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Abstract
The utility of phosphated α-, β- and γ-cyclodextrins as water-soluble chiral NMR solvating agents for cationic substrates is de-

scribed. Two sets of phosphated cyclodextrins, one with degrees of substitution in the 2–6 range, the other with degrees of substitu-

tion in the 6–10 range, are examined. Results with 33 water-soluble cationic substrates are reported. We also explored the possibili-

ty that the addition of paramagnetic lanthanide ions such as praseodymium(III) and ytterbium(III) further enhances the enan-

tiomeric differentiation in the NMR spectra. The chiral differentiation with the phosphated cyclodextrins is compared to prior

results obtained with anionic carboxymethylated cyclodextrins. There are a number of examples where a larger differentiation is ob-

served with the phosphated cyclodextrins.
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Introduction
Chiral NMR solvating agents are commonly used for deter-

mining enantiomeric purity. In some cases, these compounds

cause reproducible perturbations in chemical shifts that can be

used in the assignment of the absolute stereochemistry [1-7].

Since chiral solvating agents associate with the compound being

studied through non-covalent interactions, they are easy to use

and involve merely mixing the reagent with the compound in an

NMR tube.

Cyclodextrins (CDs), which are cyclic oligosaccharides con-

taining D-glucose units, represent an important and versatile

class of chiral NMR solvating agents (Figure 1). The most

common representatives are α-, β- and γ-CD, which contain six,

seven and eight glucose rings, respectively. Many substrates

form inclusion complexes with CDs and the differing sizes of

α-, β- and γ-CD allow the study of substrates of different sizes.

Furthermore, the secondary hydroxy groups at the 2 and 3-posi-
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tions and the primary hydroxy groups at the 6-position of CDs

can be derivatized with a variety of functional groups. Such

derivatization can be used to alter the solubility, binding proper-

ties of substrates, and ultimately enantioselectivity properties of

the CDs. The cavity of CDs has the secondary hydroxy groups

at one opening and the primary ones at the other and the

opening to the cavity at the secondary side is larger than that at

the primary side.

Figure 1: Structure of cyclodextrins (CD) and their carboxymethylated
(CM-CD) and phosphated (P-CD) derivatives.

Native, underivatized CDs are effective chiral NMR solvating

agents in water [8,9]. Water-soluble substrates with hydro-

phobic moieties such as aryl rings typically form inclusion com-

plexes by insertion of the aryl ring into the CD cavity. Neutral

CDs with permethylated [10-12], benzylated [13], benzoylated

[13,14], carbamoylated [15-18], and acetylated [19,20] hydroxy

groups have been studied in NMR applications. The permethyl-

ated CDs can be used in both aqueous and organic solvents

whereas the other neutral derivatives are typically useful in

organic solvents such as chloroform-d. In addition to the afore-

mentioned modifications, the hydroxy groups of CDs can also

be derivatized with ionic substituents. CDs with anionic

carboxymethyl [21-32] (CM-CD, Figure 1), sulfate [29,30,33-

35], sulfobutylether [22-24,36,37] and thiocarboxymethyl [38]

groups also have been studied as chiral NMR solvating agents.

The general findings of these studies are that anionic CDs are

more effective chiral NMR solvating agents for cationic sub-

strates than neutral native CDs. Similarly cationic CDs contain-

ing amine [39,40], xylylenediamine [41], and trialkylammo-

nium groups [42-44] are found to be more effective for anionic

substrates than the neutral native CDs.

An important consideration with derivatized CDs is the degree

of substitution (DS) of the hydroxy groups. When preparing

ionic CD derivatives, it is often difficult if not impossible to

derivatize all of the hydroxy groups. Whether the functionaliza-

tion takes place preferentially at the primary or secondary

hydroxy groups can have a significant impact on the enantiose-

lectivity of the resulting derivative. Carboxymethyl- and

trimethylammonio-substituted CDs are commercially available

but often have a low DS of about 2. Previous reports have found

that randomly substituted ionic CDs with higher degrees of

carboxymethylation and trimethylammonium groups (DS = 11

for β-CD) [21,43] are considerably more effective than deriva-

tives with lower DS. Unfortunately, CM-CDs with high DS are

not commercially available and investigators wishing to use

these compounds in chiral NMR applications would have to

synthesize and purify them.

Phosphated CD derivatives (P-CDs, Figure 1) have been

utilized as effective enantioselectors in capillary electrophore-

sis [45-48]. Various phosphated α-, β- and γ-CD are commer-

cially available with different degrees of substitutions from low

(2–6) to high DS (6–10). This report will describe the utiliza-

tion of P-CDs as water-soluble chiral NMR solvating agents.

Thirty-three cationic substrates with a wide range of structural

features are examined and enantiomeric differentiation ob-

tained with P-CDs is compared to prior results acquired with

CM-CDs.

Results and Discussion
Thirty-three substrates including α-methylbenzylamine (1), N,α-

dimethylbenzylamine (2), N,N-dimethyl-1-phenethylamine (3),

N-allyl-α-methylbenzylamine (4), β-methylphenethylamine (5),

1-methyl-3-phenylpiperazine (6), ephedrine (7), α-(methyl-

aminoethyl)benzyl alcohol (8), 2-tert-butylamino-1-phenyl-

ethanol (9), α-(1-aminoethyl)-4-hydroxybenzyl alcohol (10),

tyrosinol (11), 3-dimethylamino-2-methylpropiophenone (12),

cis-(2-benzylamino)cyclohexanemethanol (13), alanine methyl

ester (14), 2-phenylglycine methyl ester (15), phenylalanine

methyl ester (16), tyrosine (17), 4-chlorophenylalanine methyl

ester (18), 4-chlorophenylalanine ethyl ester (19), carbobenzyl-

oxy serine (20), 2-methylindoline (21), trans-1-amino-2-indanol

(22), cis-1-amino-2-indanol (23), tryptophan (24), tryptophan

methyl ester (25), 1-methyltryptophan methyl ester (26), 1-(1-

naphthyl)ethylamine (27), N,N-dimethyl-1-(1-naphthyl)ethyl-

amine (28), propranolol (29), pheniramine (30), brom-

pheniramine (31), doxylamine (32), and carbinoxamine (33)

(Figure 2) in their protonated cationic form were individually

tested with six different P-CDs at cyclodextrin concentrations of

5, 10 and 20 mM.

