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ABSTRACT

Enantiomeric discrimination is observed in the 1H NMR spectra of chiral secondary amines in the presence of ( R)-(+)-(18-crown-6)-2,3,11,12-
tetracarboxylic acid. Secondary amines are protonated by one of the carboxylic acid groups of the crown ether to produce the corresponding
ammonium and carboxylate ions. The secondary ammonium ion likely forms two hydrogen bonds to crown ether oxygen atoms and an ion
pair with the carboxylate anion.

Nuclear magnetic resonance spectroscopy is commonly used
to determine the optical purity and to assign absolute
configurations of chiral compounds.1 Discrimination occurs
when the addition of an optically pure chiral derivatizing or
solvating agent reacts or associates with a pair of enantiomers
to produce diastereomeric complexes that exhibit different
shifts in the NMR spectrum.

Crown ethers are a widely studied family of chiral
discriminating agents.2 Those with an 18-crown-6 unit are
effective reagents for the chiral discrimination of protonated
primary amines, as the three hydrogen atoms are ideally

aligned to form hydrogen bonds with three of the oxygen
atoms of the crown. Several chiral crown ethers are available
as liquid chromatographic stationary phases, but only (18-
crown-6)-2,3,11,12-tetracarboxylic acid (1), which incorpo-
rates tartaric acid units as the chiral component, is commer-
cially available for use in NMR applications (Figure 1).
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Figure 1. Structures of the crown ether and other substrates used
in this study.
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Compound1 has been shown to be an especially effective
chiral NMR solvating agent for primary amines with aryl
and alkyl substituent groups.3,4

The 1H NMR spectra in Figure 2 provide an example of

the degree of enantiomeric discrimination that is commonly
observed in mixtures of primary amines with1. The H1, H2,
H3, and H4 aromatic resonances of the hydrochloride salt of
1-methyl tryptophan methyl ester hydrochloride (2) all
exhibit some degree of enantiomeric discrimination (Table
1), although the separation of the H1 resonance (δ) 7.538
ppm) is especially pronounced and readily applicable to the
determination of optical purity. The spectra in Figures 2c
and 2d are of samples enriched in theD- and L-isomer,
respectively, and unequivocally demonstrate that the splitting
of the peaks is the result of enantiomeric discrimination. The
spectra in Figures 2b and 2c demonstrate the beneficial effect
of increasing the concentration of1 relative to that of the
substrate. This trend is consistent with other studies of chiral
solvating agents in which increasing the concentration of the
reagent promotes the formation of the diastereomeric com-
plexes and enhances the extent of enantiomeric discrimina-
tion in the NMR spectrum.

Chiral 18-crown-6 ethers are generally regarded as inef-
fective for the analysis of secondary amines because the
corresponding ammonium ions can only form two hydrogen

bonds and the steric effects of the substituent groups of the
amine hinder association with the crown ether. Larger
macrocycles containing a pseudo-24-crown-8 ring do as-
sociate with secondary amines.5 The pseudo-24-crown-8
ether is not commercially available for NMR applications,
and the lengthy synthesis essentially precludes its use by
many investigators. A chiral liquid chromatographic station-
ary phase that incorporates1 has been shown to be effective
for separating chiral secondary amines.6 We now wish to
report that1 is a broadly effective chiral NMR solvating
agent for secondary amines in methanol-d4. It is preferable
to add the secondary amine in its neutral form. A neutraliza-
tion reaction between the amine and1 forms the correspond-
ing ammonium ion and carboxylate species. The (R)-(+)
form of 1 was used for all of the studies described herein.

The spectra in Figure 3 for dimethylbenzylamine (3)
demonstrate the effectiveness of1 at causing enantiomeric
discrimination in the1H NMR spectra of secondary amines.
The series of spectra in Figure 3a result from the addition
of 3 to 1. The large shifts to higher frequency of the two
methyl resonances indicate that a neutralization reaction has
occurred to produce the corresponding ammonium salt of3
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Figure 2. (a) Aromatic region of the1H NMR spectrum (400 MHz)
of 2 (10 mM) in methanol-d4 with (b) 1 (5 mM) mixture enriched
in the L-enantiomer, (c)1 (15 mM) mixture enriched in the
D-enantiomer, and (d)1 (15 mM) mixture enriched in theL-
enantiomer.

