogen atom occurs
during the rate determining step. The lability of this hydrogen
depends on its chemical environment and the strength of HB. It
has been previously reported that the rate of H/D exchange
depends on both the strength of HB as well as electronic effects
of the substituents.”®** When the deuterated solvent is present
in excess, this exchange phenomenon is known to follow the
pseudo first order kinetics. This concept has been exploited in
the present study for monitoring the rate of exchange of labile
hydrogen atom with the deuterium of the solvent to extract
information on the relative strengths of HB. The proton transfer
due to the complex formation through hydrogen bonding is also
reported. In this investigation we have convincingly established
the presence of very strong HB in the number of synthesize
derivatives of BINAM. This could aid in the architectural design
and understanding of the role of BINAM in many other chem-
ical and photochemical reactions.

Results and discussion

Initially the fluorinated derivative (molecule 1 in Scheme 1) was
chosen for in-depth analysis. The spatial proximity being the
fundamental requirement for any two nuclei to get involved in
HB, the 2D 'H-'F HOESY (Hetero-nOE Spectroscopy)***
experiment was carried out and the corresponding spectrum is
reported in Fig. 1. The strong through space correlation detec-
ted between '°F and the NH proton established their close
spatial proximity conducive for the HB interaction.

NMR detection of HB

Number of NMR parameters are available for understanding the
presence of HB in a molecule. In the solution state, the chemical
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Fig.1 2D *H-'°F HOESY spectrum of molecule 1 in the solvent CDCls.
The chemical structure of the molecule is also given in the inset and
the through space correlated spins are identified by arrows.

shift of the protons involved in HB is usually monitored, which
is known to move downfield compared to non-hydrogen bonded
proton owing to the depletion of electronic charge distribution
around it. The chemical shift of NH proton of the unsubstituted
molecule is 7.76 ppm, while those of the substituted molecules
are between 7.95 to 9.67 ppm with OCH; substituted molecule
shifted to extreme downfield (9.67 ppm) confirming the pres-
ence of HB in all these molecules.

The energy of HB can be calculated by using experimentally
measured chemical shifts employing the relation Eyg (kcal
mol ') = Ad + (0.4 & 0.2), where Ad pertains to the difference in
the chemical shift of proton between the substituted and
unsubstituted molecules.*>** The calculated Ey for the mole-
cules 1-3 are compiled in Table 1.

Distinguishing between intra- and inter-molecular HB

To ascertain whether HB is intra- or inter-molecular, generally
the solvent dilution experiments are employed.**?” This exper-
iment also provides information on the effect of monomeric
water absorbed by the solvent from the atmosphere.***” The
changes in the chemical shift of NH proton as a function of the
concentration of CDCl;, in the molecules 1-4, is graphically
illustrated in Fig. 2A. The chemical shift of NH proton remained

1)X=F (2) X=Cl

B)X=0OMe @4)X=H

Scheme 1 The structural framework of (R)-(+)-N,N’-([1,1’-binaphthalene]-2,2’-diyl)bis(benzamide) and its derivatives.
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Table1l Calculated Exg employing the difference in chemical shift values of the substituted molecules 1-3 with respect to that of unsubstituted

molecule 4
Substituent Onu Difference in dngy Energy of HB (Eyg) (keal
Molecule x) in the solvent CDCl; (ppm) with respect to molecule 4 mol )
1 F 8.34 0.59 0.99
2 Cl 7.97 0.22 0.62
3 OMe 9.67 1.92 2.32
4 H 7.75 — —

nearly same on dilution, within the experimental error, estab-
lishing the absence of intermolecular HB, as well as any
possible aggregation and dimerization in all the molecules.
This also convincingly establishes the presence of intra-
molecular HB. The chemical shift of water in CDCl; at 1.54 ppm
remained unchanged, except for marginal change during dilu-
tion, further discarding any effect of atmospheric water on the
molecular interactions. The subsequent step is to determine the
relative strengths of these intramolecular HBs, which is deter-
mined by the ease at which they can be ruptured in a high
polarity solvent, such as, DMSO.*® The strong interaction
between DMSO and the NH proton results in the disruption of
intramolecular HBs causing a downfield shift of NH proton
chemical shift.*®*® The quantity of DMSO required to rupture
a HB is directly proportional to its strength. The changes in the
chemical shift of NH proton with the incremental addition of
DMSO-de to the initial 10 mM solution in CDCl; is reported in
Fig. 2B, for all the molecules. As expected, in the molecules 2
and 4 there is substantial down field shift in the resonance
position of NH proton. On the contrary in molecule 3 the NH
proton shifted to high field, which is attributed to the
comparatively stronger HB between oxygen atom of the methoxy
group and NH proton compared to its interaction with DMSO in
the two competitive processes.*’