All substrates, except for 14, have aromatic rings in their struc-

tures. Previous studies [21,31,32] and observations made herein

with the P-CDs indicate that host–guest complexes through

insertion of the aryl ring into the cavity of the CDs occur which

is supported by NMR measurements. In the NMR spectra the

resonances of the P-CD H3 and H5 protons, which are located

inside the CD cavity, are perturbed to lower frequencies in the

spectra due to shielding of these protons by the inserted aryl
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Figure 2: Structures of substrates included in the study. All compounds were examined in their protonated forms with the P-CDs.

ring. The largest magnitude of enantiomeric differentiation ob-

served in the 1H NMR spectra of the substrates with each P-CD

at 5, 10 or 20 mM (P-α-CD-LDS, DS = 2–6; P-α-CD-HDS, DS =

6–10; P-β-CD-LDS, DS = 2–6; P-β-CD-HDS, DS = 6–10; P-γ-

CD-LDS, DS = 2–6; P-γ-CD-HDS, DS = 6–10) is reported

herein.
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Table 1: Enantiomeric differentiation in ppm in the 1H NMR spectra (400 MHz) of 1–6 (10 mM) with P-CDs and CM-CD [31,32] in D2O. The concen-
tration of the cyclodextrin is 20 mM unless otherwise indicated.

P-α-CD-LDS P-α-CD-HDS P-β-CD-LDS P-β-CD-HDS P-γ-CD-LDS P-γ-CD-HDS CM-CD

1 CH 0 0 0 0 0 0.004 0.010 - β
CH3 0 0 0 0 0 0.007 0

2 CH 0 0 0.008 0 0 0 0
N-CH3 0 0 0.006 0 0 0 0.013 - β
C-CH3 0 0 0 0 0 0 0.008 - β

3 CH 0.040a 0.048a 0 0 0 0 0
C-CH3 0.029b 0.027a 0.016 0.026 0.027 0 0.010 - β

4 CH3 0 0 0 0 0 0 0.010 - α
5 CH3 0 0 0 0 0 0 0.007 - β
6 CH3 0 0 0 0 0 0 0.008 - β

a10 mM; b5 mM.

Equation 1 and Equation 2 show the association of the (R)- and

(S)-enantiomers of a substrate (Sub) with a chiral solvating

agent (CSA).

(1)

(2)

Provided that the exchange of substrates with the CSA is fast on

the NMR time scale, there are two mechanisms through which

chiral solvating agents (CSAs) can cause enantiomeric differen-

tiation. The first is that the complexes of the two enantiomers of

the substrate with the enantiomerically pure CSA are diastereo-

mers and therefore exhibit different chemical shifts. The second

relies on a frequently observed difference in the association

constants of the two enantiomers with the CSA (KR and KS).

Under the conditions of fast exchange, one of the enantiomers

will preferentially bind with the CSA compared to the other and

the time-averaged solvation of the two enantiomers will be dif-

ferent. It is often not possible to determine which mechanism

dominates when enantiomeric differentiation is observed in the

NMR spectrum, and in many cases both mechanisms likely con-

tribute to some extent.

In cases where enantiomeric differentiation occurs through the

formation of diastereomeric CD–substrate complexes, best

results in the NMR spectrum would be expected at 20 mM

P-CD because of a higher degree of complexation. However, in

some spectra there have been an overlap of one of the substrate

resonances with other resonances of the substrate or CD in such

a way that it was not possible to determine in a regular one-

dimensional NMR spectrum whether enantiomeric differentia-

tion was present.

In those cases where enantiomeric differentiation occurs solely

through differences in association constants of the two enantio-

mers of the substrate with the P-CD, the magnitude of the enan-

tiomeric differentiation may decrease at increasing P-CD con-

centrations from 5 to 20 mM. In this situation, the enantiomer

of the substrate with the higher association constant has a higher

proportion complexed with the P-CD at 5 mM than the sub-

strate enantiomer with the lower association constant. There-

fore, resonances of the substrate with the higher association

constant are more perturbed in the NMR spectrum. At higher

concentrations of P-CD (10 or 20 mM), also a higher propor-

tion of the enantiomer with the lower association constant binds

to the P-CD, thus enhancing perturbations in the NMR spec-

trum of this enantiomer and thereby diminishing the extent of

enantiomeric differentiation. In some cases, the position of the

resonances of the two enantiomers in the NMR spectrum may

reverse their order as the concentration of the CSA is raised

from low to high values. A detailed analysis of this situation has

been reported in the literature [49].

Substrates 1–6 contain amine and aryl moieties. An enan-

tiomeric differentiation is observed in the 1H NMR spectra of

1–3 in the presence of P-CD, whereas no differentiation is ob-

served in the spectra of 4–6 with any of the P-CDs (Table 1).

Table 1 and others herein also provide data for enantiomeric

differentiation in the spectra of 1–6 that was previously re-

ported with a series of carboxymethylated cyclodextrins (CM-

CD) [21,31,32]. The differentiation only occurs in the aliphatic

resonances of 1–6 with P-CDs and CM-CDs. The degree of

enantiomeric differentiation in the spectra of 1–3 with the dif-

ferent P-CDs show that there is no consistent trend as to which

P-CD derivative is more effective at causing enantiomeric dif-

ferentiation. P-α-CD-HDS is especially effective for substrate 3,

but it is ineffective for the other substrates in this group.
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Figure 3: The (a) C-methyl resonance of 3 (10 mM, enriched in the (R)-enantiomer) in the presence of (b) P-α-CD-HDS (10 mM), (c) P-β-CD-HDS
(10 mM) and (d) P-γ-CD-HDS (10 mM).

