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l for determination of
enantiopurity of amines using BINOL derivatives as
chiral solvating agents via 1H- and 19F-NMR
spectroscopic analysis†

Pooja Chaudhary,a Geeta Devi Yadavb and Surendra Singh *a

A rapid and simple protocol for the determination of enantiopurity of primary and secondary amines was

developed by using (S)-BINOL/(S)-BINOL derivatives/(R)-1,10-binaphthyl-2,20-diyl hydrogenphosphate as

chiral solvating agents via 1H- and 19F-NMR spectroscopic analysis. In this protocol, the analyte and

chiral solvating agent were directly mixed in an NMR tube in chloroform-d and after shaking for 30

seconds the 1H- and 19F-NMR spectra were recorded, which affords well-resolved resonance peaks for

both the enantiomers present in an analyte. The enantiomeric excess of 1,2-diphenylethylenediamine

was determined and linear relationship with coefficient of R2 ¼ 0.9995 was observed. The binding

constant and associated DG values were also calculated for diastereomeric complexes formed between

both the enantiomers of analyte 5 with CSA (S)-3a by using UV-visible spectroscopy.
Introduction

Extraordinary development in asymmetric synthesis provided
easy entrance to various classes of chiral compounds. Chiral
compounds are important building blocks in the biochemistry
and pharmaceutical industry. Therefore, the enantiodiffer-
entiation and awareness of enantiomeric excess are extremely
essential in several areas such as catalysis, pharmacology,
asymmetric synthesis, and biochemistry.1–5 Among all organic
compounds used in the pharmaceutical industry, chiral amines
are in high demand because of their application as chiral
building blocks in drug discovery and their broad range of
biological activities.6,7 The most extensively used methods to
determine the enantiopurity of chiral compounds are circular
dichroism (CD), optical rotation, high-performance liquid
chromatography (HPLC), and gas chromatography (GC).8–13 The
measurement of optical purity by optical rotation and circular
dichroism (CD) is easy and inexpensive but the results obtained
are dependent on various parameters like amount, tempera-
ture, solvent, and the presence of impurities in the sample.
HPLC and GC provided the accurate measurement of enantio-
meric purity of chiral compounds but they required expensive
chiral columns and HPLC solvents.
i, Delhi-110007, India. E-mail: ssingh1@
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mation (ESI) available. See
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The fast HPLC methods14,15 and supercritical uid chroma-
tography (SFC)16 already reported as efficient techniques for
rapid enantiopurity determination of chiral compounds but it
has been always in demand to develop a simple and rapid
protocol to determine the enantiopurity and absolute congu-
ration of synthesized chiral products. In the last few decades,
the measurement of enantiomeric excess by nuclear magnetic
resonance (NMR) spectroscopy has already been reported as
a rapid and reliable protocol in the literature.17–37 The deter-
mination of enantiopurity via NMR spectroscopy required the
presence of a chiral auxiliary to convert the enantiomers into
diastereomers. The most commonly used chiral auxiliaries are
chiral solvating agents {CSAs like tyrosine-modied pillar[5]
arenes, R-VAPOL-phosphoric acid, organic-soluble acids,
benzene tricarboxamide-based hydrogelators, BINOL phos-
phoric acid, Kagan's amides, roof-shape amines, BINOL and its
derivatives},17–31 chiral derivatizing agents {CDAs like D-
[Ir(ppy)2(MeCN)2](PF6) (ppy is 2-phenylpyridine), a-methoxy-a-
phenylacetic acid (MPA), a-methoxy-a-triuoromethylphenyl-
acetic acid (MTPA) and BINOL},31–36 chiral lanthanide shi
reagents {CLSRs like [Eu(tfc)3], [Eu(hfc)3], [Sm(tfc)3], and [(R)-
Pr(tfc)3]}.37–39 Among all the chiral auxiliaries reported for NMR
chiral recognition, BINOL and its derivatives represent a useful
auxiliary because of their direct utilization as a CSA. The BINOL
and its derivatives are reported as a chiral solvating agent for
NMR enantiodifferentiation of amines,26 promethazine,27 alka-
loid crispine A,28 isoavones,40 sulnimines,41 omeprazole,42

and avones.43

The nature of solvent is also important for this type of chiral
analysis because the anisochrony observed between
RSC Adv., 2022, 12, 25457–25464 | 25457
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diastereomeric host–guest complexes is preeminent in non-
polar deuterated solvents like CCl4, CDCl3, and C6D6. While
polar solvents like acetonitrile-d3, acetone-d6, and methanol-d4
preferentially solvate the analyte (guest) and the enantiodiffer-
entiation (DdR/S) of analyte falls to zero.44 This explains the
importance of intermolecular hydrogen bond formation
between CSA and analyte to form the diastereomeric complexes.

