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(+)-(18-Crown-6)-tetracarboxylic acid (18C6Hy) is used as a chiral selector for various amino acids, where the L-
isomer is usually eluted prior to the D-isomer in HPLC using 18C6Hy-linked column. To clarify the structural scaffold of
(4+)-18C6H, responsible for chiral separation of amino acids, we have previously investigated the interaction mode
between (4)-18C6H,4 and amino acids using X-ray analysis. However, no conclusive results could be obtained to explain
the reverse elution order in the case of serine and to establish a general separation rule of chiral amino acid by
(+)-18C6H, in HPLC. Thus, to clarify the exceptional result obtained with serine and to set a general separation rule,
interaction between (+)-18C6H, and a-amino-n-butyric acid, valine, and alanine, as methyl substitutes of the methyl
groups for the hydroxy groups of serine and threonine, and the simplest chiral amino acid, respectively, was investigated
both in solution and solid states. Consequently, it was found that an asymmetric bowl-like conformation of (4+)-18C6Hy, is
necessary for chiral separation. This conformation is constructed by chiral-specific interaction between the C,—H groups
of the amino acid and the polar oxygen atoms of (4)-18C6H4. It was also found that the exceptional reverse elution
observed with serine is due to additional interaction between the polar groups of the amino acid side chain and
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(+)-18C6H,.

The preparation and evaluation of optically active com-
pounds have become very important steps in the development
of new drugs. Particularly, determination of new compounds
optical purity is essential to guarantee safety, effectiveness, and
quality.! Therefore, the pharmaceutical industry has a tremen-
dous interest in techniques that allow chiral separation. Over
the past few decades, various analytical methods, such as
high-performance liquid chromatography (HPLC), gas chro-
matography (GC), capillary electrophoresis (CE), and nuclear
magnetic resonance (NMR), have been used to assess com-
pounds optical purity.> Among these analytical methods, HPLC
using chiral stationary phase (CSP) has become widely used
due to its high separation efficiency and generality.> CSPs have
been broadly categorized into the following types: inclusion
(e.g., crown ether and cyclodextrin),* brush (e.g., Pirkle-type),’
polysaccharide (e.g., cellulose),’® affinity (e.g., protein),” and
ligand exchange (e.g., Cu**—amino acid).® Crown ether, first
introduced by Pedersen in 1967,° was shown by Cram et al.'? to
resolve enantiomers through host—-guest complexation. In
addition, the optically active crown ether derivative has been
widely used for optical synthesis, resolution, and analysis
of chiral amino compounds. Therefore, crown ether-linked
CSP is suitable for chiral separation of racemic amino com-
pounds. In fact various amino acids are effectively separated

by CSP-18C6I column, which is chemically immobilized
by (+)-(18-crown-6)-tetracarboxylic acid ((+)-18C6H,)!' on
silica gel.?

As for separation of D/L-amino acids by CSP-18C6Il
column, the L-isomer is usually eluted prior to the D-isomer
(the first elution rule of L-amino acid),'? indicating that the D-
isomer forms a more stable interaction with (4)-18C6H, than
the L-isomer. To clarify the structural scaffold of (4)-18C6H,
for D/L-separation of racemic amino acids, we have previously
investigated the interaction modes between (+)-18C6H,4 and
six amino acids (Tyr, Ile, Met, PheG, Ser, and Glu) by single-
crystal X-ray analysis and discussed the possible relationship
between interaction mode and (+)-18C6H, molecular con-
formation.'>!'* On the basis of the crystal structures of
(+)-18C6H4 co-crystallized with achiral guest molecules, we
furthermore investigated the allowable conformational varia-
tion of (4+)-18C6H,4 and its possible transition pathway from
standard symmetric conformation to the asymmetric bowl-like
one."> Consequently, we proposed that the structural require-
ment of (4)-18C6H, necessary for chiral separation is an
asymmetric bowl-like conformation, and that optical separation
is achieved by chiral-dependent interaction between the amino
acid and (4)-18C6H4: a model is schematically shown in
Figure 1.
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Figure 1. Possible interaction model of (4)-18C6H4 with
amino acid.'® (+)-18C6H, is depicted with a bowl-like
shape with two hollows (big and small) and a lug on the
rim.

