
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 5
:5

2:
12

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Azaheterocyclic
aCollege of Chemistry and Chemical Enginee

Green Synthesis for Pharmaceuticals, Shangq

P. R. China. E-mail: juanzi409e@126.com;
bSchool of Pharmaceutical Sciences, Zhengzh

China
cSchool of Pharmaceutical Sciences, Sou

Wuhan, 430074, P. R. China. E-mail: xxlei@

† Electronic supplementary information
data, gures, and experimental details. Se

Cite this: RSC Adv., 2020, 10, 34605

Received 20th July 2020
Accepted 24th August 2020

DOI: 10.1039/d0ra06312f

rsc.li/rsc-advances

This journal is © The Royal Society o
diphenylmethanol chiral solvating
agents for the NMR chiral discrimination of alpha-
substituted carboxylic acids†
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A series of small-membered heterocycle probes, so-called azaheterocycle-containing diphenylmethanol

chiral solvating agents (CSAs), have been developed for NMR enantiodiscrimination. These chiral sensors

were readily synthesized were inexpensive and efficiently used for the chiral analysis of alpha-substituted

carboxylic acids. The sensing method was operationally simple and the processing was straightforward.

Notably, we propose (S)-aziridinyl diphenylmethanol as a promising CSA, which has excellent chiral

discriminating properties and offers multiple detectable possibilities pertaining to the 1H NMR signals of

diagnostic split protons (including 25 examples, up to 0.194 ppm, 77.6 Hz). Its ability to detect the

molecular recognition of fluorinated carboxylic acids were further investigated, with a good level of

discrimination via the 19F NMR spectroscopic analysis. In addition, an accurate enantiomeric excess (ee)

analysis of the p-methoxyl-mandelic acid with different optical compositions have been calculated

based on the integration of well-separated proton signals.
The detection and identication of chiral compounds have
attracted considerable scientic attention due to their indis-
pensable role in technological applications including pharma-
cology, biology, and modern chemistry for the last several
decades.1 So far, spectroscopic and chromatographic
approaches are generally utilized for the enantioselective
molecular recognition or quantitative analysis including
enantio-discrimination, measurement of enantiomeric excess
(ee) and assignment of absolute conguration.2 Among them,
the nuclear magnetic resonance (NMR) spectroscopy is one of
the most convenient, versatile, and routinely available analyt-
ical techniques because it provides structural information in
a multidimensional manner. For these NMR-based analytical
methods, the use of diastereomers prepared from chiral
solvating agents (CSAs) and guest compounds has become an
efficient and operationally simple analytical approach for chiral
discrimination.3 Compared with chiral derivatization agents
(CDAs), CSAs form two in situ-formed diastereomeric complexes
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with analytes via non-covalent interactions, which can be tested
immediately aer mixing, avoiding chiral derivatization in
advance. Over the last few decades, a number of CSAs have been
developed, such as coordinative unsaturated chiral lanthanide
or transition metal complexes,4 low molecular-weight synthetic
Brønsted acids/bases,5 and supramolecular receptors,6 to
generate anisochronous chemical shis. Furthermore, some of
them are obtained via synthesis and some from nature. It has
been reported that enantiopure compounds/complexes are
good NMR CSAs for the determination of the enantiomeric
purity of different chiral substrates including alcohols or 1,2-
diols, cyanohydrins, and hydroxy acids or amino acid deriva-
tives.7 Although several CSAs are commercially available, the
current methods possess several drawbacks such as line-
broadening, narrow substrate scope, poor solubility, and poor
resolution. Thus, the development of excellent CSAs with wide
applications of the 1H NMR chiral analysis is still highly
desirable.