Bull and James reported the enantiopurity determination of
amine 5 using (R)-BINOL as an effective chiral derivatizing
agent with 2-formylphenylboronic acid. In that case, chiral
BINOL undergoes the enantiodifferentiation of amine 5 by
forming diastereomeric iminoboronate ester complexes via
covalent (strong) interactions.35 The chemical shi difference
value obtained with Bull and James protocol is higher but it is
Fig. 1 The (S)-BINOL (1), 3,30-disubstituted (S)-BINOLs (2 and 3a–d)
and (R)-1,10-binaphthyl-2,20-diyl hydrogenphosphate (4) as a chiral
solvating agents (CSAs) (red colour) and different types of amines as
analytes (blue colour).

Scheme 1 Synthesis of 3,30-disubstituted (S)-BINOLs (2 and 3a–d) from

25458 | RSC Adv., 2022, 12, 25457–25464
not easy to recovered and purify the BINOL from the system for
reusing it in next experiment.

In this manuscript, we report a complete assessment of the
effectiveness of (S)-BINOL (1), 3,30-disubstituted (S)-BINOLs (2
and 3a–d), and (R)-1,10-binaphthyl-2,20-diyl hydrogenphosphate
(4) as chiral solvating agents for the enantiodifferentiation of
various types of amines (5-11) via 1H- and 19F-NMR spectro-
scopic analysis (Fig. 1). In this protocol, the enantiodiffer-
entiation of amine 5 is based on the principle that enantiomers
of amine 5 (guest) complexed with CSA (S)-3a (host) through
non-covalent (weak) interactions30 such as hydrogen bonding,
p–p interactions to form two diastereomeric host–guest
complexes, as a result different chemical shi values observed
for both the enantiomers of amine 5 in 1H-NMR spectrum.
Herein, the chiral solvating agent (S)-3a can be easily puried by
column chromatography and reused for the next experiments.
Results and discussion

The 3,30-disubstituted (S)-BINOLs (2 and 3a–d) were synthesized
from (S)-BINOL (>99% ee) according to Scheme 1. The hydroxy
group of (S)-BINOL was protected as methoxymethyl (MOM)
ether using sodium hydride and methoxymethyl chloride by
following the reported procedure.45 The direct ortho-lithiation of
MOM-protected (S)-BINOL (12) using n-BuLi followed by
quenching with iodine afforded the 3,30-diiodo substituted
MOM-protected (S)-BINOL (13) in 75% yield.46 The Suzuki
coupling reaction of diiodide (13) with various boronic acids
such as phenylboronic acid, ortho-tolylboronic acid, para-tol-
ylboronic acid, and 2,4,6-trimethylphenylboronic acid, cata-
lyzed by Pd(PPh3)4, afforded the corresponding 3,30-
disubstituted MOM-protected (S)-BINOLs (14a–d) in 76–85%
yields.47 Further, deprotection of 3,30-disubstituted MOM-
protected (S)-BINOLs (14a–d) under acidic conditions afforded
the 3,3-disubstituted (S)-BINOLs (3a–d) in 96–98% yields.48 3,30-
Diiodo (S)-BINOL (2) was also obtained in 98% yield aer
(S)-BINOL (1).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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deprotection of 3,30-diiodo MOM-protected (S)-BINOL (13)
under acidic conditions.48 All of the reported 3,30-disubstituted
(S)-BINOLs (2, 3a–d) were characterized by 1H- and 13C-NMR
spectroscopy. The optical purity of these 3,30-disubstituted (S)-
BINOLs was conrmed by comparing their optical rotation
values with the reported literature.49