On the other hand, serine (Ser) does not obey the first elution
rule of L-amino acid in HPLC, although both the structural
requirement of (+)-18C6H, and its interaction with Ser
necessary for chiral separation are satisfied in the complex
crystal.!® Tnstead, it is suggested that the reversed elution order
of racemic Ser is probably due to the hydrogen bond between
the hydroxy group of L-Ser side chain and the carboxyl group
of (+)-18C6H,, because such interaction is not formed for
D-Ser.

To examine the structural origin of Ser reverse separation
and to establish a universal rule for separation of chiral amino
acids by (+)-18C6Hy, interaction with (+)-18C6H, in solution
and solid states was investigated for five chiral amino acids
i.e., Ser, threonine (Thr) having a hydroxy group at the same
position as Ser, o-amino-n-butyric acid (ABA), valine (Val)
having a methyl group instead of the hydroxy group of Ser or
Thr, and Ala as the simplest chiral amino acid. On the basis of
NMR solution and X-ray crystal analyses of these interaction
pairs and the related interaction data reported so far, we report
in this paper the conformational and interaction requirements of
(+)-18C6H,4 and amino acids necessary for chiral separation,
together with the structural basis for the exception to the rule.
The atomic numbering of (+)-18C6H,, Ala, ABA, Ser, Val,
and Thr used in this work is shown in Figure 2.

Experimental

HPLC Analysis. Experiments were performed on a Shimadzu
LC-10 system with a Shimadzu Chromatopac C-R7A plus a data
processor, in which a CSP-18C6I column (2.0mm i.d., length
15cm) was used for separation: (4)-18C6H, was chemically
immobilized on 3-aminopropylsilanized silica gel according to the
procedure described by Machida et al.'?® Three columns connected
in series were used for enantiomer separation. An aqueous solution
containing 1 mM (1 M = 1 mol dm™>) perchloric acid was used as
the mobile phase. Chromatographic runs were performed at flow
rate of 0.2 mL min~! and temperature of 0 °C. The sample solution
was prepared by dissolving the proper amount of racemic Ala, Ser,
ABA, Thr, Val, and various amino acids: glutamic acid (Glu),
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Figure 2. Chemical structure and atomic numbering of
(4+)-18C6H4 used in this work.

glutamine (Gln), isoleusine (Ile), leusine (Leu), methionine (Met),
cysteine (Cys), arginine (Arg), histidine (His), phenylalanine
(Phe), tryptophane (Trp), tyrosine (Tyr), phenylglycine (PheG),
and lysine (Lys) in 10 mM perchloric acid. Finally, 1-uL volume of
the sample prepared was injected into the column, and the eluted
solution was detected by absorbance at 200 or 254 nm.

NMR Measurement. All NMR spectra were measured on a
Varian unity INOVAS00 spectrometer. 'HNMR spectra were
measured in CD;OD solution containing adequate DCI with
tetramethylsilane (TMS) as an internal standard; The chemical
shifts of various amino acids in CD3;0D solution were much more
sensitive to interaction with (+)-18C6H,; than those in D,O
solution, though these shift patterns were common in CD30D and
D,0 solutions. '

"HNMR spectra were measured for a mixture solution of an
equimolar amount (6 mM) of L- and D-enantiomers of each amino
acid (Ala, ABA, Ser, Val, and Thr) and (+)-18C6H, at 298 K.
Proton assignments of each amino acid and (+)-18C6H, were
determined by the COSY, HSQC, and HMBC measurements.
Furthermore, the chemical shift of C, proton at the range of
273-323 K was measured for Ala, ABA, and Ser to investigate
temperature dependence in the interaction with (+)-18C6Hy. The
stoichiometry between each amino acid (Ala, Ser, and ABA) and
(+)-18C6H4 was determined by the continuous variation method
(Job plot),!” where the total concentration of both molecules was
kept constant (10 mM) and the molar fraction of (+)-18C6H, was
varied in the range of 0.2-0.8 at 298 K. The binding constant (K,)
between each amino acid (Ala, Ser, and ABA) and (+)-18C6H4
at 298K was estimated by Scott’s modification!® of Benesi—
Hildebrand equation:  [(4)-18C6H4];/ Adobs = [(+)-18C6H,4],/
AS. + 1/K,AS.], where [(+)-18C6H,]; is the molar concentration
of (+)-18C6Hy, Ads is the difference of the chemical shift of Cy,
proton of each amino acid observed for the given concentration of
[(+)-18C6Hy], from its free component, Ad, is the chemical shift
difference of C, proton of amino acid between a pure sample of
complex and free component at the saturation. The concentration
of amino acid was kept at 1 mM, while that of (+)-18C6H, was
varied from 0 to 4 mM.