Table 2: Enantiomeric differentiation in ppm in the 1H NMR spectra (400 MHz) of 7–10 (10 mM) with P-CDs and CM-CD [32] in D2O. The concentra-
tion of the cyclodextrin is 20 mM unless otherwise indicated.

P-α-CD-LDS P-α-CD-HDS P-β-CD-LDS P-β-CD-HDS P-γ-CD-LDS P-γ-CD-HDS CM-CD

7 CH 0 0 0.034 0.026 0 0 0
CH-OH 0 0 0.030 0.010 0.024 0 0
N-CH3 0 0 0.008 0.004a 0 0.006b 0.010 - β
C-CH3 0 0 0.005 0 0 0 0

8 N-CH3 0 0 0 0 0 0 0.015 - β
9 CH-OH 0 0 0 0.025 0 0

CH2 0 0 0.008 0 0 0
CH2’ 0 0.009 0.008 0 0 0

10 CH-OH 0.006b 0 0 0 0 0 0
CH3 0 0 0 0.004 0 0 0.008 - α
H2’ 0 0 0 0 0 0 0.021 - β
H3’ 0 0 0 0 0 0 0.014 - β

a5 mM; b10 mM.

P-β-CD-LDS is the only P-CD that is effective for 2, whereas

P-γ-CD-HDS is the only one effective for 1. Figure 3 shows a

comparison of the C-methyl resonance of 3 (10 mM) in the

presence of P-α-CD-HDS, P-β-CD-HDS, and P-γ-CD-HDS at a

concentration of 10 mM. The most significant degree of enan-

tiomeric differentiation in the spectrum with P-α-CD-HDS is

apparent (Figure 3b), as is the smaller differentiation with P-β-

CD-HDS (Figure 3c) and the non-existent differentiation with

P-γ-CD-HDS (Figure 3d). While CM-CDs causes greater enan-

tiomeric differentiation of more resonances in the NMR spectra

of 1–6, there are only a few examples where the P-CDs are

more effective. The enantiomeric differentiation of the methine

and methyl resonances of 3 with some of the P-CDs is note-

worthy.

Another group of tested substrates contains aryl, amine and

either hydroxy (7–11, 13) or carbonyl (12) moieties. Within this

group, the NMR spectra of 7, 9 and 10 exhibit enantiomeric dif-

ferentiation in the presence of one or more of the P-CDs

(Table 2). Of particular note is the effectiveness of P-β-CD-LDS

for 7 as the CH and CHOH resonances exhibit enantiomeric dif-

ferentiation on the order of 0.03 ppm. As with compounds 1–6,
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Figure 4: The (a) methine resonance of the carbinol carbon (5.124 ppm) and N-methyl resonance (2.768 ppm) of 7 (10 mM, enriched in (1S,2R)-en-
antiomer) with 20 mM of (b) P-α-CD-LDS, (c) P-α-CD-HDS, (d) P-β-CD-LDS, (e) P-β-CD-HDS, (f) P-γ-CD-LDS and (g) P-γ-CD-HDS.

none of the P-CDs is consistently most effective, either among

the different cavity sizes between the α-, β- and γ-P-CDs or

among the low and high-DS derivatives. Figure 4 shows a com-

parison of the methine resonance of the carbinol carbon and the

N-methyl resonance of 7 with the six different P-CDs. The pro-

nounced enantiomeric differentiation of the methine resonance

with P-β-CD-LDS and P-γ-CD-LDS in Figure 4d and f, respec-

tively, is apparent. The smaller enantiomeric differentiation

with the P-β-CD-LDS and P-β-CD-HDS and the absence of

enantiomeric differentiation of the methine resonance with P-α-

CD-LDS and P-α-CD-HDS is also apparent in the spectra shown

in Figure 4. For the N-methyl resonance, the largest enan-

tiomeric differentiation is also observed with P-β-CD-LDS,

whereas no enantiomeric differentiation is observed with P-γ-

CD-LDS. Another interesting observation is that P-β-CD-HDS

and P-γ-CD-HDS cause partial enantiomeric differentiation of

the N-methyl resonance, but the order of the two enantiomers in

the spectrum ((1S,2R) more shielded) is different from that with

P-β-CD-LDS ((1R,2S) more shielded). The use of P-CDs and

CM-CDs for 7–10 is complementary as several of the reso-

nances show larger enantiomeric differentiation in the NMR

spectra with one of the CM-CDs, whereas others are more

differentiated with one of the P-CDs.

Substrates 14–20 are a series of amino acids either in their ester

(14,16, 18, 19) or acid (17, 20) form. At least one resonance of

14–20 exhibits enantiomeric differentiation in the presence of

one or more of the P-CDs (Table 3). In most cases, the enan-

tiomeric differentiation is rather minimal with the P-CDs. How-

ever, some exceptions include the aryl hydrogen resonances of

19 with P-β-CD-LDS and P-β-CD-HDS, one of the methylene

resonances of 19 with P-γ-HDS, and the methine resonances of

16 with P-γ-CD-LDS. The difference in the enantiomeric differ-

entiation of the aryl resonances of 18 and 19 with P-β-CD-LDS

and P-β-CD-HDS is noteworthy, as the only difference between

the two substrates is that 19 is the ethyl ester and 18 is the

methyl ester of 4-chlorophenylalanine. The small change from a

methyl to ethyl group obviously has a significant, favorable in-

fluence on the enantiomeric differentiation of the aryl reso-

nances while having considerably less effect on the other hydro-

gen resonances of 18 and 19. Five of the substrates reported in

Table 3 were previously examined with CM-CDs and while one

of the CM-CDs is often more effective than the P-CDs, there

are examples of resonances of 15, 16, 18 and 20 where one of

the P-CDs causes the largest enantiomeric differentiation.