The enantiopure amine 5 is a valuable chiral source for the
synthesis of chiral ligands and organocatalysts.50–52 The enan-
tiopurity of chiral amine 5 can be determined by HPLC aer its
derivatization but it takes a lot of time, whereas by using this
protocol it can be determined in ve minutes (including the
sample preparation time). Initially, enantiodifferentiation of
rac-5 was carried by using 0.1 mmol of MOM-protected (S)-
BINOL (12)/3,30-diiodo-MOM-protected (S)-BINOL (13) in 0.6 mL
chloroform-d at 25 �C. In the absence of CSAs, the CH resonance
Table 1 Screening of various chiral solvating agents (CSAs) to deter-
mine the enantiodifferentiation of rac-5a

Entry (CSAs) Chemical shi difference (DdR/S)b (ppm)

1 (S)-12 No resol.
2 (S)-13 No resol.
3 (S)-1 0.02
4 (S)-2 0.03
5 (S)-3a 0.06
6 (S)-3b 0.03
7 (S)-3c 0.04
8 (S)-3d 0.02

a In NMR tube, the CSAs (0.1 mmol) and rac-5 (0.05 mmol) were
dissolved in chloroform-d (0.6 mL) and aer shaking the NMR tube
for 30 seconds, 1H-NMR spectrum was recorded on a 400 MHz NMR
spectrometer at 25 �C. b Calculated from the 1H-NMR spectrum.

Fig. 2 Partial stacked plot of 1H-NMR spectrum (400MHz, CDCl3) of (a) n
(e) rac-5with (S)-3d, (f) rac-5with (S)-2, (g) rac-5with (S)-3b, (h) rac-5wit
resonances of rac-5 are highlighted in wine red colour box.

© 2022 The Author(s). Published by the Royal Society of Chemistry
of rac-5 appeared at d ¼ 4.10 ppm (singlet signal) and with
MOM-protected (S)-BINOLs 12 and 13 no change was observed
in singlet signal of rac-5, this may be due to the absence of
hydrogen bonding interaction between CSAs (12 and 13) and
analyte 5 (Table 1, entries 1 and 2 and Fig. 2). Later, the (S)-
BINOL and its derivatives 1, 2, and 3a–d were tested as CSAs and
it was observed that the singlet signal for CH proton of rac-5
split into two discrete resonance peaks with a chemical shi
difference (DdR/S) values of 0.02 to 0.06 ppm (Table 1, entries 3–8
and Fig. 2). This may be due to intermolecular hydrogen bond
formation between OH and NH2 groups of (S)-BINOLs and rac-5,
respectively. It was also observed that the proton signal for OH
group of (S)-BINOLs was upeld shied while for NH2 group of
rac-5 downeld shied and merged as a broad singlet signal,
which also conrms the intermolecular hydrogen bonding
interactions between (S)-BINOLs and rac-5.53

The maximum enantiodifferentiation observed with (S)-3a,
indicates the stronger hydrogen bonding interactions between
NH2 and OH group of rac-5 and (S)-3a, respectively. The better
results obtained with (S)-3a as compared to other 3,30-disub-
stituted (S)-BINOLs may be due to extra stabilization of
hydrogen bonding interactions by p–p stacking interactions
between phenyl rings of rac-5 and (S)-3a. While for other 3,30-
disubstituted (S)-BINOLs (2 and 3b–d), no p–p stacking inter-
actions possible due to the presence of bulky methyl group(s) on
phenyl ring and iodide group on these BINOLs. These results
reveal that the chemical shi difference (DdR/S) value is depen-
dent on optimal host–guest complexation, which arise from the
appropriate substitution in the chiral solvating agents (CSAs).

Aer assessing the various chiral solvating agents (CSAs), the
typical experiments were conducted to optimize the amounts of
(S)-3a and rac-5. 1H-NMR spectra of rac-5 (0.05 mmol) were
eat rac-5, (b) rac-5with (S)-12, (c) rac-5with (S)-13, (d) rac-5with (S)-1,
h (S)-3c, and (i) rac-5with (S)-3a in 0.6mL of chloroform-d at 25 �C. CH

RSC Adv., 2022, 12, 25457–25464 | 25459
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Table 2 Optimization of amounts of (S)-3a and rac-5a

Entry
Amount of (S)-3a
(mmol)

Amount of rac-5
(mmol) (DdR/S)b (ppm)

1 0.0125 0.05 0.02
2 0.025 0.05 0.03
3 0.05 0.05 0.04
4 0.1 0.05 0.06
5 0.1 0.0125 0.06
6 0.1 0.025 0.06
7 0.1 0.1 0.06

a In NMR tube, the CSA (S)-3a (0.0125–0.1 mmol) and rac-5 (0.0125–0.1
mmol) were dissolved in chloroform-d (0.6 mL) and aer shaking the
NMR tube for 30 seconds, 1H-NMR spectrum was recorded on a 400
MHz NMR spectrometer at 25 �C. b Calculated from the 1H-NMR
spectrum.