X-ray Analysis. The complex crystals of (+)-18C6Hs—L-Ala
(L1-1 and L1-2), (4)-18C6Hs—D-Ala (D1-1 and D1-2), (+)-
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18C6H4—L-ABA (L2), (+)-18C6H4—D-ABA (D2), (4)-18C6H4—L-
Thr (L3), (+)-18C6H4—D-Thr (D3), (+)-18C6Hs—L-Val (L4), and : & 2 o _
(+)-18C6H4—D-Val (D4) in the form of colorless prisms, were - O:r Zod § q = g % < 0 oo 2x
prepared from aqueous solution or aqueous perchloric acid Qg = TLES £R SEXZ~ . § S 2
solution containing an equimolar amount of (+)-18C6H, and an &) Um g a2 = S
enantiomer of each amino acids by slow evaporation at 293 K. X- ©
ray data were collected with a Rigaku RINT RAPID/R diffrac- “ o
tometer using graphite-monochromated CuKo radiation (4 = c;:r % od 2 oo ‘% ié 59 - o o
1.5418 A) at 173 K. Details for cell parameter determination and s A § S E gans—-9 £ 8=
data collection are summarized in Table 1. Intensity data within ) g = Lo n=26 T coee
260 < 136.4° were measured using an imaging plate area detector.
Each crystal structure was solved by the direct method using SIR- o
92." In the solutions of L1-1, L3, and D3, disorder was OESE‘"OO é 888 = ©
encountered. Progress of Fourier refinement revealed the disor- = I:'. Ec\ 6 g B\': g § § S 5 S 2w § § g %
dered two positions for the C13 atom of (4)-18C6H, in L1-1 and SRR S+ ¥ 8 - v SS
L3, and for the water molecule in L3 and D3. These final o= T = -0 -
occupancies were determined as result of the refinement. Positional
parameters of non-H atoms were refined by full-matrix least- *So o ~caceea
squares with anisotropic temperature parameters using SHELXL- - ) Z T ME_ TTFIFSE % T 28
97.20 The positions of H-at t for the disorder sit SIEEEEEY ARSI ZETT 2 23
positions of H-atoms, except for the disorder sites, were E3e B E R SR N S 3
determined by difference Fourier map. They were treated as S - T el s =
riding with fixed isotropic displacement parameters and were
not included as variables in the refinement. The final atomic 0:r %N Q, o 2 aags=ssT . P,
coordinates, anisotropic temperature factors, and atomic coordi- a2 5 RCRY § 5 z—; 58 § E aF 8 8=
nates of H atoms have been deposited with the following US G -0 E daTdISa T e
designations: D1-1: CCDC-698130, D1-2: CCDC-698131, D2:
CCDC-698132, D3: CCDC-698133, D4: CCDC-698134, L1-1: ©
CCDC-698135, L1-2: CCDC-698136, L2: CCDC-698137, L3: gg”q% T4 cd@e S w o om
CCDC-698138, L4: CCDC-698139. . :fmjﬁ:z % I Z g 3 2887 2 g § E
QP ER a2 H "
Results and Discussion o
HPLC Analysis. Chiral separation parameters of Ala, Ser, . o _
ABA, Thr, and Val together with thpse of the references; Glu, IS % “ 'g 5 2 § § § o w wun
Gln, Leu, Ile, Met, Cys, Arg, Lys, His, Phe, Trp, Tyr, and PheG, 5 TE 9 g 3 g TS8R 5 ¥ 3 5 § §
in HPLC analysis using CSP-18C6I column are given in % 56 “"EAN S -2 S T
Table 2. According to the first elution rule of L-amino acid in g ©
HPLC, the L-enantiomers of all amino acids, except for those l% °
of Ser and Thr, were eluted prior to the D-enantiomers. As ABA e o 2 o
and Val are substitutes of the methyl groups and hydroxy % - o) % S EQ @\Eg S L 2 0e
groups of Ser and Thr side chains, respectively, it is obvious 21z :f:: m: 5 2 ES E & &R g =3 g § ‘é
that Ser and Thr exception to the elution rule is due to the % o935 = *TT i
hydroxy groups of Ser and Thr side chains. g z ©
Interaction between (+)-18C6H4 and Chiral Amino Acid o
in the Solution State. Binding Stoichiometry and Binding % 5 SQ é * T e o
Constant: The stoichiometry between amino acid and Z |2 = E\ T xS g < Sag IRE i 2 = =
(+)-18C6H4 in solution at 298 K was investigated by Job plot S |- o9 oA g o > <« = E - ° e-°
for chemical shift of C, proton of L- and D-enantiomers of g ’ -
Ala, Ser, and ABA. As shown in Figure 3, nearly symmetric b5 o 2
bell-curves were obtained, indicating the formation of a 1:1 Eﬁ _ S %N T Ts5 aaa S 4 ¢ wa
complex for all enantiomers. £ - e 6;:'_' 2aq 3 § £ S22 wm ¥ 832
The binding constant K, for the 1:1 complex of each E o9 g o % 8 =< E - ¥ es
enantiomer and (+)-18C6H, at 298 K was evaluated from the 8 - O
chemical shift of C, proton by Scott’s modification of Benesi— 8
Hildebrand equation. As shown in Figure 4, the slope of the 5 2
plot is equal to 1/Ad, and the intercept to 1/K,Ad,, allowing 2 = & 2 =
estimation of K,. The estimated values of Ad. and K, are given £ §) £ g - % § ~=
in Table 3. The binding constants of the D-enantiomers were all A 5 % g s 'g 2 A % IS
larger than those of the L-enantiomers. In the case of Ala and - = E B :,” 5 oot 0 o o o &% :5 ? A
. . g . ] O Qe " " T = = ~
ABA, which obey the elution rule, a positive correlation was = § S EESSOTANENRQGET o
observed between K, value and the elution order in HPLC. A = - SRR A
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Table 2. Enantiomer Separation Parameters of Various
Amino Acids?