Another physical parameter that provides information on
the HB is the temperature. The lowering of the temperature
enhances the strength of HB and results in the downfield shift
of the proton involved in HB.*** When the temperature is
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varied from 220 K to 300 K the NH proton of molecules 1-4
exhibited the downfield shift, which is evident from Fig. 3. From
the magnitude of change in the value of oy, one can conclude
that the relative HB strengths follow the trend, OMe > F > Cl > H.

HB mediated coupling between NMR active nuclei

When "°F is involved in HB, often the coupling between "H and
19F mediated through HB is detected, giving a strong evidence
on the existence of HB.****
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Fig. 3 Variation in the chemical shifts of NH proton (6yH) as a function
of temperature in the range of 300 K to 220 K for the molecules 1-4.
The molecules are identified by the symbols given in the inset.
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Fig. 2 Chemical shifts of NH proton (dyH) of molecules 1-4, as a function of concentration in CDClz and DMSO-dg respectively. The initial
concentration taken was 10 mM in the solvent CDClz and the temperature was maintained at 298 K. (A) With the incremental addition of CDCls to
an initial volume of 450 pL. (B) With the incremental addition of DMSO-dg to an initial volume of 450 pL in CDCls. The molecules are identified by

the symbols given in the inset of (B).

This journal is © The Royal Society of Chemistry 2019

RSC Adv., 2019, 9, 32759-32770 | 32761


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07299c

Open Access Article. Published on 14 October 2019. Downloaded on 6/21/2026 4:24:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

The substantially large values of 3Jeu about 4-5 Hz, between
ortho fluorine and OH proton, have been measured in the
derivatives of 2-fluoro phenol** which is not uncommon. In
general, the observed "Jpy values are in the range of 40-60 Hz,
2-15 Hz, 1-5 Hz, for n = 1, 2 and 3 respectively. The *Jgy is
usually very small and less than 0.5 Hz. On the other hand, the
observation of coupling of 14-18 Hz between '°F and 'H sepa-
rated by five chemical bonds is unusual and is attributed to the
HB mediated coupling.

The 'H and "H{"°F} spectra of molecule 1 in the solvent
CDCl; and DMSO-d; are reported in Fig. 4. The NH proton is
a doublet with a separation of 16.3 Hz. The reported values of
(*Jn) is usually less than 1 Hz and this large value of coupling is
attributed to the one bond HB mediated coupling between 'H
and F (*"Jpy). This is due to the interaction between NH
proton and fluorine atom, which is also validated by collapsing
of the doublet to a singlet in the "H{'*°F} spectrum. Previous
studies have shown that such coupling gets completely nullified
in a high polarity solvent, such as, DMSO giving another strong
evidence for weak interaction.”” Interestingly in the present
study the NH proton continues to remain as a doublet even in
the solvent DMSO-de, although coupling strength is substan-
tially reduced. This indicates that the HB interaction in this
molecule is significantly stronger and does not get ruptured
even in the highly polar solvent medium compared to the
previously reported studies.*>*

The 2D 'H coupled and decoupled "H-'>N HSQC spectra,
where the N is in its natural abundance, provide strong
evidence on the presence of intramolecular HBs and also helps
in the precise determination of the relative signs and
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magnitudes of couplings.*** The corresponding spectra are
reported in Fig. 5. The coupled and decoupled "H-"N HSQC
spectra in the solvent CDCl; are reported in Fig. 5A and B,
respectively. In Fig. 5A the couplings Yy, Jen and *Yey
persist while in Fig. 5B the "Jyy has completely disappeared.
The coupled "H-"N HSQC spectrum in the solvent DMSO-dg
(Fig. 5C), revealed all the couplings that were observed in CDCl;
(Fig. 5A). However, there is a significant change in the magni-
tudes of the couplings. The ‘Jyy increased by nearly 3 Hz,
whereas p; and *"Jpy decreased significantly in their
strengths. The "H-'N HSQC spectra of all the remaining
molecules are reported in the ESLt Taking advantage of the
previous reports, the relative signs of thr o and 2"py are
assigned to be negative.**** The measured magnitudes and
relative signs of all the couplings are reported in the figure.