Small-membered azaheterocycle derivatives have gained
a lot of interest among organic and medicinal chemists for the
synthesis of biological active nitrogen-containing compounds.
Now, 2-substituted aziridines or azetidines have been already
used as synthons for the synthesis of a wide range of
compounds in stereoselective transformations, such as highly
stereoselective addition or reduction, regioselective ring
expansion reaction, and nucleophilic ring-opening polymeri-
zation.8 Their broad utility has made these aziridine, azetidine,
RSC Adv., 2020, 10, 34605–34611 | 34605
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Fig. 1 Chiral aza-heterocycle-containing diphenylmethanols 1–4.
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and even pyrrolidine-based more specically optically pure
amino alcohols, a class of useful and attractive chiral ligands/
catalysts in a number of catalytic asymmetric transformations,
including the addition of transition metal-catalyzed and orga-
nocatalytic asymmetric processes.9 Among various N-heterocy-
clic amino alcohols, such as N-trityl aziridine carbinols,10

Ferrocenyl-substituted aziridinylalcohols,11 N-phenylethyl azir-
idine carbinols,12 N-substituted azetidino alcohols,13 and azeti-
dine-2-carboxamides,14 diphenylprolinols15 have received
considerable attention and have been successfully applied to
catalyze asymmetric reactions. Nevertheless, the literature
concerning the guests of chiral analysis using a small-
membered N-heterocyclic moiety and the study on enantiodis-
crimination in isotropic solutions by NMR techniques are still
not abundant. A few representative ones are the following:
Rachwalski et al. explored chiral aziridine-mediated imines to
evaluate their action as CSAs towards mandelic derivatives,16

and proline-derived diphenylprolinol had been successfully
developed as an effective CSA for the analysis of chiral carbox-
ylic acids.17 Therefore, the development of structurally simple
efficient receptors for the enantioselective recognition of
carboxylic acids is still highly desirable. Taking this fact into
account and basing on our experience in the eld of the
synthesis of a different class of CSAs for the determination of
enantiomer ratio, and the application of enantiodiscrimina-
tion.18 The suitably designed chiral heterocyclic amino alcohol
derivatives might be a good candidate because of the existence
of multiple H-bonding and the rigid ring of this candidate
compounds. Thus, we specically focus on the further appli-
cations of these 2-(diphenylhydroxy) azaheterocycles as chem-
ical probes for the discrimination of carboxylic acids and the
measurement of their ee 1H NMR spectroscopy.

The synthesis of chiral diphenylmethanol-containing N-
heterocyclic amino alcohols, in general, was accomplished from
commercially available methyl 1-aza-heterocycle-2-carboxylate
in a two-step synthesis (the general synthetic procedures are
illustrated in ESI Scheme S1†). Four molecular structures of aza-
heterocycle-containing diphenylmethanols 1–4 are shown in
Table 1 Effect of different aza-heterocycle-containing diphenylmethan

Entry
Aza-heterocycle-containing
diphenylmethanols

1 (S)-Aziridinyl diphenylmethanol 1
2 (S)-Azetidinyl diphenylmethanol 2
3 (S)-Pyrrolidinyl diphenylmethanol 3
4 (S)-Piperidinyl diphenylmethanol 4
5 (R)-Aziridinyl diphenylmethanol ent

a DDd ¼ chemical shi non-equivalences for a-H signals.

34606 | RSC Adv., 2020, 10, 34605–34611
Fig. 1; in principle, these compounds are suitable candidates
for H bonding receptors and they are oen used by chemists as
enantioselective catalysts in various reactions, and our nding
that they are useful CSAs extend their utility.

We conducted the initial exploratory study using racemic
analytes in chloroform-d as the most common solvent to
determine their abilities to split the signals in the NMR anal-
ysis, and explored the binding properties of chiral aza-
heterocycle-containing diphenylmethanols 1–4. The (S)-pyrro-
lidinyl diphenylmethanol 3 as CSA has been proved in our
previous study,17 we had found that the suitable stoichiometries
of the host–guest complex, the stoichiometric amounts of
racemic mandelic acid and (S)-pyrrolidinyl diphenylmethanol 3
molar ratio of 1 : 1 was nally utilized to carry the application
for the resolution of discrimination and measurement of
carboxylic acids. Thus, equimolar amounts of all of the chiral
aza-heterocycle-containing diphenylmethanols, relative to
(�)-3,5-diuoro mandelic acid (MA), were found to be sufficient
to discriminate between the corresponding enantiomers. The
comparing results of these experiments are shown in Table 1,
and their 1H NMR spectra show that the single peak of a-H has
particularly signicant splitting. The nonequivalent chemical
shi difference (DDd) of a-H in racemic 3,5-diuoro-MA was
calculated to be 0.194 ppm for (S)-aziridinyl diphenylmethanol
1, 0.046 ppm for (S)-azetidinyl diphenylmethanol 2, 0.050 ppm
for (S)-pyrrolidinyl diphenylmethanol 3 and 0.033 ppm for (S)-
piperidinyl diphenylmethanol 4 (Table 1, entries 1–4).
Compared with its higher homologues, such as pyrrolidine and
piperidine, aziridine and azetidine were seen as more suitable
for application as effective NMR discriminating agents for
mandelic acids (ESI Fig. S11–S14†). Interestingly, the signal
splitting was particularly signicant with (S)-aziridinyl diphe-
nylmethanol 1, achieving a value of 77.6 Hz (at 400 Hz) for
methine proton (CaH) signals. The preliminary results evi-
denced that CSA 1 can act as a more efficient chiral solvating
agent towards MA because of its rigid structure of the aziridine
ring. Enantiopure aziridinyl diphenylmethanol, i.e., ent-1 has
also explored its efficacy in binding with racemic 3,5-diuoro-
MA, a similar degree of splitting was obtained in the sepa-
rated peaks (0.184 ppm, Table 1, entry 5).