Fig. 3 Partial stacked plot of 1H-NMR spectrum (400 MHz, CDCl3) of
rac-5 (0.05 mmol) with (S)-3a (0.1 mmol) at variable temperatures in
chloroform-d (0.6 mL). CH1, CH2, and CH3 resonances are highlighted
in wine red colour box.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 7
:2

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
recorded in 0.6 mL of chloroform-d by gradually increasing the
amount of (S)-3a as a chiral solvating agent (Table 2, entries 1–4
and see ESI, Fig. 1A†). The amount of (S)-3a was varied from
0.0125 mmol to 0.1 mmol with xed amount (0.05 mmol) of rac-
5 and 0.1 mmol was found to be sufficient amount to get the
clear baseline separation (DdR/S ¼ 0.06 ppm) of CH resonance of
rac-5. Experiments were also conducted by varying the amount
of rac-5 from 0.0125 mmol to 0.1 mmol with xed amount (0.1
mmol) of (S)-3a (Table 2, entries 4–7 and see ESI, Fig. 1B†). The
0.05 mmol of rac-5 and 0.1 mmol of (S)-3a in 0.6 mL of chlo-
roform-d was found to be the optimum amounts to get a clear
baseline separation of CH resonance of rac-5. Fig. 2 (ESI†) shows
that, as the amount of rac-5 is increased from 0.0125 mmol to
0.1 mmol then observed broad singlet signal is upeld shied
from d ¼ 4.35 to 2.94 ppm. This clearly conrm the intra-
molecular hydrogen bond formation between OH and NH2

groups of (S)-3a and rac-5, respectively.
To know the effect of temperature on enantiodifferentiation

of 1,2-diphenylethylenediamine (5) using (S)-3a as a chiral
solvating agent, the 1H-NMR experiments were conducted at
variable temperature (VT) in 0.6 mL of chloroform-d. The
Table 3 To study the effects of variable temperature (VT) on magni-
tude of DdR/S of rac-5a

Entry Temp. (�C)

Chemical shi difference
(DdR/S)b (ppm)

CH1 CH2

1 �50 0.52 0.15
2 �40 0.40 0.11
3 �20 0.19 0.05
4 �10 0.14 No resol.
5 0 0.11 No resol.
6 10 0.09 No resol.
7 25 0.06 No resol.

a In NMR tube, the CSA (S)-3a (0.1 mmol) and rac-5 (0.05 mmol) were
dissolved in chloroform-d (0.6 mL) and aer shaking the NMR tube
for 30 seconds, 1H-NMR spectrum was recorded on a 400 MHz NMR
spectrometer at variable temperatures. b Calculated from the 1H-NMR
spectrum.

25460 | RSC Adv., 2022, 12, 25457–25464
temperature was varied from 25 to �50 �C and at �50 �C very
high chemical shi difference value (DdR/S ¼ 0.52 ppm) was
observed for CH1 resonance of rac-5, because at low tempera-
ture the two enantiomers of 1,2-diphenylethylenediamine (5)
reside in different local chemical environment for a longer time.
At this temperature, even the aromatic proton signals for CH2

and CH3 of rac-5 were also split into two distinct resonance
peaks. The clear baseline separation was observed for CH2

resonance at �40 �C (DdR/S ¼ 0.11 ppm) and �50 �C (DdR/S ¼
0.15 ppm) but CH3 resonance was overlapped in the aromatic
1H-NMR region of (S)-3a (Table 3, and Fig. 3).

The reliability of the proposed protocol was evaluated by
performing the experiments to measure the enantiomeric
excess of 1,2-diphenylethylenediamine (5). The six different
scalemic mixtures of enantiopure (1R,2R) and (1S,2S)-1,2-
diphenylethylenediamine (5) (0.05 mmol) were prepared and
their enantiomeric excess was determined by using (S)-3a (0.1
mmol) as a CSA in chloroform-d (0.6 mL) at 25 �C. The enan-
tiomeric excess was calculated by integrating the CH resonance
peaks observed for each of the enantiomers of 1,2-diphenyle-
thylenediamine (5) from their respective 1H-NMR spectrum
(Fig. 4A). A linear relationship with a coefficient of R2 ¼ 0.9995
was observed between the theoretically calculated ee values and
the ee values determined by 1H-NMR spectra (Fig. 4B). These
outcomes indicate, (S)-3a is an effective chiral solvating agent to
determine the enantiomeric excess of 1,2-diphenylethylenedi-
amine (5).