Nature of HB

For covalent and electrostatic HB, there will be a noticeable
difference in the angle formed among the hydrogen bonding
nuclei. In the directional covalent type HB, the bond angle tends
to be linear. On the other hand, in electrostatic nature of HB the
bond angle is less leading to non-directional coulombic inter-
action. In electrostatic nature of HB, due to the Fermi-contact
mechanism the “Jyy increases with the shortening of N-H
bond length. On the other hand, in covalent type HB due to both
Fermi-contact and paramagnetic spin-orbital mechanisms the
Jnu decreases with the lengthening of N-H bond.* The scalar
coupling constant '/ is also utilized for understanding the
nature of HBs. If the HB is predominantly electrostatic*® the
strength of 'Jyy increases when compared to unsubstituted
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Fig.4 Selected regions of the 400 MHz 'H NMR spectra of molecule 1: (A) in the solvent CDCls; (B) *H{**F} spectrum in the solvent CDCls; (C) in
the solvent DMSO-dg; and (D) *H{*°F} spectrum in the solvent DMSO-ds. The doublet separation pertaining to *'Jg in A and C are identified. It
may be noted that upon addition of DMSO-dg the NH peak shifted downfield and the magnitude of "Jg, is also reduced. The peaks at 9.0 ppm
and 8.2 ppm in CDClz, have moved high field to 8.17 and 8.06 respectively in DMSO-dg due to rupturing of C=0---H (ring) HB.

32762 | RSC Adv., 2019, 9, 32759-32770

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07299c

Open Access Article. Published on 14 October 2019. Downloaded on 6/21/2026 4:24:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

A

[ Wnm i E ppm
_89.33 Hz ol s s
sl i -130.5
I ;
I
My 1306 5
H -8.65Hz ON
my == * " k1307
-16.31 Hz
pe=y — e
8.5 8.4 8.3 ppm
Oy
- ppm
>
Unn b= - 133.1
[ 92.38Hz i
| 3
-133.2 5.
] b=\ ON
™ My
T N £133.3
-5.45Hz -4.04 Hz
I I I I
96 95 94 93 ppm

View Article Online

RSC Advances
B
- ppm
I Ly .
L €> _1631Hz [130.0
2y - 'f :L T 77 Hsto Oy
-8.65Hz :
' -132.0
I | i
8.5 8.4 8.3 ppm

Fig. 5 800 MHz H-°N-HSQC spectra of molecule 1 in the solvent CDCls; (A) NH-coupled; (B) NH-decoupled; (C) 400 MHz *H-*N-HSQC
spectrum (NH-coupled) in the solvent DMSO-dg; (D) the chemical structure of the molecule. The scalar and HB mediated couplings are
identified by arrows in the chemical structure. The separations providing the scalar and HB mediated couplings and the measured values along
with their relative signs derived from the slopes of the displacement of cross sections are mentioned in the spectra.

molecule, whereas it decreases for covalent type.”” From the
Ynu values given in Table 5, it is evident that the HBs are
predominantly of covalent type.

Strong and unbreakable HB in highly polar solvent

In the number of previous studies reported from our group, the
.y disappeared in a high polarity solvent DMSO-dg.'*>
Interestingly in the present study the strength of N-H---F-C HB
is so strong that it gets weakened but does not get completely
ruptured even in pure solvent DMSO-de. Such an unusual
behaviour has been reported earlier in monosaccharides,
inositols and ginkgolides*® where the strength of HB has been
correlated to the value of *"Jyp. In fluorinated myo-inositol thy
reduced from 8.8 Hz in CDCl; to 3.8 Hz in DMSO-de. The
coupling constant did not reduce beyond this value, and it was
interpreted due to molecular constraints and the solvation of
the F---H-O bond was not completely favourable by DMSO-de.
Similar observation is made in the present study, where upon
increasing the concentration of DMSO-d, there is a smooth
reduction in "z consequent to weakening of HB and beyond
a particular concentration the coupling strength remained
unaltered even with excessive addition of DMSO-d¢. This is
graphically illustrated in Fig. 6. These observations evidently

This journal is © The Royal Society of Chemistry 2019

establish the presence of a very strong HB. This was also
observed in the 2D **N-'H HSQC spectrum (Fig. 5C) where ""/yp
is retained in pure DMSO-ds solvent with a reduced value
compared to that in CDCl;.