Table 1. Enantiomeric Discrimination (ppm) in the1H NMR
Spectra (400 MHz) of Substrates with1 in Methanol-d4

substrate proton ∆∆δ 1:substrate

1-methyl tryptophan methyl ester
HCl (2)

H1 0.061 1:1

H2 0.009 0.5:1
H3 0.009 1:1
H4 0.010 1:1

dimethylbenzylamine (3) C-CH3 0.026 2:1
N-CH3 0.043 2:1
CHCH3 0.045 2:1

dimethylbenzylamine HCl (3) C-CH3 0.006 4:1
CHCH3 0.010 4:1

N-methyl alanine (4) C-CH3 0.006 4:1
N-CH3 0.005 4:1

N-methyl 1-(1-naphthyl)ethylamine
(5)

C-CH3 0.021 0.5:1

N-CH3 0.065 0.5:1
CHCH3 0.008 2:1
H2 0.073 1:1
H8 0.012 0.5:1

R-methylaminomethylbenzyl alcohol
(6)

N-CH3 0.025 0.5:1

CHOH 0.035 1:1
ephedrine HCl (7) C-CH3 0.004 4:1

N-CH3 0.004 4:1
proline (8) CH 0.099 4:1
N-methyl valine (9) N-CH3 0.008 4:1

CH(CH3)2 0.006 1:1
CHCH 0.004 4:1
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and the carboxylate form of1. Of more significance is the
substantial enantiomeric discrimination that is observed for
both theC-methyl (0.026 ppm) andN-methyl (0.043 ppm)
resonances. Concentrations of1 above a 2:1 crown/substrate
ratio produce essentially no change in the NMR spectrum
of 3. Presumably, the neutralization between1 and 3 has
gone to completion by this ratio. Also, the relative shifts of
the (R)- and (S)-isomers of3 are different for theC-methyl
andN-methyl resonances, indicating that the diastereomeric
nature of the complexes causes the enantiomeric discrimina-
tion.

The series of spectra in Figure 3b show the resonances of
the two methyl groups when increasing concentrations of1
are added to the hydrochloride salt of3. The doublet for the
C-methyl group exhibits a small amount of enantiomeric
discrimination at a 4:1 crown/substrate ratio (0.006 ppm).
The N-methyl resonance does not show any obvious enan-
tiomeric discrimination. The larger shifts and enantiomeric
discrimination that occur on adding a neutral amine rather
than a protonated amine to1 indicate the importance of an
ion-pairing interaction in the associated species.

The series of spectra in Figure 3c show theC-methyl and
N-methyl resonances of3 with L-tartaric acid. The two
resonances exhibit large shifts to higher frequencies, indicat-
ing that the tartaric acid does protonate3, but there is no
enantiomeric discrimination in the NMR spectrum. Spectra
of several other amines such asN-methyl alanine (4),
N-methyl 1-(1-naphthyl)ethylamine (5), andR-methylami-
nomethylbenzyl alcohol (6) with1 and tartaric acid showed
the same trends. Addition of1 to the amine causes large

shifts to higher frequency and enantiomeric discrimination
in the NMR spectrum, whereas addition of tartaric acid
causes the large shifts but no enantiomeric discrimination.
This unequivocally demonstrates the importance of the crown
moiety in producing enantiomeric discrimination and the
likely significance of hydrogen bonding between the hydro-
gen atoms of the ammonium ion and oxygen atoms of the
crown.