klb) kZC)
Ala 11.0 (L) 13.0 (D)
Ser 9.9 (D) 13.5 (L)
ABA 9.9 (L) 12.1 (D)
Thr 8.0 (D) 83 (L)
Val 8.8 (L) 9.5 (D)
Glu 10.6 (L) 12.8 (D)
Gln 10.1 (L) 12.7 (D)
Leu 11.3 (L) 15.6 (D)
Ile 10.7 (L) 12.2 (D)
Met 14.7 (L) 20.5 (D)
Cys 11.6 (L) 12.7 (D)
Arg 33.1 (L) 56.1 (D)
Lys 51.3 (L) 63.0 (D)
His 26.5 (L) 35.9 (D)
Phe 13.6 (L) 22.8 (D)
Trp 259 (L) 40.1 (D)
Tyr 14.5 (L) 21.7 (D)
PheG 17.1 (L) 33.2 (D)

a) The mobile phase was 1 mM perchloric acid, the column
temperature was 0 °C. b) Retention time/min of the first eluted
enantiomer. c) Retention time/min of the second -eluted
enantiomer.
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Figure 3. Job plots for L- and D-Ala, Ser, and ABA in
solution with (4)-18C6H,; @ D-Ala, O L-Ala, l D-Ser,
(] L-Ser, A D-ABA, A L-ABA.

similar positive correlation was observed for the enantiomers
of 1-(1-naphthyl)ethylamine,>' phenylglycine, and its methyl
ester.”> However, the K, value estimated from C, proton does
not necessarily reflect the overall interaction, because a similar
situation around C, proton was also observed for Ser, which
shows negative correlation with the elution order in HPLC.
On the other hand, Ad, values of the D-enantiomers of Ala,
ABA, and Ser were larger than those of the L-enantiomers. It
has been reported that Adys values of C, protons of various
chiral amino acids, such as acidic (Asp, Asn, Glu, and Gln),
basic (Arg, His, and Lys), alkyl (Ala, Cys, Met, and Ser), and
aromatic (Phe, Trp, Tyr, and DOPA) amino acids, are all larger
for the D-enantiomers than the L-enantiomers in D,0.'¢ As
these amino acids, except Ser, obey the first elution rule of
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Figure 4. Scott plots for L- and D-Ala, Ser, and ABA in
solution with (4)-18C6H,; @ D-Ala, O L-Ala, B D-Ser,
[1L-Ser, A D-ABA, A L-ABA.

Table 3. Complex-Induced Chemical Shifts (ppm)® at Satu-
ration (Ad,) and Apparent Binding Constants K,/mol ™!

Ad. (D) AS. (L) Ka (D) K, (L)
Ala 0.39 0.28 2332 1642
ABA 0.74 0.23 1323 1236
Ser 0.64 0.23 1455 1323

a) All chemical shifts are reported in ppm relative to TMS in
CD;0D at 298 K.