UV-visible spectroscopy is one of the best technique to study
the extent of binding between both the enantiomers of analyte
with CSA due to its easy handling and high sensitivity. Herein,
we determine the binding constant for both the enantiomers of
analyte 5 with CSA (S)-3a. Initially, the absorbance was
measured for free CSA (S)-3a and then optically pure form of
both the enantiomers of analyte 5 was added separately to get
a two sets of readings. With the increase in equivalent of
enantiomerically pure analyte 5, the absorption intensity was
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Partial stacked plot of 1H-NMR spectrum (400MHz, CDCl3) for the CH resonance of 5 for six scalemic mixtures of enantiopure (1R,2R/
1S,2S)-1,2-diphenylethylenediamine (5) with (S)-3a in 0.6 mL chloroform-d at 25 �C. (B) Linear relationship between theoretically determined ee
values and the ee values determined by 1H-NMR spectra.

Table 4 The binding constant (K) and associated DG values for dia-
stereomeric complexes formed between both the enantiomers of
analyte 5 with CSA (S)-3aa

Substrate K (L mol�1)
DG
(kJ mol�1)

(R)-5 617.28 �15.91
(S)-5 900.90 �16.85

a
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also increased, which indicates the formation of diastereomeric
host guest complex (see ESI, Fig. 3 and 4†). The change in the
absorption intensity for both the enantiomers of analyte 5,
indicate their different extent of binding with CSA (S)-3a. A
graph was plotted between the change in absorbance (DA) and
the analyte concentration (C). The plot of 1/[DA] versus 1/[C]
gives a straight line with correlation coefficients (R2) 0.99925
and 0.99743 for R and S enantiomers respectively (see ESI,
Fig. 5†). The binding constants (KR and KS) for analyte 5 were
calculated from the slope of the plot using modied Benesi–
Hildebrand equation given below:25

1

A� A0

¼ 1

Ka

� 1

C
þ I

where A0 is the absorbance of free CSA (S)-3a and A is the
absorbance aer addition of enantiomerically pure analyte 5 at
concentration C.

The Gibbs free energy (DG) for diastereomeric complexes
formed between CSA (S)-3a and both the enantiomer of analyte
5 were calculated from the binding constant (KR/KS) using
following equation:

DG ¼ �RT ln K

The calculated binding constant and DG values for diaste-
reomeric complexes formed between both the enantiomers of
analyte 5 with CSA (S)-3a are summarized in Table 4.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The results in Table 4 shows that the KS value is more
compared to KR value for analyte 5, which conclude that CSA (S)-
3a form stronger diastereomeric complex with (S)-5 compared
to (R)-5 enantiomer.

The NMR enantiodifferentiation of rac-2-amino-3-
phenylpropan-1-ol (6) (0.025 mmol) with 0.1 mmol of CSAs 1,
and 3a–d was evaluated in 0.6 mL of chloroform-d at 25 �C. The
multiplet signal that appeared at 3.11 ppm for CH resonance of
rac-6 was separated into two distinct resonance peaks with
a DdR/S value of 0.09 ppm in the presence of (S)-BINOL (1) (Table
5 and see ESI, Fig. 6†). The 1H-nuclei nearby to the amine group
shows signicant shielding due to the hydrogen bond forma-
tion between NH2 and OH group of analyte 6 and two OH group
of (S)-BINOL (1) and the diastereomeric host guest complexes
were formed between (S)-BINOL (1) and two enantiomers of
analyte 6. No clear baseline separation was observed for the CH
signal of analyte 6, if 3,3-disubstituted (S)-BINOLs (3a–d) were
Calculated from equation DG ¼ �RT ln K, where R ¼
0.008314 kJ mol�1 K�1, T ¼ 298.15 K.