Substrates 21–26 contain bicyclic indoline, indane and indole

rings. The P-CDs were only effective at causing enantiomeric

differentiation in the 1H NMR spectra of a few resonances of

21, 24 and 26 (Table 4). With only two exceptions, the methy-

lene resonance of 24 with P-α-CD-HDS and the O-methyl reso-

nance of 26 with P-γ-CD-HDS and P-β-CD-LDS, the CM-CDs

are more effective at causing enantiomeric differentiation in the
1H NMR spectra of the substrates 21–26.

Substrates 27–29 contain naphthyl rings. Naphthyl-containing

compounds form inclusion complexes more favorably with the

larger β- and γ-cyclodextrins so the general ineffectiveness of

P-α-CD-LDS and P-α-CD-HDS for 27–29 is not surprising

(Table 5). Both the P-β-CDs and P-γ-CDs are effective at
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Table 3: Enantiomeric differentiation in ppm in the 1H NMR spectra (400 MHz) of 14–20 (10 mM) with P-CDs and CM-CD [31] in D2O. The concentra-
tion of the cyclodextrin is 20 mM unless otherwise indicated.

P-α-CD-LDS P-α-CD-HDS P-β-CD-LDS P-β-CD-HDS P-γ-CD-LDS P-γ-CD-HDS CM-CD

14 CH 0.007a 0 0 0 0 0
15 CH 0 0 0 0 0 0 0.019 - α

O-CH3 0 0 0 0.007b 0 0 0
16 CH 0 0 0 0 0.044 0 0.016 - α

CH2 0 0 0 0 0 0 0.007 - α
O-CH3 0.002 0.002 0.003 0.005 0 0.003 0.012 - β

17 CH 0 0 0 0 0.004a 0 0.019 - α
CH2 0.007 0 0 0 0.003a 0 0.009 - α
H2’ 0 0 0 0 0 0 0.006 - β
H3’ 0 0 0 0 0 0 0.005 - β

18 CH 0 0 0 0.004a 0 0 0.004 - β
CH2 0 0 0 0.009a 0 0 0.008 - β

O-CH3 0.005a 0 0.004a 0.004a 0.004a 0.004a 0.012 - β
H2’ 0 0.010 0.009 0.009a 0 0 0.006 - β
H3’ 0 0.009 0 0 0 0 0.009 - β

19 CH 0.004 0 0 0.003a 0 0
CH2 0 0 0 0.005a 0 0.035a

CH2’ 0.005 0 0 0 0 0
CH3 0 0 0 0.002 0 0
H2’ 0 0 0.021 0.021 0 0
H3’ 0 0 0.037a 0.034 0 0

20 Ar-CH2 0.013a 0.014 0.006 0 0 0 0
a10 mM; b5 mM.

Table 4: Enantiomeric differentiation in ppm in the 1H NMR spectra (400 MHz) of 21 and 24–26 (10 mM) with P-CDs and CM-CD [31] in D2O. The
concentration of the cyclodextrin is 20 mM unless otherwise indicated.

P-α-CD-LDS P-α-CD-HDS P-β-CD-LDS P-β-CD-HDS P-γ-CD-LDS P-γ-CD-HDS CM-CD

21 CH2 0.007 0.002 0 0 0 0 0.009 - β
CH3 0.005 0 0 0 0.009a 0 0.015 - β

24 CH2 0.004b 0.007a 0 0.004b 0 0 0
25 CH 0 0 0 0 0 0 0.036 - γ

CH2 0 0 0 0 0 0 0.013 - α
H2 0 0 0 0 0 0 0.010 - γ
H4 0 0 0 0 0 0 0.008 - γ
H5 0 0 0 0 0 0 0.019 - β
H6 0 0 0 0 0 0 0.019 - β
H7 0 0 0 0 0 0 0.022 - β

26 CH 0 0 0 0 0 0 0.016 - β
O-CH3 0 0 0.010b 0 0 0.012b 0

H2 0 0 0 0 0 0 0.011 - β
H5 0 0 0 0 0 0 0.019 - β
H6 0 0 0 0 0 0 0.019 - β
H7 0 0 0 0 0 0 0.020 - β

a10 mM; b5 mM.
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Table 5: Enantiomeric differentiation in ppm in the 1H NMR spectra (400 MHz) of 27–29 (10 mM) with P-CDs and CM-CD [31] in D2O. The concentra-
tion of the cyclodextrin is 20 mM unless otherwise indicated.

P-α-CD-LDS P-α-CD-HDS P-β-CD-LDS P-β-CD-HDS P-γ-CD-LDS P-γ-CD-HDS CM-CD

27 CH3 0.004a 0.004a 0 0 0.004a 0.005a

28 CH 0 0 0 0.020 0 0
N-CH3 0 0 0.016a 0.011a 0.016a 0
C-CH3 0 0 0 0 0.011a 0

H4 0 0 0 0 0.013a 0
H8 0 0 0 0 0.011a 0

29 N-CH2 0 0 0.006a 0.008 0.007b 0.008a 0
O-CH2 0 0 0 0 0 0.006b 0
C-CH3 0 0 0.027 0.009 0 0 0

H2 0 0 0 0 0 0 0.017 - γ
H8 0 0 0 0 0 0 0.022 - γ

a10 mM; b5 mM.

causing enantiomeric differentiation in resonances of 27–29. An

interesting observation is the ineffectiveness of P-γ-CD-HDS at

causing enantiomeric differentiation of in the spectrum of 28,

whereas the P-γ-CD-LDS causes enantiomeric differentiation of

four resonances. Similarly, enantiomeric differentiation of the

C-methyl resonance of 29 with P-β-CD-LDS is much larger

(0.027 ppm) than that with P-β-CD-HDS (0.009 ppm). Sub-

strate 29 is also examined with CM-CDs, further confirming the

conclusion that the CM-CDs and P-CDs provide complementa-

ry results. CM-γ-CD causes enantiomeric differentiation of two

of the aryl resonances of 29 that is not observed with the

P-CDs. However, the P-β- and P-γ-CDs cause enantiomeric dif-

ferentiation of aliphatic resonances of 29 that is not observed

with the CM-CDs.