Solvent polarities and strengths of HB

The /., was also measured in solvents of different polarities
and are assimilated in Table 2. From the table it is evident that
with the increase in the solvent polarity there is a substantial
decrease in the coupling constant. Although the decrease is not
monotonic, the change is drastic in the solvents of high
polarity. This is attributed to the structural constraint. The XRD
structure of this molecule (Fig. 8, discussed in the later part of
the article) revealed the constrained structure for binaphthyl
derivative, and the HB between F---HN is facing towards one of
the naphthyl rings. Thus, the complete solvation of this
hydrogen bond is restricted by this constrained structure,
thereby preventing the complete nullification of thy (Table 2).

H/D exchange

The H/D exchange studies were carried out for all the samples to
determine the exchange rate constants and the half-lives, which
were subsequently utilized to determine the relative strengths

RSC Adv., 2019, 9, 32759-32770 | 32763
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Fig. 6 The plot of HB mediated coupling (*"Jyr (Hz)) vs. volume of
DMSO-dg (uL) for molecule 1.

of HBs. For such a purpose usually OD group of the D,O is used.
Since in the present organic molecules the solubility in water is
an issue, the deuterated solvent CD;OD was added to the
solution of each sample. The series of "H NMR spectra were
then obtained at the concentration of about 5 mM, with 450 pL
of CDCl; solvent, at two minutes intervals till the intensity of
NH proton drops to nearly zero. At this concentration the
possibility for any kind of aggregation and intermolecular
interaction are negligible. To minimize the effect of atmo-
spheric water on H/D exchange, the fresh ampules of CD;0D
and CDCI; were used. The final methanol concentration was
kept at nearly 2.47 M, in 10% methanol : chloroform solution,
in order to ensure that the exchange phenomenon follows
pseudo-first order kinetics. A constant baseline correction was
applied with the line broadening window function of 1 Hz. The
intensities of NH peaks were measured relative to the integral
intensity of a non-exchanging and distinct signal of aromatic
proton. The integral intensity of the NH peak was normalized to
1 at zero time and the intensities of the peak at different times
were calibrated relative to this intensity. The change in the
integral intensity of NH peak as a function of time is graphically
represented in Fig. 7. From the graph, the slope of a nonlinear
least squares fit on the first order kinetics equation A(t) = A(0)
exp(—kt), the rate constants and their corresponding half-lives

Table 2 Measured magnitudes of 1"J,¢ for molecule 1 in solvents of
different polarities. The polarity increases on going from top to bottom
of the table

View Article Online
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were measured. The similar procedure was adopted for all the
molecules 1-4 (Table 3).

From the measured rate constants and the half-lives, it is
observed that the relative strengths of HB in the molecules
follow the order; OMe > F > Cl > H. This is also in agreement
with the temperature dependent change in chemical shift of NH
proton discussed in the earlier part of the manuscript.

Single crystal X-ray diffraction (XRD) analysis

One of the criteria set by IUPAC* for the existence of HB in
a molecule is the linearity of the (180°) Y-H---X bond angle. The
bond angle closer to this value causes shortening of the H---X
distance which ensures stronger HB. For measuring the bond
angles and bond lengths, the single crystal XRD structure was
obtained for the molecule 1 and is given in Fig. 8. The bond
angle and bond lengths obtained from XRD data are given in
Table 4 and compared with those obtained from DFT based
computations. The detailed discussion on the DFT calculations
is provided in the later part of the article. The structural
parameters derived from DFT are also reported in Table 4. The
bond angles and bond lengths thus derived agree with the
criteria for the existence of HB in the molecule.

Theoretical studies

The information obtained from NMR experiments was further
confirmed by DFT based theoretical computations. All the
molecular structures were optimised by Gaussian 09 suite,*
with a B3LYP/6-311+G(d,p) level of theory and default chloro-
form for solvation where integral equation formalism model
(IEFPCM) is the solvent model. The lowest energy molecular
structures were justified based on the positive harmonic vibra-
tional frequency values. From the coordination of the minimum
energy structures, the wave function files were generated and
used for Non-Covalent Interaction (NCI)** and Quantum Theory
of Atoms In Molecules (QTAIM)** studies.