With primary amines, the extent of enantiomeric discrimi-
nation caused in the spectrum by1 was rather comparable
whether the amine or its corresponding hydrochloride salt
was added.3 This suggests that the interaction of primary
ammonium ions with1 occurs via formation of three
hydrogen bonds regardless of whether1 is in its neutral
(ammonium ion added) or monocarboxylate (neutral amine
added) form (Figure 4a). This is consistent with earlier

conclusions on the association of protonated primary amines
with 18-crown-6 ethers.2 For secondary amines, it is more
likely that the two hydrogen atoms of the ammonium group
associate with oxygen atoms of the crown and that the
cationic nitrogen pairs with the carboxylate oxygen atom as
shown in Figure 4b, which is in agreement with the
interaction that was proposed in the earlier study using1
for liquid chromatographic separation of secondary amines.6

Models show that the geometry in Figure 4b aligns the
groups in favorable spatial proximity to each other to interact
as proposed. Such an interaction accounts for the unusual
ability of 1 compared to other 18-crown-6 ethers to associate
with and enantiomerically discriminate secondary amines.

The1H NMR spectra in Figure 5 show the effect of adding
small concentrations of1 (1-5 mM) to a solution of a neutral
amine (10 mM). In this case, raising the concentration of1
converts more of the amine to its corresponding ammonium
ion thereby causing larger shifts and enantiomeric discrimi-
nation of theN-methyl resonance.

The behavior of proline (8) and the twoN-methyl amino
acids (4and 9) with 1 is different than that of the other
secondary amines, as seen by the series of spectra for the

Figure 3. C-methyl andN-methyl resonances (400 MHz) of (a)3
(10 mM) with increasing concentrations of1 (0, 5, and 10 mM),
(b) the hydrochloride salt of3 (10 mM) with increasing concentra-
tions of1 (0, 20, and 40 mM), and (c)3 (10 mM) with increasing
concentrations ofL-tartaric acid (0, 5, and 10 mM).

Figure 4. Proposed association geometries of the ammonium salts
of (a) primary amines with neutral1 and (b) secondary amines with
the carboxylate anion of1.
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methine resonance of8 in Figure 6. Unlike the other
secondary amines, increasing the concentration of1 relative
to that of the amino acid above a 2:1 ratio causes larger shifts
and greater enantiomeric discrimination. The likely explana-
tion is that the amino acids exist as zwitterions in solution.
Addition of 1 may lead to some protonation of the carboxy-
late group of the amino acid and to formation of a
carboxylate group in1, but the pKa values make it likely
that this process is less favored than protonation of a
secondary amine by1. Higher concentrations of1 are
therefore needed to protonate the amino acid, form the
carboxylate group within1, and promote the association
needed to cause the enantiomeric discrimination.

The enantiomeric discrimination observed in the1H NMR
spectra of2-9 with 1 is reported in Table 1. In almost every
case, at least one resonance exhibits baseline separation that
is suitable for the determination of enantiomeric purity. All

of the substrates except6 have the chiral centerR to the
secondary amine. The chiral center in6 is â to the amine,
but the spectrum still exhibits enantiomeric discrimination.
It is noteworthy that the1H NMR spectra of2 and5 exhibit
enantiomeric discrimination of resonances of aromatic
hydrogen atoms that are rather remote from the chiral center.

The commercial availability of1 makes this an especially
suitable reagent for the analysis of the enantiomeric purity
of secondary amines using NMR spectroscopy. Further
studies of the general applicability of1 for the analysis of
secondary amines and of the structure of the amine-crown
complexes are underway.
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Figure 5. (a) 1H NMR spectrum (400 MHz) of6 (10mM) in
methanol-d4 with 1 at (b) 1 mM, (c) 2 mM, (d) 3 mM, (e) 4 mM,
and (f) 5 mM.

Figure 6. (a) 1H NMR spectrum (400 MHz) of the methine
resonance of8 (10 mM) in methanol-d4 with 1 at (b) 5 mM, (c) 10
mM, (d) 15 mM, (e) 20 mM, (f) 30 mM, and (g) 40 mM.
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