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1H NMR analyses of individual a-amino acids in their mixture

were simultaneously conducted in the presence of Sm-(pdta–d8)

in water: high regularity, promising for direct simultaneous

determination of absolute configurations of each a-amino acids

in peptide hydrolysate mixtures, was observed between absolute

configuration and the induced shifts.

Simultaneous determination of the absolute configurations of

multiple stereogenic centers using spectroscopic method is an

intriguing subject. Recently, one of the most successful exam-

ples was reported by Kishi et al. They demonstrated that

absolute configurations of multiple chiral centers in an acyclic

polyol can be determined simultaneously by observing 13C

NMR spectra in the presence of a shift reagent, Pr(hfc)3.
1 The

method is also notable as a rare instance for determining

absolute configuration using a chiral shift reagent or a chiral

solvating agent that has been usually used for determination of

enantiomeric purity. On the other hand, there has been no

precedent of application of spectroscopic determination to

different molecules in a mixture of chiral compounds.

Previously, we reported that the Eu(III) and Sm(III) complexes

of (R)- and (S)-1,2-propanediamine-N,N,N0,N0-tetraacetate

(pdta) (Eu-pdta: (R)-1, (S)-1; Sm-pdta: (R)-2, (S)-2) afford a

highly consistent relation between absolute configurations

of a-amino acids and their induced shifts.2,3 The (R)- and

(S)-2 cause considerably less signal broadening on a high-field

NMR instrument than (R)- and (S)-1. Here we examined the

application of the Sm(III) complexes of deuterated pdta,

1,2-propanediamine-N,N,N 0,N 0-tetra(a,a-dideuterioacetate)
(Sm-{(R)-pdta-d8}: (R)-3 and Sm-{(S)-pdta-d8}: (S)-3) to

mixtures containing up to ten a-amino acids and obtained

the same regularity as that observed in single species.z
This result strongly suggests the possible use of these

complexes for simultaneous determination of absolute config-

urations of component amino acids in a peptide after

exhaustive hydrolysis. At present, such determination is

possible only by chromatographic methods, for example by

Marfey’s analysis.4–6 However, chromatographic methods

require standard samples of known absolute configuration.

Therefore these methods cannot be applied to novel amino

acids or small sample volumes.

Deuterated ligands were newly prepared and used in order

to reduce the signals due to the pdta ligand in the range of 2 to

4 ppm which sometimes overlapped with substrate signals to

obscure their chemical shifts.

It should not be assumed that the correlation observed for a

solution of a single amino acid will be the same for that of a

mixture of amino acids, since components may interfere with

each other in the chiral discriminating behavior. Six different

sample solutions containing a mixture of amino acids were

prepared for the examination. The relation between the shift

and absolute configuration of each amino acid in the mixture

was examined by comparison of the chemical shifts of the

corresponding signals due to each amino acid in the two

spectra separately measured in the presence of (R)- and (S)-3

at the same molar ratio. As a typical example, the 1H NMR

spectra of a mixture containing eight amino acids separately

measured in the presence of (R)- and (S)-3 are shown in Fig. 1.

Table 1 summarizes the chemical shift differences between

the corresponding signals in the presence of (R)- and (S)-3 at

the same molar ratio in terms of DDd [DdR � DdS = (dR � d0)
– (dS � d0); here DdR, DdS represent lanthanide induced shifts

(LIS) by (R)- and (S)-3, respectively; d0, dR, and dS represent

the chemical shifts without shift reagent, in the presence of

(R)-3 and (S)-3, respectively]. The DDd values for diastereo-

topic b to gmethylene protons in Table 1 are given only for the

signals that showed clear correspondence between signals in

the presence and absence of 3 recognizable by the shape of the

signals. On the other hand, the signals due to diastereotopic

methyl groups of valine and leucine were identified by com-

paring their shifts with those observed in non-mixture solu-

tions in the presence of Sm-pdta (2). Entry 6 is the result of

application of this method to the hydrolysate of a synthetic

peptide [D-Ala2, Met5]-enkephalin (Tyr-D-Ala-Gly-Phe-Met).

The peptide was hydrolysed with hydrochloric acid in the
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usual way (5.7 M HCl, 110 1C, 24 h in a sealed tube) and the

resulting hydrolysate was used for the shift study without

further purification.