RSC Adv., 2022, 12, 25457–25464 | 25461
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Table 5 Screening of various chiral solvating agents (CSAs) to deter-
mine the enantiodifferentiation of rac-6a

Entry Chiral solvating agents (CSAs) (DdR/S)b (ppm)

1 (S)-1 0.09
2 (S)-3a 0.06
3 (S)-3b 0.05
4 (S)-3c 0.05
5 (S)-3d No resol.

a In NMR tube, the CSAs (0.1 mmol) and rac-6 (0.025 mmol) were
dissolved in chloroform-d (0.6 mL) and aer shaking the NMR tube
for 30 seconds, 1H-NMR spectrum was recorded on a 400 MHz NMR
spectrometer at 25 �C. b Calculated from the 1H-NMR spectrum.

Table 7 Optimization of molar ratio of (R)-4 and rac-8a

Entry
Amount of rac-8
(mmol)

(DdR/S)b (ppm)

CH Ar-CH3 CH3

1 0.0125 No resol. 0.04 0.04
2 0.025 No resol. 0.05 0.05
3 0.05 No resol. 0.05 0.06
4 0.1 0.16 0.13 0.09
5 0.2 0.09 0.06 0.05

a In NMR tube, the CSA (R)-4 (0.1 mmol) and rac-8 (0.0125–0.2 mmol)
were dissolved in chloroform-d (0.6 mL) and aer shaking the NMR
tube for 30 seconds, 1H-NMR spectrum was recorded on a 400 MHz
NMR spectrometer at 25 �C. b Calculated from the 1H-NMR spectrum.
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used as chiral solvating agents. This may be due to the steric
repulsion exhibited by bulky substituents attached at 3,30-
position of (S)-BINOL to form the hydrogen bond between
analyte 6 and CSAs. Therefore, (S)-BINOL (1) was found to be the
effective chiral solvating agent for the NMR enantiodiffer-
entiation of analyte 6.

The effects of change in molar ratios of (S)-BINOL (1) and
analyte 6, were also studied for enantiodifferentiation of analyte
6. With a xed amount (0.1 mmol) of (S)-BINOL (1), the NMR
experiments were performed by varying the amount of analyte 6
from 0.0125 mmol to 0.125 mmol (Table 6, entries 1–6, and see
ESI, Fig. 7†). With 0.0125 mmol of analyte 6, the maximum
enantiodifferentiation (DdR/S ¼ 0.09 ppm) was observed but the
integration of resolved peaks for CH protons was found to be
unequal. Aer then the amount of analyte 6 was increased from
0.0125 mmol to 0.125 mmol and best baseline separation and
integration of resolved peaks for CH resonance was observed at
0.025 mmol of analyte 6. Hence, 0.1 mmol of (S)-BINOL (1) and
0.025 mmol of analyte 6 in 0.6 mL of chloroform-d were found
to be the optimum condition to get the clear baseline separation
for CH resonance of analyte 6.

We have also screened the (S)-BINOL derived chiral solvating
agents to determine the enantiodifferentiation of secondary
amines (7–11) and none of the BINOL derivatives showed
separation of CH proton signals for secondary amines (see ESI,
Fig. 8†). The (R)-1,10-binaphthyl-2,20-diyl hydrogenphosphate (4)
undergoes a neutralization reaction with chiral amines and
Table 6 Optimization of molar ratio of (S)-BINOL (1) and rac-6a

Entry Amount of rac-6 (mmol) (DdR/S)b (ppm)

1 0.0125 0.09
2 0.025 0.09
3 0.05 0.08
4 0.075 0.07
5 0.1 0.07
6 0.125 0.06

a In NMR tube, the (S)-BINOL (1) (0.1 mmol) and rac-6 (0.0125–0.125
mmol) were dissolved in chloroform-d (0.6 mL) and aer shaking the
NMR tube for 30 seconds, 1H-NMR spectrum was recorded on a 400
MHz NMR spectrometer at 25 �C. b Calculated from the 1H-NMR
spectrum.

