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L-Amino acids dominate the natural world almost to the exclusion
of D-amino acids. However, some importantD-amino acids1 have
been found in biology, notably as neurotransmitters (D-serine)2 and
as building blocks (D-alanine) for bacterial cell wall synthesis.3

There has been considerable interest in understanding the mecha-
nism of the so-called “L to D conversion” of amino acids4 since
enzymes involved in these processes are often targeted for develop-
ment of therapeutic agents (e.g., antibiotics and antidepressants).
In nature, L-amino acids are converted toD-amino acids by
pyridoxal phosphate dependent enzymes that racemize amino acids
(Scheme 1a).4 The first step of the racemization reaction involves
the formation of a special type of imines with internal resonance-
assisted H-bonds (RAHB).5 We developed a chiral analogue (1) of
pyridoxal that binds amino acids by formation of imines with
RAHBs. The strong H-bonds can be used to activate the bound
amino acids and convertL-amino acids (L-aa) toD-amino acids (D-
aa) by epimerization of the imines (1-L-aa) formed between1 and
L-aa (Scheme 1b).

Receptor1 was prepared as previously described.6 Stereoselective
recognition of amino acids by1 can be studied in two different
ways. In the first procedure, at least 2-fold excess of a racemic
mixture of amino acid is added to1 and allowed to equilibrate by
imine exchange.6 In the second procedure, 1 equiv of an amino
acid (racemic or either enantiomer) is added to1 and the mixture
is allowed to equilibrate by triethylamine catalyzed epimerization
(Scheme 1b). Without the base, epimerization is not significant even
after weeks.

Epimerization of the imines (1-L-aa) formed between1 and
L-amino acids (Scheme 1b) were monitored by1H NMR. In a
typical experiment,L-serine (10 mM) and1 (10 mM) were mixed
in a DMSOd6 solution to give the corresponding imine (1-L-Ser)
within minutes. Triethylamine (50 mM) was then added to the
reaction mixture and the epimerization reaction was monitored for
2 days. Figure 1 shows the time dependent change in the1H NMR
spectrum due to the epimerization of three imines ((a)1-L-Ser to
1-D-Ser; (b)1-L-Ala to 1-D-Ala, (c) 1-L-His to 1-D-His).

In all cases (Figure 1), the signals due to the two urea N-H and
the imine C-H can be conveniently monitored free from other
signals. A clear pattern in the1H NMR for the epimerization
reaction emerges regardless of the amino acid used. The two urea
N-H signals shift dramatically downfield and the imine C-H signal
shifts upfield with the epimerization reaction. Figure 1 shows that
the reactions are remarkably clean and complete for all amino acids.
The epimerization reaction takes place by proton exchange at the
R position of the amino acid as evidenced by deuteration at this
position (solvent: 90/10 v/v DMSO-d6/D2O). (In principle, epimer-
ization could also take place by rotation about the single bond

connecting the two naphthyl groups of the receptor. This is unlikely
since the energy barrier to such a rotation is expected to be high.7

Epimerization by bond rotation or imine exchange would not be
accompanied by deuteration).

The ratios of [1-D-aa] to [1-L-aa] at equilibrium (Scheme 1b)
for thirteen different amino acids are listed in Table 1 (Figures S1-
S13, Supporting Information). It is clear from the table that the
receptor binds all amino acids with the same sense of stereoselec-
tivity. Although the sense of the receptor stereoselectivity for
bindingR-amino acids is the same as that for it binding 1,2-amino
alcohols,6 the magnitude of the receptor stereoselectivity is
considerably greater for bindingR-amino acids (>10:1) than for
binding 1,2-amino alcohols (∼4:1). The stronger H-bonding
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Figure 1. Partial1H NMR spectra showing the epimerization of (a)1-L-
Ser to1-D-Ser, (b)1-L-Ala to 1-D-Ala, and (c)1-L-His to 1-D-His.