A consistent correlation was observed between the signs of

DDd and the absolute configuration of each component amino

acid. The DDd values for Ha signals were positive for L- and

negative for D-amino acids. It should be noted that we have

observed no exceptions for this correlation.

The correlation was also observed for the signals due to the

side chain protons with relatively large (|DDd| 4 0.005 ppm)

signal separations. In contrast to the DDd values for Ha

signals, the values were negative for L- and positive for

D-isomers. These correlations are also the same as those

previously observed for the enantiomeric mixtures containing

amino acids of a single species (Fig. 2).y In the case of side

chain protons, some inconsistent signs were found. This may

be due in part to the experimental errors originated from not

exactly identical measurement conditions in two separate

measurements (Table 1).z These inconsistencies were limited,

however, to the signals due to side chain protons with small

|DDd| (less than 0.004 ppm) except for 2-H of the imidazole

ring of histidine, which is one of two exceptions so far

observed for amino acids in solutions of single species.3 There-

fore, even with side chain signals, assignment of the absolute

Fig. 1 Portions of the 1H NMR spectra of the mixture of eight amino

acids (L-Ala, D-Val, D-Met, D-Phe, L-Ser, L-Glu, L-Asn, L-His) in the

presence of enantiomeric 3. 1HNMR (400MHz, D2O), pH 10.1 (adjusted

by adding D2O solutions of NaOD and DCl), [Sm] = 6.0 mM,

concentration of each amino acid = 7.5 mM. Upper: in the presence

of (R)-3; lower: in the presence of (S)-3.

Table 1 Chemical shift differences between a-amino acid signals in the presence of (R)- and (S)-3 at the same molar ratio in two separate
solutionsa

Entry Amino acid

DDd

Ha HSidechain(site
b)

1 L-Ala +0.037 �0.017(b)
D-Leu �0.052 +0.036(bhi), +0.016(g), �0.003(dhi), +0.010(dlo)

2 L-Ala +0.013 �0.008(b)
L-Ser +0.015 �0.040(b�2)
L-Asn +0.068 �0.014(bhi), �0.022(blo)

3 L-Ala +0.025 �0.012(b)
D-Val �0.054 +0.026(ghi), +0.001(glo)
D-Phe �0.06 +0.040(bhi), +0.020(blo)
D-Met �0.05 +0.012(g�2), +0.005(e)
L-Ser +0.029 �0.088(b�2)
L-Asn +0.10 �0.033(bhi), �0.021(blo)
L-His +0.08 �0.033(bhi), �0.069(blo), +0.012(20), �0.049(50)
L-Glu +0.02 �0.005(g�2)

4 L-Ala +0.030 �0.005(b)
D-Val �0.032 +0.013(bhi), +0.003(glo), +0.025(g)
L-Ser +0.027 �0.071(b�2)
D-Asn �0.090 +0.025(bhi), +0.025(blo)
L-Glu +0.02 �0.005(g�2), +0.004(b�2), �0.025(g)
L-(4-OH)-Proc +0.055 �0.039(dhi), �0.135(dlo)

5d L-Ala +0.030 �0.001(b)
L-Val +0.054 +0.004(b), �0.018 (ghi), +0.003 (glo)
L-Leu +0.05 �0.011(bhi), �0.006(g), +0.003(dhi), �0.003(dlo)
L-Phe +0.06 �0.009(bhi), +0.003(blo)
L-Met +0.06 �0.008(g�2), �0.002(eSMe)
L-Ser +0.035 �0.020(bhi)
L-Thr +0.041 �0.014(b), �0.033(g)
L-Asn +0.10 �0.013(bhi), �0.019(blo)
L-His +0.08 �0.017(bhi), �0.036(blo), +0.016(20), �0.024(50)
L-Glu +0.06 +0.001(g�2)