Having the most active (S)-aziridinyl diphenylmethanol 1 in
hand, to dene the binding interactions, NMR titration exper-
iments were performed. The effect of concentration on the
chemical shi differences (DDd) was examined by the gradual
addition of CSA 1 to a solution of (rac)-4-MeO-MA (Fig. 2).
ols as CSAs on the a-proton of racemic 3,5-difluoro-MA

Probe signal a-H DDda (ppm)

0.194
0.046
0.044
0.034

-1 0.184

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Part of the 1H NMR spectra of (rac)-4-MeO-MA in the presence
of different molar amounts of (S)-aziridinyl diphenylmethanol 1.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 5
:5

2:
12

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Baseline resolution was achieved over a considerably wide
concentration ratio of [(S)-aziridinyl diphenylmethanol 1]/[(rac)-
4-MeO-MA] (ca. 0.25–4.0), with an upeld chemical shi (rst
upeld and then reach equilibrium). The largest DDd values of
the methane proton were observed when 1 : 1 mixtures of host
and guest were used, and it is worth pointing out that the split
separation signals of the methoxy group of (rac)-4-MeO-MA are
also observed (see ESI Fig. S16†).

The stoichiometries of the CSA and guests were further
established by the 1H NMR analysis using Job plots. Fig. 3 plots
the chemical shi non-equivalencies (Dd) of 4-MeO-MA enan-
tiomers observed for the CSA 1 as a function of molar ratio. In
most cases, the enantiomeric separation increases sharply as
the molar ratio increases from 0 to about 0.5 and then steadily
declines. The measured Dd values represent the shi in the
NMR signal of the a-H proton of (R)-4-MeO-MA in the presence
of CSA. The X represents the molar fraction of the guest in the
mixture. The Job plots of X � Dd versus the molar fraction (X) of
Fig. 3 Job plots of (S)-aziridinyl diphenylmethanol 1 with (R)-4-MeO-
MA and (S)-4-MeO-MA. Dd stands for the chemical shift change of the
a-H proton of (R)- and (S)-4-MeO-MA in the presence of (S)-aziridinyl
diphenylmethanol 1. X stands for the molar fraction of the (S)-aziridinyl
diphenylmethanol 1 (X ¼ [(S)-aziridinyl diphenylmethanol 1]/[(S)-azir-
idinyl diphenylmethanol 1] + [4-MeO-MA]). The total concentration is
10 mM in CDCl3.

This journal is © The Royal Society of Chemistry 2020
(R)- or (S)-4-MeO-MA in the mixture were obtained at 10 mM in
CDCl3, which showed a maximum at X ¼ 0.5, and the best
baseline resolution was both achieved with a 1 : 1 ratio of CSA 1/
4-MeO-MA, as shown in Fig. 3. This further indicated that CSA 1
and the acid bind in a 1 : 1 complex under these conditions.