Substrates 30–33 are a series of antihistamines that have both an

aryl and a pyridyl ring. Of all the compounds examined previ-

ously with the CM-CDs, 30–33 were noteworthy for both the

number of resonances that exhibited enantiomeric differentia-

tion and the magnitude of the distinction. Many resonances ex-

hibit enantiomeric differentiation greater than 0.02 ppm, with

one as high as 0.08 ppm, for 30–33 with CM-CDs (Table 6).

While the P-CDs are not nearly as effective for 30–33 as the

CM-CDs, there are still eight resonances of 30–33 where one of

the P-CDs caused larger enantiomeric differentiation than any

of the CM-CDs. As with many of the other compounds exam-

ined herein, the P-CDs tend to be most effective at causing

enantiodifferentiation for the aliphatic resonances.

Earlier studies with the CM-CDs demonstrated the effective-

ness of adding paramagnetic lanthanide ions such as

praseodymium(III) and ytterbium(III) to enhance the enan-

tiomeric differentiation in the NMR spectra of cationic sub-

strates [29-32]. The lanthanide cation binds to the anionic

carboxymethyl group on the CM-CD and the magnetic field of

the paramagnetic lanthanide ion perturbs the chemical shifts of

the substrate bound in the cyclodextrin cavity by a through-

space (pseudocontact) mechanism. The ability of paramagnetic

lanthanide ions to improve the enantiomeric differentiation in

the spectra of substrates in mixtures with P-CDs was next

explored.

In some cases, mixing praseodymium(III) or ytterbium(III)

nitrate with the P-CD resulted in the formation of a precipitate.

In those cases where the addition of lanthanide(III) nitrates to

P-CD–substrate mixtures did not result in the formation of a

precipitate, the spectra were often broadened. One reason for

the broadening may be caused by the slower exchange within

the larger ternary lanthanide–P-CD–substrate complex. Another

is because the paramagnetic species shortens the relaxation time

of the excited nuclei causing uncertainty broadening.

One example where the addition of a lanthanide ion did produce

a large enhancement in enantiomeric differentiation is shown in

Figure 5 for the N-methyl resonance of 7. The series of spectra

in Figure 5 is for a mixture of 7 (10 mM) and P-β-CD-LDS (20

mM) with increasing concentrations of ytterbium(III) nitrate.

The N-methyl resonance of 7 with only P-β-CD-LDS shown in

Figure 5a exhibits a small degree of enantiomeric differentia-

tion (0.008 ppm). The mixture with ytterbium(III) at 16 mM ex-

hibits an enantiomeric differentiation of 0.109 ppm. An interest-

ing observation is that the resonance of the (1S,2R)-enantiomer

is more shielded on the addition of ytterbium(III) whereas the

resonance of the (1R,2S)-enantiomer is deshielded. The equa-

tion that predicts the magnitude of the through-space shifts

caused by a lanthanide ion has an angle term that can be either
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Table 6: Enantiomeric differentiation in ppm in the 1H NMR spectra (400 MHz) of 30–33 (10 mM) with P-CDs and CM-CD [21,31] in D2O. The con-
centration of the cyclodextrin is 20 mM unless otherwise indicated.

P-α-CD-LDS P-α-CD-HDS P-β-CD-LDS P-β-CD-HDS P-γ-CD-LDS P-γ-CD-HDS CM-CD

30 CH 0 0 0 0 0 0 0.039 - α
N-CH2 0 0 0.010 0.011a 0 0 0
N-CH2’ 0 0 0.013 0.013a 0 0 0

H4 0 0 0 0 0 0 0.018 - γ
H3’ 0 0 0 0 0 0 0.075 - α
H4’ 0 0 0.004 0.005a 0 0.004 0.080 - α
H6’ 0 0 0 0 0 0 0.042 - β

31 CH 0 0 0.013 0.008a 0.015 0 0.021 - α
N-CH3 0.011 0.016 0 0 0 0 0

H2 0 0 0.005 0 0 0.005 0.034 - β
H3 0 0 0.013 0.014 0 0 0.040 - γ
H3’ 0 0 0 0 0.012a 0 0.069 - α
H4’ 0 0 0.015 0.015 0 0 0.074 - β
H5’ 0 0 0 0 0 0.017 0
H6’ 0 0 0 0 0 0 0.047 - β

32 N-CH2 0 0 0.011a 0 0 0 0
O-CH2 0.011a 0 0 0 0 0 0
C-CH3 0 0.005 0 0.006 0 0 0.021 - β

H3’ 0 0.008 0.009 0.007 0 0 0.010 - γ
H4’ 0 0 0 0 0 0 0.021 - β
H5’ 0 0 0.020 0.021 0 0.004 0
H6’ 0 0 0.018a 0.012 0 0 0.013 - β

33 CH 0.016a 0.019a 0 0 0 0.020 0.013 - β
H2 0.019 0.019 0 0 0 0 0.021 - γ
H3 0 0 0 0 0 0 0.004 - β
H4’ 0 0 0 0 0 0 0.020 - α
H6’ 0 0 0 0 0 0 0.027 - γ

a10 mM.

Figure 5: The N-methyl resonance of 7 (10 mM, enriched in (1S,2R)-enantiomer) with P-β-CD-LDS (20 mM) and concentrations of ytterbium(III)
nitrate of (a) 0 mM, (b) 2 mM, (c) 4 mM, (d) 6 mM, (e) 8 mM, (f) 10 mM, (g) 12 mM and (h) 16 mM.
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positive or negative depending on the geometry of the complex

and the position of a nucleus relative to the principle magnetic

axis of the complex. In all likelihood, the behavior seen in the

spectra in Figure 5 reflects differences in the sign of this angle

term for the two enantiomers [31,32].