The non-covalent interaction

The NCI is a powerful theoretical technique used for the visu-
alization of weak non-covalent interactions in the molecules,
such as steric repulsions, van der Waals interactions and the
HBs.”® This approach is based on the electron density and its
derivatives. The condition for the covalent and non-covalent
bonding regions is that there must be very large positive

Table 3 H/D exchange rate constants and half-lives of approximately
5 mM solution of molecules 1-4 in the solvent CDCls. The values were
calculated using the integral area of NH peaks in the *H NMR spectrum
of 10% CDsOD/CDCls samples

Solvent iy (Hz)
Toluene-dg (C;Dg) 17.45
Benzene-dg (C¢Ds) 17.39
Chloroform (CDCl;) 16.34
Pyridine-ds 8.99
DMSO-d, 5.45

32764 | RSC Adv., 2019, 9, 32759-32770

Substituent H/D exchange rate Halflife (¢1/,)
Molecule X) constant (k) (min~" (min)
1 F 6.4 x 1073 108.28
2 cl 7.46 x 107 92.89
3 OMe 4.82 x 1073 143.77
4 H 8.19 x 107° 84.61

This journal is © The Royal Society of Chemistry 2019
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Fig.7 The plot of integral intensity of the NH peak versus time (in min). The number in the inset refers to molecule; 1 for fluoro derivative, 2 for
chloro derivative, 3 for methoxy derivative and 4 for unsubstituted molecule.

gradient of the reduced density gradient (RDG), and the RDG
values have to be small, approaching to zero in the density tail,

respectively. There is always a correlation between the electron
density and the weak interactions in the corresponding regions.

The correlation values are negative for the HBs, positive for
steric interactions, whereas for van der Waals interactions they
are close to zero. RDGs are significantly important while
extracting the information on the weak molecular interactions,

Fig. 8 The structure of molecule 1 determined from a single-crystal XRD study with ORTEP view.

This journal is © The Royal Society of Chemistry 2019
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Table 4 Structural parameters obtained from the DFT calculations
and single crystal XRD studies. All the bond distances are in A and bond
angles are in degree

Parameter DFT XRD
NH:--F 1.909 1.887
N-H 1.011 0.857
N---F 2.732 1.991
<N-H:---F 136.27 138.84
<C-F---H 101.32 99.89
O--H 2.154 2.226
<C=0---H 121.31 103.01

viz. the presence of dual HB in 1,4-bis-(3-hydroxy-4-oxo-4H-
chromen-2-yl)-benzene (bisflavonol) system is confirmed by
RDGs which was observed experimentally.* The calculated grid
points are plotted for a defined real space function, with
sin(2,(r))p(r) as function 1 and the reduced density gradient
(RDG) as function 2 using the Multiwfn** program for all the
molecules. Using these grid points, coloured filled isosurfaces
have also been plotted by using VMD program.*® The plot of
sin(2,(r))p(r) vs. RDG, and the coloured isosurfaces are given in

Fig. 9(B).

QTAIM calculations

In order to study the electron density of the system, QTAIM can
be used as a powerful tool. In topology analysis, critical points
(CPs) are defined as the points at which the gradient norm of
electron density goes to zero (except at infinity).**° Among all
four CPs, the electron density at (3, —1) is known as the bond
critical point (BCP). BCP arises whenever there is an attractive
interaction between two atoms. Bond path (BP), which passes
through the BCP, indicates the presence of bond between
atoms. The molecular models depicting the BCP and BP are
reported in Fig. 10. From the information on the sign of the
Laplacian of electron density (A* x p(r)) values and the electron
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density (p(r)), the bond type and bond strength are determined.
Therefore, for all the investigated molecules, the magnitude of
electron density and the Laplacian electron density at the (3,
—1) BCPs were determined and compiled in Table 5. It is clear
from the table that the Laplacian of electron density is positive,
which provides the evidence for the HB type of interactions. The
theoretically calculated energies of HB (Eyg) show that the HBs
in the present study are relatively stronger compared to the
previously studied molecules. This is also reflected in the
experimental data during titration study and the spectra in the
solvent DMSO-ds.

Experimental

The "H{"*C} NMR spectra for all the compounds and the DMSO
titration experiments were obtained on the 500 MHz NMR
spectrometer. All the "H{"°F}, CDCl, titration, variable temper-
ature studies and "H-"’F-HOESY experiments were carried out
on 400 MHz NMR spectrometer. The 2D 'H-"C and 'H-"N
HSQC correlation experiments were performed on the 800 MHz
NMR spectrometer. For all the synthesized molecules, analysis
of molecular mass has been carried out by using electrospray
ionization mass spectrometry (ESI-HRMS). XRD data were
collected on an oil coated crystal using an Oxford Xcalibur
diffractometer with an Eos detector and a Mova microsource
(Mo-Ke. radiation, A = 0.71073 A) equipped with an Oxford
Cobra open stream non-liquid nitrogen cooling device in the w-
scan mode at 100(2) K. The structure was solved by direct
methods in Shelx-2014 ** and refined by full-matrix least
squares methods against F* (XD2015).%?