L-amino acid in HPLC, it is suggested that the major driving
force for chiral interaction is based on interaction between the
backbone structure of the chiral amino acid and (4)-18C6Hy,
regardless of the sort of amino acid side chain. The exception
of Ser to the elution rule, despite the fact that its K,, Ad., and
Adgps values are similar to those of the other amino acids
obeying the elution rule, is due to another factor such as
the hydrogen bond between the side chain of L-serine and
(+)-18C6H, observed in the complex crystal.®

Chiral-Dependent Interaction of Amino Acid with (4)-
18C6H,: The proton chemical shifts of Ala, Ser, ABA, Thr,
Val, and (4)-18C6H, at 298K and their differences in the
absence and presence of equimolar (+)-18C6H, are summa-
rized in Tables 4 and 5, respectively, and representative
"HNMR spectra are shown in Figure 5.

As shown in Table 4, C, protons of the D-enantiomers were
more shifted toward the lower-field side than those of the L-
enantiomers in the presence of (+)-18C6H,. Shift of C,, proton
toward the lower-field side indicates participation of C,—H
group in the hydrogen bond or electrostatic interaction with the
acceptor atom of (+)-18C6H,, and the large chemical shift
change in the D-enantiomer as compared with the L-enantiomer
suggests that interaction of the D-enantiomer with (4)-18C6H,4
is stronger than that of the L-enantiomer. This agrees with the
K, values of these amino acids. Interestingly, no notable
difference in the chemical shift patterns of C, protons was
observed between Ser and ABA or between Thr and Val.
Again, this indicates that Ser and Thr exception to the elution
rule is due to additional factors. In contrast, the chemical shifts
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Table 4. 'H Chemical Shifts (ppm) of Ala, Ser, ABA, Thr,
and Val in the Absence or Presence of (4)-18C6H4
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Table 5. 'H Chemical Shifts (ppm) of (+)-18C6H, in the
Absence or Presence of Amino Acid

'H chemical shifts of amino acids®

C.H CgH C,H
DL-Ala (Free) 4.02 1.54 —
L-Ala with (4)-18C6H, 4.17 1.54 —
As (L) 0.15 0.00 —
D-Ala with (4)-18C6H4 4.28 1.58 —
As (D) 0.26 0.04 —
AAs (D-L) 0.11 0.04 —
DL-Ser (Free) 4.04 3.99/3.95 —
L-Ser with (4)-18C6H, 4.15 4.03/3.99 —
As (L) 0.11 (NA)Y® —
D-Ser with (+)-18C6H,4 4.37 4.04/3.88 —
As (D) 0.33 (NA) —
AAs (D-L) 0.22 (NA) —
DL-ABA (Free) 3.93 1.96 1.07
L-ABA with (+)-18C6Hs  4.04 1.98/1.94 1.06
As (L) 0.11  0.02/-0.02 —0.01
D-ABA with (+)-18C6H,  4.31 2.00/1.92 1.08
As (D) 0.28  0.04/-0.04 0.01
AAs (D-L) 0.17 (NA) 0.00
DL-Thr (Free) 3.81 4.28 1.34
L-Thr with (4)-18C6H, 3.86 4.25 1.34
As (L) 0.05 —0.03 0.00
D-Thr with (4)-18C6H, 3.93 425 1.34
As (D) 0.12 —0.03 0.00
AAs (D-L) 0.07 0.00 0.00
DL-Val (Free) 3.85 231 1.09
L-Val with (4)-18C6H4 3.98 2.26 1.15/1.05
As (L) 0.13 —0.05 0.06/—0.04
D-Val with (4)-18C6H, 4.24 2.19 1.17/1.08
As (D) 0.39 —0.12 0.08/—0.01
AAs (D-L) 0.26 —0.07 (NA)

a) All chemical shifts are reported in ppm relative to TMS in
CD;0D at 298 K. b) Not available.

of Cg or C,, protons did not show such changes, but were
randomly shifted toward the lower- or higher-field side due to
interaction with (+)-18C6H,, and their degrees were consid-
erably small as compared with those of C, protons, indicating
the weak interaction of Cg or C,, protons with (+)-18C6Hy in
solution state. The chemical shift changes of Cy, Cg, and C),
protons suggest again that the major driving force for chiral
interaction is based on interaction between the backbone
structure of the chiral amino acid and (+)-18C6H4. The
chemical shifts of the methylene and methine protons of
(+)-18C6H4 were also changed by complexation with the
amino acid. As shown in Table 5, only slight differences in the
pattern of these shift changes were observed among the
different guest compounds. It is believed that these differences
are caused by difference of chiral interaction.