Conclusion
Twenty-three out of the 33 substrates were studied with the

P-CDs and CM-CDs. Overall, 54 different resonances exhib-

ited larger enantiomeric differentiation with one of the

CM-CDs, whereas 26 different resonances exhibited larger

distinction with one of the P-CDs. For 16 of the 23 substrates,

there is at least one resonance where larger enantiomeric differ-

entiation was observed with one of the P-CDs. With substrates

3, 20 and 24, at least one of the P-CDs caused enantiomeric dif-

ferentiation whereas none of the CM-CDs was effective. In

some cases, it is also possible to add a paramagnetic lanthanide

ion such as praseodymium(III) or ytterbium(III) to enhance the

enantiomeric differentiation in the 1H NMR spectrum of a sub-

strate mixed with a P-CD. Given these observations and the fact

that the P-CDs are commercially available, their use as poten-

tial chiral NMR reagents for water-soluble cationic compounds

is warranted.

Experimental
I. Reagents
Sodium salts of phosphated α-, β- and γ-cyclodextrin with low

(2–6) and high DS (6–10) were obtained from CarboMer Inc.,

San Diego, California. The P-CDs were refrigerated between

2–8 °C until use as recommended by the manufacturer. Sub-

strates were obtained from commercial sources either as hydro-

chloride salts or neutral compounds. Neutral substrates were

converted to their hydrochloride salts in deuterium oxide (D2O)

by adding a slight excess of deuterium chloride (DCl).

II. Apparatus
Proton (1H) NMR spectra were obtained using a Bruker Avance

400 MHz NMR spectrometer. Samples were run in D2O with

8 scans at ambient probe temperature.

III. Procedure
Stock solutions of the P-α-CDs (40 mM), P-γ-CDs (40 mM) and

cationic substrates (20 mM), which were enriched in one enan-

tiomer when available, were prepared in D2O. P-CD and sub-

strate solutions were kept at ambient temperature. Appropriate

aliquots of P-α or P-γ-CD, substrate, and D2O were combined

in NMR tubes to obtain a 600 μL solution of 20, 10, or 5 mM

P-CD and 10 mM substrate. The P-β-CDs were not soluble in

D2O at 40 mM and 20 mM stock solutions were used in prepar-

ing P-β-CD samples at 5 and 10 mM. An appropriate amount of

the P-β-CD was weighed for 20 mM solutions.

Supporting Information
Supporting Information File 1
Complete 1H NMR spectra are provided for the samples in

Figures 3 and 4. Additional regions of the spectra of

Figure 5 are provided.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-13-6-S1.pdf]

Acknowledgements
We thank the National Science Foundation (Research at Under-

graduate Institutions Program Grant CHE-1145061; Major

Research Instrumentation Program, Grant CHE-0115579) for

supporting this work.

References
1. Uccello-Barretta, G.; Balzano, F. Top. Curr. Chem. 2013, 341, 69–131.

doi:10.1007/128_2013_445
2. Wenzel, T. J.; Chisholm, C. D. Prog. Nucl. Magn. Reson. Spectrosc.

2011, 59, 1–63. doi:10.1016/j.pnmrs.2010.07.003
3. Wenzel, T. J. Discrimination of chiral compounds using NMR

spectroscopy; Wiley Press: Hoboken, NJ, 2007.
4. Webb, T. H.; Wilcox, C. S. Chem. Soc. Rev. 1993, 22, 383–395.

doi:10.1039/CS9932200383
5. Parker, D. Chem. Rev. 1991, 91, 1441–1457.

doi:10.1021/cr00007a009
6. Pirkle, W. H.; Hoover, D. J. Top. Stereochem. 1982, 13, 263–331.

doi:10.1002/9780470147221.ch4
7. Uccello-Baretta, G.; Balzano, F.; Salvadori, P. Curr. Pharm. Des. 2006,

12, 4023–4045. doi:10.2174/138161206778743628
8. Greatbanks, D.; Pickford, R. Magn. Reson. Chem. 1987, 25, 208–215.

doi:10.1002/mrc.1260250306
9. Casy, A. F.; Mercer, A. D. Magn. Reson. Chem. 1988, 26, 765–774.

doi:10.1002/mrc.1260260908
10. Uccello-Barretta, G.; Balzano, F.; Caporusso, A. M.; Salvadori, P.

J. Org. Chem. 1994, 59, 836–839. doi:10.1021/jo00083a026
11. Uccello-Barretta, G.; Balzano, F.; Caporusso, A. M.; Iodice, A.;

Salvadori, P. J. Org. Chem. 1995, 60, 2227–2231.
doi:10.1021/jo00112a050

12. Uccello-Barretta, G.; Balzano, F.; Menicagli, R.; Salvadori, P.
J. Org. Chem. 1996, 61, 363–365. doi:10.1021/jo951314l

13. Uccello-Barretta, G.; Cuzzola, A.; Balzano, F.; Menicagli, R.;
Salvadori, P. Eur. J. Org. Chem. 1998, 2009–2012.
doi:10.1002/(SICI)1099-0690(199809)1998:9<2009::AID-EJOC2009>3
.0.CO;2-V

14. Uccello-Barretta, G.; Cuzzola, A.; Balzano, F.; Menicagli, R.;
Iuliano, A.; Salvadori, P. J. Org. Chem. 1997, 62, 827–835.
doi:10.1021/jo961562x

15. Uccello-Barretta, G.; Ferri, L.; Balzano, F.; Salvadori, P.
Eur. J. Org. Chem. 2003, 1741–1748. doi:10.1002/ejoc.200210504