Aer obtaining the most active (S)-aziridinyl diphenylme-
thanol 1 and using the optimal conditions, in the next step of
studies, the inuence of various electron-donating and electron-
accepting substituents in the racemic alpha-substituted
carboxylic acids on the chiral recognition was examined and
evaluated. All the experiments were carried out by adding
a certain amount of solution of racemic carboxylic acid in CDCl3
(10 mM) to a solution of (S)-aziridinyl diphenylmethanol 1 in
CDCl3 (10 mM). Immediately aer each addition, the 1H NMR
spectrum was acquired in a 400 MHz spectrometer at room
temperature. As shown in Table 2, all racemic analytes can be
well-resolved (DDd values up to 0.194 ppm, 77.6 Hz). To our
delight, the DDd values of the a-H signals were large enough to
give very good baseline resolution for most tested aromatic
carboxylic acids containing a-OH (Table 2, entries 1–18).
Notably, uorine-substituted aromatic carboxylic acids (Table 2,
entries 4–7, 9 and 11) almost showed more baseline resolution
and had larger DDd values than other diverse substituents such
as chlorine and bromine, irrespective of their electronic nature
or positions, the role of uorine in the aromatic MA systems for
the strongly enhance the binding ability of the aziridinyl
diphenylmethanol (S)-CSA 1, which results in a better splitting
of the NMR signal of the corresponding guests.

In addition, we further evaluated the chiral discriminating
abilities of (S)-aziridinyl diphenylcarbinol 1 for aliphatic 2-
hydroxymonocarboxylic acids as guests, and these 2-hydrox-
ycarboxylic acids are known for their relationship with partic-
ular human illnesses, especially but not only with inherited
metabolic diseases.19 2-hydroxy-3-methylbutyric acid (2-H-3-
MBA), 2-hydroxyisocaproic acid (2-HICA), and 2-hydrox-
yoctanoic acid (2-HOA) are related to certain types of organic
acidurias. For example, an increased amount of 2-HICA has
been found in patients with the Zellweger syndrome, a congen-
ital disorder.20 The inspection of results presented in the frag-
ments of 1H NMR spectra (0.111 ppm, 44.4 Hz; 0.084 ppm, 33.6
Hz; 0.058 ppm, 23.2 Hz; 0.058 ppm, 23.2 Hz, and 0.079 ppm,
31.6 Hz, Table 2, entries 14–18) indicates that the robust (S)-
aziridinyl diphenylmethanol 1 as CSA can give a good baseline
resolution.

Moreover, clearly resolved signals from a-H of 2-halogen-
ocarboxylic acids are observed with almost baseline separation,
and their partial spectra are shown in Table 2 (entries 19–20
(0.150 ppm, 60.0 Hz and 0.101 ppm, 40.4 Hz)). Interestingly,
similar uorine substituted effect on the ability of discrimina-
tion was observed in the aforementioned racemic mandelic
derivatives. 2-Bromo propionic acid displayed poor enantio-
discriminating ability (0.012 ppm, 4.8 Hz, Table 2, entry 21).

Besides, when the free a-hydroxyl group was replaced by the
methoxy group, the chiral discrimination was also observed for
OMe and methine proton (CaH) signals (Table 2, entries 22–24),
while the dicarboxylic acid derivative was tested, 2 equiv. of (S)-
RSC Adv., 2020, 10, 34605–34611 | 34607
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Table 2 1H NMR chemical shift non-equivalent values (DDd in ppm
and Hz, 400 MHz) of different racemic carboxylic acids in presence of
equimolar amounts of (S)-aziridinyl diphenylcarbinol 1 at 25 �C in
CDCl3

a

Entry Carboxylic acids DDdb Spectra

1 0.134, 53.6

2 0.137, 54.8

3 0.100, 40.0

4 0.148, 59.2

5 0.138, 55.2

6 0.194, 77.6

7 0.125, 50.0

8 0.121, 48.4

9 0.134, 53.6

10 0.118, 47.2

11 0.109, 43.6

12 0.050, 20.0

Table 2 (Contd. )

Entry Carboxylic acids DDdb Spectra

13 0.053, 21.2

14 0.111, 44.4

15 0.084, 33.6

16 0.068, 27.2

17 0.058, 23.2

18 0.079, 31.6

19 0.150, 60.0

20 0.101, 40.4

21 0.012, 4.8

22

0.104, 41.6

0.188, 75.2d

34608 | RSC Adv., 2020, 10, 34605–34611 This journal is © The Royal Society of Chemistry 2020
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Table 2 (Contd. )

Entry Carboxylic acids DDdb Spectra

23

0.039, 15.6

0.052, 20.8c

24

0.041, 16.4c

0.049, 19.6d

25 0.029, 11.6e

a All samples were prepared by mixing 1 : 1 of carboxylic acids (10 mM
in CDCl3) with (S)-CSA 1 in NMR tubes, and the spectra is recorded at
25 �C on a 400 MHz spectrometer. b DDd values in ppm and Hz for a-
H are shown. c Chemical shi non-equivalences of the a-methoxy
group. d Chemical shi non-equivalences of the a-methyl group. e Use
of 2 equiv. of (S)-CSA 1 for the dicarboxylic acid.