Scheme 1
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between the urea group and the carboxylate group over the
H-bonding between the urea group and the alcohol group may
contribute to the greater receptor streoselectivity for binding
R-amino acids than for binding 1,2-amino alcohols.

The stereoselectivity of1 for binding a wide range ofR-amino
acids is remarkably high for such a simple organic receptor. Amino
acids with basic (His) and acidic (Glu) side chains are tolerated as
well as those with hydrophobic (Tyr, Trp, Phe, Leu, Ala) and
hydrophilic (Ser, Thr, Gln, Arg, Asn, Met) side chains.8 It is likely
that the stereoselectivity is the highest for threonine because of the
steric bulk next to theR-carbon (see1-L-aa of Scheme 1).
Furthermore, the hydroxyl side chain of threonine is electron
withdrawing and makes theR C-H more acidic for facile
epimerization. Over the years, there has been much interest in
developing organic,9 biological,10 polymeric,11 and metal based12

R-amino acid receptors. To our knowledge,1 represents the most
stereoselective small molecule organic receptor for binding a wide
range of underivatized amino acids. In addition, it is the first
receptor for deracemization of amino acids as shown below.

The imines (1-D-aa) formed between1 andL-amino acids (Table
1) may be hydrolyzed under acidic conditions to yield the
corresponding amino acids and the free receptor (1) once the
epimerization reaction (Scheme 1b) has reached equilibrium.13 The
receptor (1) can be recycled repeatedly (alternating base-catalyzed
imine epimerization and acid-catalyzed imine hydrolysis) without
significant loss in yield or purity (Figure S14) to produce more
D-amino acids fromL-amino acids in excellent yields. The enan-
tiopurity of the isolated amino acids were determined by1H NMR
using the receptor (1) as the chiral shift reagent.14 These experiments
show that the enantiopurity of the isolated amino acids match the
diasteriomeric ratios of the imines before hydrolysis (Table 1).
Similarly, a one-pot chemical deracemization of amino acids can
be accomplished by replacingL-amino acids in the above process
with racemic ones. There has been much interest in deracemization
of amino acids as a method for large-scale production ofD or L

amino acids. A chemoenzymatic dynamic kinetic resolution process
has recently been developed for deracemization of amino acids.15

To gain some insight into the origin of stereoselectivity for the
binding of R-amino acids to1, DFT computations were carried
out for1-L-ala and1-D-ala (Figure S15).16 Computation shows that
1-D-Ala is more stable than1-L-Ala by about 1.1 kcal/mol in
qualitative agreement with the experimental results (Table 1; 7/1
translates to 1.2 kcal/mol). In1-L-Ala, there appears to be
considerable steric hindrance between the methyl group of the
alanine group and the imine C-H of the receptor (Scheme 1b and
Figure S15). In contrast, there is less steric hindrance between the
R-proton of alanine group and the imine C-H of the receptor in
1-D-Ala. The weaker steric interactions in1-D-Ala should result in
stronger H-bonds to form between the two urea N-Hs and the
carboxylate group (Scheme 1b). The1H NMR signals of the more
strongly H-bonded protons should be more downfield shifted17 as
observed (see urea N-H signals in Figure 1).

Many interesting models of pyridoxamine including chiral ones
have been developed to convertR-ketoacids toR-amino acids.18

Receptor1 may be considered a chiral model of pyridoxal. A
rational design has led to the development of a general receptor
(1) that binds a wide range of amino acids with remarkably good
and even predictable stereoselectivity. Unlike other amino acid
receptors,1 can be used for deracemization of amino acids by
epimerization of the imine intermediates that are activated by
RAHBs.
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Table 1. The Ratios of [1-D-aa] to [1-L-aa] at Equilibrium

amino acids D/L ratio amino acids D/L ratio

threonine 20/1 methionine 11/1
glutamine 15/1 glutamic acid 11/1
histidine 14/1 serine 11/1
arginine 14/1 leucine 9/1
asparagine 13/1 tryptophan 8/1
tyrosine 12/1 alanine 7/1
phenylalanine 11/1
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