Temperature Dependency of Chiral Interaction between
Amino Acid and (4)-18C6H4: The chemical shifts of C,
protons of Ala, Ser, and ABA complexed with (4)-18C6H, at
273-323K are shown in Figure 6. The chemical shift of the
D-enantiomer increased with decreasing temperature, though

'H chemical shifts of (+)-18C6H

) (ii) (i) (iv)
Free 479 380 3.62 3.64  3.60
With L-Ala 463 405 355 390 352
As (with L) —0.16 025 —0.07 026 —0.08
With D-Ala 462 402 354 384 351
Ag (with D) —0.17 022 —0.08 020 —0.09
AAg (withD-L) 001 —0.03 001 —0.06 0.0l
With L-Ser 466 396 356 384  3.53
Ag (with L) —0.13  0.16 —0.06 020 —0.07
With D-Ser 466 402 353 386 349
Ag (with D) —0.13 022 —0.09 022 —0.11
AAg (withD-L) ~ 0.00  0.06 0.03 002  0.04
With L-ABA 467 400 355 385  3.53
As (with L) —0.12 020 —0.07 021 —0.07
With D-ABA 464 404 351 387  3.48
Ag (with D) —0.15 024 —0.11 023 —0.12
AAg (with D-L)  0.03  0.04 004 002  0.05
With L-Thr 473 388 360 371 358
As (with L) —0.06  0.08 —0.02 0.07 —0.02
With D-Thr 473 387 359 370 357
As (with D) —0.06 007 —0.03 006 —0.03
AAg (with D-L)  0.00 —0.01 0.0l —0.01  0.01
With L-Val 468 399 358 384 353
Ag (with L) —0.11  0.19 —0.04 020 —0.07
With D-Val 467 400 353 383 350
Ag (with D) —0.12 020 —0.09 0.19 —0.10
AAs (with D-L) 0.0l 001 0.05 —0.01 0.3

a) All chemical shifts are reported in ppm relative to TMS in
CD;0D at 298 K. b) Chemical shifts of H1, H9, H10, and H18
methine protons. ¢) Chemical shifts of methylene protons of (i)
H3a, H7b, H12a, and H16b, (ii) H3b, H7a, H12b, and Hl16a,
(iii) H4a, H6b, H13a, and H15b, and (iv) H4b, H6a, H13b, and
H15a, respectively. Proton assignments were determined by the
COSY, HSQC, and HMBC measurements.

that of the L-enantiomer showed little change. This suggests
that the D- and L-enantiomers for each amino acid have
different chiral interaction mode with (4)-18C6H,. Further-
more, this finding indicates, as found with HPLC results,'?* that
NMR measurement at lower temperature is more effective for
enantiomer separation.

Interaction between (+)-18C6H, and Chiral Amino Acid
in the Crystal State. Structural Features of Complexes:
The respective crystals consisted of the 1:1 complex of
(+)-18C6H, and the amino acid. The crystals of L1-2, D1-1,
L2, D2, and L3 contained two crystallographically independent
complexes per asymmetric unit, whereas others consisted of
one complex. All crystals, except D1-2, included one (L1-1,
D1-1, D2, L4, and D4), three (L1-2 and L2), or five (L3 and
D3) independent water molecules, and one (L1-1 and D3) or
two (D1-1) perchloric ions per asymmetric unit, respectively.
(+)-18C6H, took a neutral form (L1-1 (Mol. B), L2, D2
(Mol. B), L3 (Mol. A), and D3), a dianionic form (L1-1
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Figure 6. Temperature dependency of the chemical shift
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(Mol. A) and D2 (Mol. A)) or a monoanionic form (in others)
depending on the protonation state of the carboxyl groups. The
bond lengths and angles of (+)-18C6H, were accurate enough
allowing us to equally compare the structural and conforma-
tional features with the other related complexes reported so far.
All amino acids had the zwitterionic form (L-Ala (Mol. A) in
L1-2 and L-Thr (Mol. B) in L3) or monocationic form (others),
and their bond lengths, angles, and molecular conformations
were all in the usually observed range.”*2° The interaction
modes between amino acid and (4)-18C6H,; observed in
complexes are shown in Figure 7. Interaction patterns of the
enantiomers of Ala, ABA, and Val with (+)-18C6H4 were
common to those of Tyr, Ile, Met, and PheG, which obey the