16. Yashima, E.; Yamada, M.; Yamamoto, C.; Nakashima, M.;
Okamoto, Y. Enantiomer 1997, 2, 225–240.

17. Uccello-Barretta, G.; Balzano, F.; Sicoli, G.; Scarselli, A.; Salvadori, P.
Eur. J. Org. Chem. 2005, 5349–5355. doi:10.1002/ejoc.200500506

http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-13-6-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-13-6-S1.pdf
https://doi.org/10.1007%2F128_2013_445
https://doi.org/10.1016%2Fj.pnmrs.2010.07.003
https://doi.org/10.1039%2FCS9932200383
https://doi.org/10.1021%2Fcr00007a009
https://doi.org/10.1002%2F9780470147221.ch4
https://doi.org/10.2174%2F138161206778743628
https://doi.org/10.1002%2Fmrc.1260250306
https://doi.org/10.1002%2Fmrc.1260260908
https://doi.org/10.1021%2Fjo00083a026
https://doi.org/10.1021%2Fjo00112a050
https://doi.org/10.1021%2Fjo951314l
https://doi.org/10.1002%2F%28SICI%291099-0690%28199809%291998%3A9%3C2009%3A%3AAID-EJOC2009%3E3.0.CO%3B2-V
https://doi.org/10.1002%2F%28SICI%291099-0690%28199809%291998%3A9%3C2009%3A%3AAID-EJOC2009%3E3.0.CO%3B2-V
https://doi.org/10.1021%2Fjo961562x
https://doi.org/10.1002%2Fejoc.200210504
https://doi.org/10.1002%2Fejoc.200500506


Beilstein J. Org. Chem. 2017, 13, 43–53.

53

18. Kuroda, Y.; Suzuki, Y.; He, J.; Kawabata, T.; Shibukawa, A.; Wada, H.;
Fujima, H.; Go-oh, Y.; Imai, E.; Nakagawa, T.
J. Chem. Soc., Perkin Trans. 2 1995, 1749–1759.
doi:10.1039/P29950001749

19. Holzgrabe, U.; Mallwitz, H.; Branch, S. K.; Jefferies, T. M.; Wiese, M.
Chirality 1997, 9, 211–219.
doi:10.1002/(SICI)1520-636X(1997)9:3<211::AID-CHIR2>3.0.CO;2-I

20. Branch, S. K.; Holzgrabe, U.; Jefferies, T. M.; Mallwitz, H.;
Oxley, F. J. R. J. Chromatogr. A 1997, 758, 277–292.
doi:10.1016/S0021-9673(96)00734-0

21. Dignam, C. F.; Randall, L. A.; Blacken, R. D.; Cunningham, P. R.;
Lester, S.-K. G.; Brown, M. J.; French, S. C.; Aniagyei, S. E.;
Wenzel, T. J. Tetrahedron: Asymmetry 2006, 17, 1199–1208.
doi:10.1016/j.tetasy.2006.04.006

22. Endresz, G.; Chankvetadze, B.; Bergenthal, D.; Blaschke, G.
J. Chromatogr. A 1996, 732, 133–142.
doi:10.1016/0021-9673(95)01244-3

23. Owens, P. K.; Fell, A. F.; Coleman, M. W.; Berridge, J. C.
J. Chromatogr. A 1998, 797, 149–164.
doi:10.1016/S0021-9673(97)00982-5

24. Owens, P. K.; Fell, A. F.; Coleman, M. W.; Kinns, M.; Berridge, J. C.
J. Pharm. Biomed. Anal. 1997, 15, 1603–1619.
doi:10.1016/S0731-7085(97)00030-7

25. Chankvetadze, B.; Schulte, G.; Bergenthal, D.; Blaschke, G.
J. Chromatogr. A 1998, 798, 315–323.
doi:10.1016/S0021-9673(97)00999-0

26. Chankvetadze, B.; Burjanadze, N.; Bergenthal, D.; Strickmann, D.;
Blaschke, G.; Pintore, G.; Cerri, R. Electrophoresis 1998, 19,
2101–2108. doi:10.1002/elps.1150191210

27. Park, K.-L.; Kim, K. H.; Jung, S.-H.; Lim, H.-M.; Hong, C.-H.;
Kang, J.-S. J. Pharm. Biomed. Anal. 2002, 27, 569–576.
doi:10.1016/S0731-7085(01)00580-5

28. Lee, S.-H.; Yi, D.-H.; Jung, S.-H. Bull. Korean Chem. Soc. 2004, 25,
216–220. doi:10.5012/bkcs.2004.25.2.216

29. Smith, K. J.; Wilcox, J. D.; Mirick, G. E.; Wacker, L. S.; Ryan, N. S.;
Vensel, D. A.; Readling, R.; Domush, H. L.; Amonoo, E. P.;
Shariff, S. S.; Wenzel, T. J. Chirality 2003, 15, S150–S158.
doi:10.1002/chir.10254

30. Wenzel, T. J.; Amoono, E. P.; Shariff, S. S.; Aniagyei, S. E.
Tetrahedron: Asymmetry 2003, 14, 3099–3104.
doi:10.1016/j.tetasy.2003.07.019

31. Provencher, K. A.; Weber, M. A.; Randall, L. A.; Cunningham, P. R.;
Dignam, C. F.; Wenzel, T. J. Chirality 2010, 22, 336–346.
doi:10.1002/chir.20748

32. Provencher, K. A.; Wenzel, T. J. Tetrahedron: Asymmetry 2008, 19,
1797–1803. doi:10.1016/j.tetasy.2008.07.024

33. Chankvetadze, B.; Burjanadze, N.; Maynard, D. M.; Bergander, K.;
Bergenthal, D.; Blaschke, G. Electrophoresis 2002, 23, 3027–3034.
doi:10.1002/1522-2683(200209)23:17<3027::AID-ELPS3027>3.0.CO;2
-V