6 L-Tyr +0.05 �0.026(bhi), �0.005(blo), �0.009(20), �0.017(30)
D-Ala �0.043 +0.022(b)
L-Phe +0.092 �0.033(bhi), �0.005(blo)
L-Met +0.096 �0.045(bhi), �0.011(blo), �0.022(g�2), �0.008(eSMe)

a 1H NMR (400 MHz) spectra were measured for D2O solutions of the amino acid mixture under the following conditions: pH 10.1; total

concentration of amino acids, 60 mM; concentration of each amino acid: 30, 20, 7.5, 10, 10, 6 mM for entry 1, 2, 3, 4, 5, 6, respectively;

concentration of (R)-or (S)-3: 6.00 mM. b DDd values for the signals due to diastereotopic methylene and methyl protons at b–d positions observed
at higher and lower field are designated by hi and lo, respectively. Those due to diastereotopic methylene protons not separately observed are

denoted by �2. c cis-4-Hydroxy-L-proline. d Spectra were determined at 600 MHz.
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configurations based on the DDd of sufficiently large separa-

tions (|DDd| 4 0.01 ppm) should be reliable. Consequently,

the opposite signs of DDds between Ha and side chain protons

are the hallmark for the reliable assignment.

It may be worth commenting on the structural basis for the

chiral discrimination in the multicomponent solution. The shift

reagents resolve the enantiomer signals through the formation

of diastereomeric complexes with enantiomeric substrates in

rapid equilibrium. The chemical shift difference between the

enantiomer signals is brought by the difference of formation

constants (K) and the bound shifts (Db).
8 The opposite signs of

DDds observed between Ha and side chain protons indicate that

DDds are determined by Dbs for corresponding nuclei in the

complexes, and not by the difference in Ks.8 If the chemical

shift differences are based only on the different formation

constants of diastereomeric complexes, a simultaneous determi-

nation cannot be attained. In the solution of the mixture of

amino acids, the concentration of the shift reagent available for

a particular amino acid would be different between the two

enantiomer solutions, since other component amino acids form

the diastereomeric complex in different extents, depending on

the different formation constant. No consistent results of the

chemical shift were thus expected if K were the important

factor.

In conclusion, we observed a highly consistent relationship

between the absolute configuration of each of the component

amino acids in mixtures of up to ten amino acid and the

chemical shift changes induced by the chiral shift reagents

(R)- and (S)-3. Increasing interest in bioactive peptides as well

as proteins containing D-amino acids propels the need for

more simple and reliable methods for the simultaneous deter-

mination of the absolute configurations of component amino

acids.9–11 These chiral shift reagents should be promising for

the simultaneous determination of absolute configurations of

component amino acids of peptides, especially those contain-

ing new a-amino acids.

We thank Prof. Shigeki Matsunaga at the University of

Tokyo for suggesting the possible application of the samarium

complex 3 to amino acid mixtures.

Notes and references

z For over 16 of a variety of a-amino acids, the correlations between
absolute configurations and the induced shifts upon signals of
a-protons and side chain protons were examined. 2,3-diaminopropanoic
acid was found as the sole exception for the regularity observes for a-
proton. It was confirmed that the b-amino group disturbed the regularity
though its coordination with Sm(III). This can be avoided by lowering
the pH of the solution used for the measurement; thus, the normal
correlation was observed under neutral conditions. All signals of side
chain protons conformed to the regularity except for the 2-H signal of
imidazole from the side chain of histidine.
y In ref. 3, we reported the enantiomer signal resolution of a single
species of amino acid in the presence of (R)-2. The relative position of
signal due to L-isomers was low for Ha and high for side chain protons.
These results correspond to the positive and negative signs of DDds
observed for Ha and other protons, respectively.
z The errors in chemical shifts were examined by repeated measurements
for the protons of L-valine ([Val] = 0.06 M, pH = 10.0, [(R)-2]/[Val] =
0.1) to be �0.005,�0.003, �0.002, and �0.002 ppm for Ha, Hb, Hg, and
Hg
0 signals, respectively. Although the error for Ha signal was 1/6 to 1/10

compared to the observed DDd value in mixtures, those for Hb and Hg

signals were comparable to the observed DDd values of the correspond-
ing signals of valine with inconsistent signs.
8 If the signs of DDds are determined solely by the difference of Ks, the
signs of DDd for Ha and others must be the same. Although the
difference in Ks is not considered to be the decisive factor in the present
case, it might be a source of inconsistent signs together with the
experimental errors.
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Fig. 2 Relative positions of corresponding a-amino acid signals in
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