first elution rule of L-amino acid in HPLC.'3 This clearly
indicates that chiral interaction of the amino acid with
(+)-18C6H4 has the same mode regardless of the sort of side
chain. Ala—(+)-18C6H, complex provides a representative
model for chiral separation of amino acid by (+)-18C6H,
(Figure 8). Furthermore, interaction patterns of D- and L-Thr
with (4)-18C6Hy are similar to those of Ser, both of which do
not obey the first elution rule of L-amino acid in HPLC. This
indicates that chiral interaction modes between amino acid
and (+)-18C6Hy4 are slightly affected by the packing force in
complex crystals.

Conformation of (+)-18C6H, and Its Relation to Chiral
Separation of Amino Acid: Previously, we have reported
that although the molecular conformation of (4)-18C6H4 can
freely change within an allowable range, it preferentially takes
one of the three different convex and asymmetric conforma-
tions; conformers I-III, when it forms a complex with chiral
amino acid.'> These conformers are classified according to
the different orientation around the O11-C12-C13-014-C15-
C16-017 bond sequence (Figure 9) and are dependent on the
interaction modes of the guest molecule. In order to investigate
the possible relation between conformation of (4)-18C6H4
and chiral recognition of amino acid in more detail, X-ray
structures of related complexes reported so far were surveyed.
As shown in Table 6, the conformation of (4+)-18C6H,4 did not
depend on the charge, the structure, and chirality of the guest
compound, or the presence of the counter ion. It is noteworthy
that two independent (4)-18C6H, molecules in the complex
with D-Ala (D1-1) and D-PheG"? take two different conformers;
conformer I and IIT (with D-Ala) or conformer I and II (with
D-PheG). This means nearly equal stability of conformers I, II,
and III. However, the ratio of each conformer in all complex
crystals is 7:1:2 for conformer L:IL:III, suggesting preference of
conformation I for complexation with chiral amino acid in the
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Figure 7. Stereoscopic views of representative molecular interactions of (a) L-Ala (L1-1), (b) D-Ala (D1-1, Mol. A), (c) L-Ser, 4
(d) D-Ser, (e) L-ABA (L2, Mol. A), (f) D-ABA (D2, Mol. A), (g) L-Thr (L3, Mol. A), (h) D-Thr (D3), (i) L-Val (L4), and (j) D-Val
(D4) with (4)-18C6H,4, viewed perpendicular to the crown ether ring. Amino acids and (+)-18C6H, are depicted with filled and
open bonds, respectively. The thin dotted lines represent N-H--O/N--O interactions and the thick dotted lines represent C,—H--O

or O-H--O interactions.

solid state. Moreover, (+)-18C6H, (Mol. B) in L2 exception-
ally took the symmetric convex/C,-type conformation, as
shown in Figure 10, though the conformations of other
(+)-18C6H,4 molecules complexed with amino acids were all
asymmetric (conformer I-IIT). This indicates that these asym-
metric and symmetric conformations of (+)-18C6H, are
energetically similar.

Structural Scaffold for Chiral Separation of Amino Acid
by (+)-18C6Hy: In order to clarify the structural scaffold of

(+)-18C6H, for making chiral separation of racemic amino
acids possible, the noteworthy difference between the inter-
action modes of (4)-18C6H,4 with L- and D-amino acids was
surveyed for hitherto analyzed complexes. The results are
summarized in Figures 11-13.

In all complexes, the amino group of chiral amino acids was
located near the center of the crown ether ring and formed
hydrogen bonds or electrostatic interactions with the eight
oxygen atoms of the ring and carboxyl groups. As for the chiral
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(b)

Figure 8. Schematic interaction patterns of (a) L-Ala (L1-1) and (b) D-Ala (D1-1, Mol. A) with (4)-18C6H,. The dotted lines
represent N-H--O/N--O interactions. The conformation of (4)-18C6Hj is roughly depicted with a bowl-shaped figure with two

concave and one convex rim.

(b)

©

Figure 9. Stereoscopic views of the three different con-
formers of (+)-18C6Hy in the crystal state; (a) conformer I,
(b) conformer II, and (c) conformer III. Conformer I could
be converted into an equilibrium state with conformers II
and III by successive rotation around the C13-O14
or 014-C15 bond as shown by the arrows in (a)—(c).'*
The dotted lines represent intramolecule hydrogen bond
between 023 and 029 of the carboxyl groups.

separation of amino acid, NH-O interaction appears to be
equally formed between the L- and D-amino acids but is not a
driving force for chiral separation, because there is no clear
difference between D- and L-amino acids concerning the
number, average distance, and angle of hydrogen bonds, as
shown in Figure 11.