General procedure for synthesis

The molecules were synthesized using (R)-(+)-1,1’-binaphthyl-
2,2'-diamine and benzoyl chlorides of interest with desired
substitution on ortho position. The (R)-(+)-1,1"-binaphthyl-2,2'-
diamine and benzoyl chlorides of high purity were purchased

(B)

0.050

(A) The plot of sin(A,(r)p(r) as function 1 vs. the RDG as function 2, and (B) coloured isosurface plot (green colour denotes weak HB and red

colour stands for steric effect) for molecule 1. The plots for the remaining molecules, 2—4, are given in the ESI.+
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Fig. 10 The visualization of BCPs and bond paths of HB for molecule 1 plotted using Multiwfn software. Dots represent the CPs and thin bars

represent the HB interactions.

Table 5 Electron density (p(r)) and Laplacian of electron density (A2p(r)) at different BCPs of type (3, —1) for (X---HN) HBs and the energy of
particular HBs calculated on the basis of potential energy density (V(r)) are listed. The calculations were done using a default solvation medium of

chloroform
Electron Laplacian of Theoretically Experimental
HB type density electron Energy of HB (Eyg) (kcal calculated value x in the solvent
Molecule (X---HN) (p(r)) (a.u.) density (A% x p(r)) mol™) value of oxy (ppm)  of dyy (ppm) CDCl;
1 F---HN  0.0253 0.1074 —7.0029 8.27 8.35 —89.33
COHC 0.0201 0.0753 —4.3731 8.46 8.96
2 Cl---HN 0.0407 0.1419 —12.175 14.59 7.97 —89.91
CO---HC 0.0307 0.1477 —8.5565 8.46 8.75
3 MeO:---  0.0405 0.1594 —12.584 10.05 9.68 —87.52
HN
CO---HC 0.0181 0.0721 —4.0159 7.75 9.07
4 H---HN 0.0189 0.0634 —3.5621 10.39 7.8 —88.63
CO---HC 0.0301 0.1389 —8.1036 8.11 8.09

and used as received. The AR grade solvents n-hexane (CgHyy),
chloroform (CHCl;), n-pentane (CsH;,), dichloromethane
(CH,Cl,) and HPLC grade methanol (CH;OH) were used for the
purification.

200 mg of (R)-(+)-1,1-binaphthyl-2,2’-diamine and the
benzoyl chloride of interest were taken in a 1 : 2.2 molar ratio in
a silica crucible and mixed using a spatula. The resulting
mixture was exposed to microwave irradiation at 450 W for
5 min. The reaction mixture was monitored using TLC after
completion. For further purification the obtained product was
passed through a column loaded with neutral alumina (Al,O;)
using a mixture of the solvents n-hexane and chloroform. The
gradient of the solvent was varied from 5% to 30% chloroform
with the gradual increments. The obtained product was

This journal is © The Royal Society of Chemistry 2019

crystallized using methanol (CH;OH) and dichloromethane
(CH,Cl,) in a 2 : 1 ratio.

Conclusions

The various one- and two-dimensional NMR experiments
provided unambiguous evidence for the presence of intra-
molecular HBs in all the molecules and their relative strengths
of substituted molecules follow the trend OMe > F > Cl > H. The
studies also discarded the possibility of intermolecular HB and
aggregation. In fluorinated derivative the two dimensional
'"H-'F HOESY experiment established the spatial proximity
and provided direct and explicit evidence for the participation
of organic fluorine in intramolecular HBs. Interestingly the HB

RSC Adv., 2019, 9, 32759-32770 | 32767
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in this molecule is very strong and is unbreakable even in high
polarity solvent like DMSO, which is attributed to the structural
constraint preventing the solvation of HB. The H/D exchange
rates and the half-lives provided the qualitative information on
the relative strengths of HBs. The NMR findings were ratified by
DFT based computations. The single crystal-XRD structure
provided insight into the structure and geometry of molecules
and concurred with the NMR findings about the conditions for
existence of intramolecular HBs. We envisage that this type of
unusual behaviour of HB in highly polar solvent like DMSO-de
might help in understanding the structural constraints in
biomolecules, supramolecules, and foldamers.
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