Table 3 19F NMR chemical shift non-equivalent values (DDd in ppm
and Hz, 376 MHz) of fluorine-containing a-substituted carboxylic
acids in the presence of equimolar amounts of (S)-aziridinyl diphe-
nylcarbinol 1 at 25 �C in CDCl3

Entry Carboxylic acids DDd Spectra

1 0.076, 28.6

2 0.057, 21.5

3 0.054, 20.0

4 0.256, 96.2

5

0.056, 21.3a

0.054, 20.4b

6

0.068, 25.9a

0.080, 30.2b

7 0.859, 323.3
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CSA 1 was used and the DDd value decreased slightly (Table 2,
entry 25).

The uorine element has polar and steric properties as
a substituent, and the effects that uorinated groups can have
on the physical and chemical properties of molecules have
increased the number of new methods for incorporating uo-
rine into target compounds. Since the 19F NMR frequency and
sensitivity are similar to the proton, it is convenient to transi-
tion from the proton to uorine NMR experiments. Then, we
recorded the 19F–{1H} NMR spectra of uorinated carboxylic
acids. The results are listed in Table 3 (entries 1–8). It can be
seen that the uorine signal separation is visible for uorinated
MAs (entries 1–6). As for uorinated substrates, obtaining
a distinguishable NMR split signal highly depends on the
distance; therefore, 4-CF3-substituted MA showed the lowest
uorine NMR chemical shi with 0.015 ppm, while the a-uo-
rine phenylacetic acid gave the well-split F signal with
0.859 ppm chemical shi difference value (entry 7 vs. 8).

Now that (S)-aziridinyl diphenylcarbinol 1 had been estab-
lished to demonstrate efficiently chiral discriminating abilities
towards a-hydroxyl acids via 1H NMR spectroscopy, to further
demonstrate the practical utility of (S)-aziridinyl diphe-
nylcarbinol 1 as a CSA for enantiomeric determination. It
This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 34605–34611 | 34609
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Table 3 (Contd. )

Entry Carboxylic acids DDd Spectra

8 0.015, 5.6

a The proton-decoupled 19F NMR spectra was obtained from o-
substituted uorine. b The proton-decoupled 19F NMR spectra was
obtained from m-substituted uorine.

Fig. 4 (a) Selected regions of the 1H NMR spectra of different optical
purities 4-MeO-MA samples (ee% ¼ R% � S%) with (S)-aziridinyl
diphenylcarbinol 1 in CDCl3; (b) linear correlation between ee values
determined by gravimetry (Y) and values were defined in terms of (R)-
4-MeO-MA (X), R2 ¼ correlation coefficient.
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allowed determining the enantiomeric composition of multiple
nonracemic 4-MeO-MA samples by the simple integration of the
split signals, and samples containing (R)-4-MeO-MA with 80, 60,
40, 20, 0, �20, �40, �60, �80 and �100% were prepared in the
presence of (S)-aziridinyl diphenylcarbinol 1, and their 1H NMR
spectra were measured. Enantiomeric excesses of all samples
were calculated based on the integration of the 1H NMR signals
of the a-H signal protons of the enantiomers of (R)- and (S)-4-
MeO-MA. The overlaid partial 1H NMR spectra and linear
correlation between the theoretical (X) and observed ee% (Y) are
shown in Fig. 4. The linear relationship between the NMR-
determined values and those gravimetrically determined
values is excellent with R2 ¼ 0.99995. The average absolute error
in the ee measurement plotted in Fig. 4 is within 1%.
Conclusions