25462 | RSC Adv., 2022, 12, 25457–25464
forms an ion-pair in chloroform-d, resulted in the separation of
proton signals of analyte 7–11.19,54 Initially, we optimized the
molar ratio of CSA 4 and analyte 8 to get a good enantiodiffer-
entiation of secondary amines. With the xed amount of CSA 4
(0.1 mmol), the amounts of analyte 8 were varied from
0.0125 mmol to 0.2 mmol (Table 7, entries 1–5, and see ESI,
Fig. 9†) and results show that 0.1 mmol of CSA 4 and 0.1 mmol
of analyte 8 was found to be optimal amount to get the clear
baseline separation in analyte 8. At this molar ratio, the
maximum baseline separation for the CH3 (Dd

R/S ¼ 0.09 ppm),
aromatic CH3 (DdR/S ¼ 0.13 ppm) and CH (DdR/S ¼ 0.16 ppm)
resonance of analyte 8 were observed (Table 7, entry 4). With
a decrease in the amount of rac-8, the overlapping of CH and
CH2 resonances were observed and also the DdR/S values of CH3

and aromatic CH3 resonances were lowered. If we increased the
amount of rac-8 from 0.1 mmol to 0.2 mmol, the decreased in
DdR/S value was observed. Hence, it is essential to nd the
optimum amounts of CSAs and analytes to accomplish a good
splitting of signals and to avoid overlapping of signals.

To know the generality of this protocol, the enantiodiffer-
entiation of different secondary amines (7–11) (0.1 mmol) was
investigated using (R)-1,10-binaphthyl-2,20-diyl hydro-
genphosphate (4) (0.1 mmol) as a chiral solvating agent in
0.6 mL of chloroform-d at 25 �C. 1H-, 13C-, and 19F-NMR spectra
Scheme 2 The chemical shift difference (DdR/S) values of clearly
baseline resolved proton (red), carbon (blue), and fluorine (pink) signals
of secondary amines (7–11).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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recorded for secondary amines are given in ESI (see ESI, Fig. 10–
21†). The DdR/S values of clear baseline resolved proton, carbon,
and uorine signals of secondary amines (7–11) are given in
Scheme 2. As shown in 1H-NMR spectrum (see ESI, Fig. 10†) of
analyte 7, the overlapping of CH and CH2 resonances create
inaccuracy in integrating the two distinct resonance peaks ob-
tained for CH and CH2 protons which led to inaccurate deter-
mination of enantiopurity of amines via 1H-NMR spectroscopy.

In that case, the 13C- and 19F-NMR spectroscopy plays
a crucial role to determine the enantiopurity of amines. The 13C-
and 19F-NMR spectra were also recorded for secondary amines
at 25 �C. The 19F-NMR spectroscopy is also benecial due to its
100% natural abundance and 83% signal sensitivity relative to
1H-NMR spectroscopy and better separation of the signal due to
less number of nuclei present in the analyte.55 In this study, two
examples of uorine containing analytes (10 and 11) are
included. The analyte 10 (DdR/S ¼ 0.14 ppm) shows more split-
ting of a signal as compared to analyte 11, which is having CF3
group (DdR/S ¼ 0.03 ppm) (see ESI, Fig. 18 and 21†).

Experimental
General procedure for NMR sample preparation

The analyte (0.0125–0.2 mmol) and chiral solvating agent
(0.0125–0.1 mmol) were directly mixed in an NMR tube and
dissolved in chloroform-d (0.6 mL). Aer shaking the NMR tube
for 30 seconds, 1H-, 13C-, and 19F-NMR spectra were recorded on
a 400 MHz NMR spectrometer at 25 �C and well-resolved reso-
nance peaks were observed for both the enantiomers present in
an analyte. The enantiopurity was calculated by integrating the
resonance peaks observed for each of the enantiomers of an
analyte from their respective 1H, 13C-, and 19F-NMR spectra.

Conclusions

In summary, a simple and fast protocol for enantiopurity
determination of different types of amines (analytes) is
described here via 1H- and 19F-NMR spectroscopy (for uori-
nated analytes) in chloroform-d at 25 �C. (S)-3a, having phenyl
group at 3,30 positions act as a better CSA for NMR enantio-
differentiation of 1,2-diphenylethylenediamine while simple
(S)-BINOL (1) shows better enantiodifferentiation for rac-2-
amino-3-phenylpropan-1-ol. (R)-1,10-Binaphthyl-2,20-diyl hydro-
genphosphate (4) acts as an effective chiral solvating agent for
NMR enantiodifferentiation of different secondary amines. The
enantiopurity of analyte 5 was determined and linear relation-
ship with coefficient of R2 ¼ 0.9995 was observed. Using UV-
visible spectroscopy, the binding constant and associated DG
values were also calculated for diastereomeric complexes
formed between both the enantiomers of analyte 5 with CSA (S)-
3a. This protocol is very efficient and less time-consuming as
compared to the derivatization protocol.
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