34. Kahle, C.; Deubner, R.; Schollmayer, C.; Scheiber, J.; Baumann, K.;
Holzgrabe, U. Eur. J. Org. Chem. 2005, 1578–1589.
doi:10.1002/ejoc.200400673

35. Zhou, Z.; Thompson, R.; Reamer, R. A.; Lin, Z.; French, M.; Ellison, D.;
Wyvratt, J. Electrophoresis 2003, 24, 2448–2455.
doi:10.1002/elps.200305510

36. Chankvetadze, B.; Endresz, G.; Bergenthal, D.; Blaschke, G.
J. Chromatogr. A 1995, 717, 245–253.
doi:10.1016/0021-9673(95)00489-4

37. Owens, P. K.; Fell, A. F.; Coleman, M. W.; Berridge, J. C.
J. Inclusion Phenom. Macrocyclic Chem. 2000, 38, 133–151.
doi:10.1023/A:1008123229006

38. Kano, K.; Hasegawa, H. J. Am. Chem. Soc. 2001, 123, 10616–10627.
doi:10.1021/ja0112644

39. Kano, K.; Hasegawa, H. J. Inclusion Phenom. Macrocyclic Chem.
2001, 41, 41–47. doi:10.1023/A:1014429907212

40. Brown, S. E.; Coates, J. H.; Duckworth, P. A.; Lincoln, S. F.;
Easton, C. J.; May, B. L. J. Chem. Soc., Faraday Trans. 1993, 89,
1035–1040. doi:10.1039/FT9938901035

41. Park, K. K.; Lim, H. S.; Park, J. W. Bull. Korean Chem. Soc. 1999, 20,
211–213.

42. Rekharsky, M.; Yamamura, H.; Kawai, M.; Inoue, Y. J. Am. Chem. Soc.
2001, 123, 5360–5361. doi:10.1021/ja003810j

43. Chisholm, C. D.; Wenzel, T. J. Tetrahedron: Asymmetry 2011, 22,
62–68. doi:10.1016/j.tetasy.2010.12.001

44. Dowey, A. E.; Puentes, C. M.; Carey-Hatch, M.; Sandridge, K. L.;
Krishna, N. B.; Wenzel, T. J. Chirality 2016, 28, 299–305.
doi:10.1002/chir.22582

45. Tanaka, Y.; Yanagawa, M.; Terabe, S. International Symposium on
Chromatography, Yokohama, Japan, Jan 22–25, 1995; Hatano, H.;
Hanai, T., Eds.; World Scientific, 1995; pp 395–400.

46. Nishi, H. J. High Resolut. Chromatogr. 1995, 18, 659–664.
doi:10.1002/jhrc.1240181009

47. Juvancz, Z.; Jicsinszky, L.; Markides, K. E. J. Microcolumn Sep. 1997,
9, 581–589.
doi:10.1002/(SICI)1520-667X(1997)9:8<581::AID-MCS1>3.0.CO;2-Y

48. Yanes, E. G.; Gratz, S. R.; Sutton, R. M. C.; Stalcup, A. M.
Fresenius' J. Anal. Chem. 2001, 369, 412–417.
doi:10.1007/s002160000643

49. Klika, K. D. Tetrahedron: Asymmetry 2009, 20, 1099–1102.
doi:10.1016/j.tetasy.2009.03.036

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic

Chemistry terms and conditions:

(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjoc.13.6

https://doi.org/10.1039%2FP29950001749
https://doi.org/10.1002%2F%28SICI%291520-636X%281997%299%3A3%3C211%3A%3AAID-CHIR2%3E3.0.CO%3B2-I
https://doi.org/10.1016%2FS0021-9673%2896%2900734-0
https://doi.org/10.1016%2Fj.tetasy.2006.04.006
https://doi.org/10.1016%2F0021-9673%2895%2901244-3
https://doi.org/10.1016%2FS0021-9673%2897%2900982-5
https://doi.org/10.1016%2FS0731-7085%2897%2900030-7
https://doi.org/10.1016%2FS0021-9673%2897%2900999-0
https://doi.org/10.1002%2Felps.1150191210
https://doi.org/10.1016%2FS0731-7085%2801%2900580-5
https://doi.org/10.5012%2Fbkcs.2004.25.2.216
https://doi.org/10.1002%2Fchir.10254
https://doi.org/10.1016%2Fj.tetasy.2003.07.019
https://doi.org/10.1002%2Fchir.20748
https://doi.org/10.1016%2Fj.tetasy.2008.07.024
https://doi.org/10.1002%2F1522-2683%28200209%2923%3A17%3C3027%3A%3AAID-ELPS3027%3E3.0.CO%3B2-V
https://doi.org/10.1002%2F1522-2683%28200209%2923%3A17%3C3027%3A%3AAID-ELPS3027%3E3.0.CO%3B2-V
https://doi.org/10.1002%2Fejoc.200400673
https://doi.org/10.1002%2Felps.200305510
https://doi.org/10.1016%2F0021-9673%2895%2900489-4
https://doi.org/10.1023%2FA%3A1008123229006
https://doi.org/10.1021%2Fja0112644
https://doi.org/10.1023%2FA%3A1014429907212
https://doi.org/10.1039%2FFT9938901035
https://doi.org/10.1021%2Fja003810j
https://doi.org/10.1016%2Fj.tetasy.2010.12.001
https://doi.org/10.1002%2Fchir.22582
https://doi.org/10.1002%2Fjhrc.1240181009
https://doi.org/10.1002%2F%28SICI%291520-667X%281997%299%3A8%3C581%3A%3AAID-MCS1%3E3.0.CO%3B2-Y
https://doi.org/10.1007%2Fs002160000643
https://doi.org/10.1016%2Fj.tetasy.2009.03.036
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.13.6

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	I. Reagents
	II. Apparatus
	III. Procedure

	Supporting Information
	Acknowledgements
	References