In summary, we have demonstrated a general and efficient
chiral solvation of carboxylic acids with a chiral aza-semi crown
amino alcohol, (S)-aziridinyl diphenylcarbinol 1. Efficient peak
separation of racemic analytes was achieved aer the addition
of small amounts of the CSA in CDCl3 at room temperature (25
examples), the uorinated carboxylic acids were further inves-
tigated, with a good level of discrimination by the 19F NMR
spectroscopic analysis. Moreover, quantitative analysis was
34610 | RSC Adv., 2020, 10, 34605–34611
performed according to the integration of the 1H NMR spectra,
and an excellent linear relationship was observed between the
experimental and observed values of ee. The easy accessibility of
the CSA (1–4) from commercially available methyl 1-aza-
heterocycle-2-carboxylate should make this methodology very
attractive for practical applications as CSAs for alpha-
substituted carboxylic acids. The mode of recognition was
based on effective hydrogen bond formation. It has shown the
possibility that this class of CSAs to be used for determining the
optical purity of unknown samples as well as other supramo-
lecular and macrocyclic host-based applications.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The project was nancially co-supported by the National
Natural Science Foundation of China (21804086, U1504207). We
are also grateful for the nancial support from the Science and
Technology Program of Henan Province (192102310143).

Notes and references

1 For recent reviews on chiral analysis, see: (a) L. You, D. Zha
and E. V. Anslyn, Chem. Rev., 2015, 115, 7840; (b) Z. Chen,
Q. Wang, X. Wu, Z. Li and Y. B. Jiang, Chem. Soc. Rev.,
2015, 44, 4249; (c) J. Shen and Y. Okamoto, Chem. Rev.,
2016, 116, 1094.

2 For select reviews on analytical methods, see: (a) E. L. Izake,
J. Pharm. Sci., 2007, 96, 1659; (b) Y. Okamoto and T. Ikai,
Chem. Soc. Rev., 2008, 37, 2593; (c) L. Pu, Chem. Rev., 2004,
104, 1687; (d) H. H. Jo, C. Y. Lin and E. V. Anslyn, Acc.
Chem. Res., 2014, 47, 2212.

3 (a) J. M. Seco, E. Quinoa and R. Riguera, Chem. Rev., 2004,
104, 17; (b) T. J. Wenzel and C. D. Chisholm, Prog. NMR
Spectrosc., 2011, 59, 1; (c) Z. Xu, C. Liu, S. Zhao, S. Chen
and Y. Zhao, Chem. Rev., 2019, 119, 195; (d) T. J. Wenzel,
Discrimination of Chiral Compounds Using NMR
Spectroscopy, John Wiley & Sons, Inc., 2nd edn, 2018, pp.
441–481; (e) F. Balzano, G. Uccello-Barretta, and F. Aiello,
Chiral Analysis by NMR Spectroscopy: Chiral Solvating Agents,
Elsevier B.V., 2018, pp. 367–427.

4 For select recent examples, see: (a) Y. Zhao and T. M. Swager,
J. Am. Chem. Soc., 2015, 137, 3221; (b) M. S. Seo and H. Kim, J.
Am. Chem. Soc., 2015, 137, 14190; (c) L. P. Li and B. H. Ye,
Inorg. Chem., 2017, 56, 10717; (d) S. I. Aizawa, M. Okano
and T. Kidani, Chirality, 2017, 29, 273; (e) S. Jang and
H. Kim, iScience, 2019, 19, 425; (f) Z. Sun, Z. Chen,
Y. Wang, X. Zhang, J. Xu, G. Bian and L. Song, Org. Lett.,
2020, 22, 589; (g) S. Jang and H. Kim, Org. Lett., 2020, 22,
4185.

5 For select recent examples, see: (a) A. Couffin,
O. T. d. Boullay, M. Vedrenne, C. Navarro, B. Martin-Vaca
and D. Bourissou, Chem. Commun., 2014, 50, 5997; (b)
N. Jain, M. B. Mandal and A. V. Bedekar, Tetrahedron,
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra06312f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 5
:5

2:
12

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2014, 70, 4343; (c) G. Bian, H. Fan, H. Huang, S. Yang,
H. Zong, L. Song and G. Yang, Org. Lett., 2015, 17, 1369; (d)
E. Monteagudo, P. March, A. Alvarez-Larena and A. Virgili,
ChemistrySelect, 2017, 2, 7362; (e) A. Khanvilkar and
A. Bedekar, Chem. Commun., 2018, 54, 11037; (f)
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