The carboxyl group of the amino acid did not directly
interact with the polar atoms of partner’s (+)-18C6H, in all
complexes reported so far. Instead, the carboxyl group was
hydrogen bonded to the donor or acceptor atom of neighboring

Figure 10. Stereoscopic view of the convex/Cy,-type con-
formation!® of (4)-18C6H, in L2 (Mol. B). (+)-18C6H,
and L-ABA are depicted with filled and open bonds,
respectively. The dotted lines represent hydrogen bond or
electrostatic interaction.

(+)-18C6H,, water or counter ion, and the interaction mode
was not significantly different between the L- and D-amino
acid, as shown in Figure 12. However, the carboxyl group of
the amino acid may assume a key role in chiral separation,
because it determines the spatial location of each enantiomer
with respect to (+4)-18C6H, leading to chiral separation
(Figure 1).

On the other hand, C,—H--O interaction of the amino acid
with O atom of (4)-18C6H; was significantly different
between the L- and D-amino acids. As for C,—H--O interaction,
the distance of Cg--O is generally shorter than the sum of their
van der Waals radii (3.22 A) and the angle of C—H--O is greater
than 110°,27 although these geometric parameters are far from
the usual hydrogen-bonding criteria.”® The distance and angle
of Co,—H--O interaction in the D-amino acid were meaningfully
shorter and larger than those in the L-amino acid, respectively,
as shown in Figure 13: Co—H~O = 2.53 (D) and 2.76 A (L),
Z0-H--O0 =129 (D) and 105° (L) in average. This means
that Co—H--O interaction force of the D-amino acid with
(+)-18C6Hy4 is stronger than that of the L-amino acid, though
the distance of Cg--O is almost the same between the L- and D-
amino acid. Therefore, it is reasonable to suggest that the major
factor for separating the L- and D-amino acids is the difference
in C,—H--O interaction force, which is created by the position
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Table 6. Conformer of (+)-18C6H,4 in Complex Crystal with Chiral Amino Acid

Figure 11.

Conformer Charge Complex with Counter ion Crystal
I (+)-18C6H4 L-Ala ClO4~ L1-1
I (4)-18C6H,*~ L-Ala — L1-2 (Mol. A)
I (+)-18C6H,4 L-Ala — L1-2 (Mol. B)
I (+)-18C6H4 D-Ala ClO4~ D1-1 Mol. A)
I (+)-18C6H4 D-Ala ClO4~ D1-1 (Mol. B)
I (+)-18C6H,4 D-Ala — D1-2
I (+)-18C6H4 L-Ser ClO4~ (Ref. 6)
I (+)-18C6H;3~ D-Ser — (Ref. 6)
I (+)-18C6H;3~ L-ABA — L2 (Mol. A)
(convex/Cy,) (+)-18C6H;3~ L-ABA — L2 (Mol. B)
I (+)-18C6H,>~ D-ABA — D2 (Mol. A)
I (+)-18C6H,4 D-ABA — D2 (Mol. B)
I (+)-18C6H4 L-Thr — L3 (Mol. A)
I (+)-18C6H;3~ L-Thr — L3 (Mol. B)
III (+)-18C6H,4 D-Thr ClO4~ D3
I (+)-18C6H;3~ L-Val — L4
I (+)-18C6H;3~ D-Val — D4
I (+)-18C6H;3~ L-Tyr — (Ref. 7)
I (+)-18C6H4 D-Tyr ClO4~ (Ref. 7)
I (+)-18C6H;3~ L-Ile — (Ref. 7)
I (+)-18C6H;3~ D-Ile — (Ref. 7)
I (+)-18C6H;3~ L-Met — (Ref. 7)
I (+)-18C6H;3~ D-Met — (Ref. 7)
I (+)-18C6H;3~ L-PheG — (Ref. 7)
I (+)-18C6H;3~ D-PheG — (Ref. 7)
I (+)-18C6H;3~ D-PheG — (Ref. 7)
I (+)-18C6H;3~ L-Glu — (Ref. 6)
I (+)-18C6H;3~ D-Glu — (Ref. 6)
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of each residue of the amino acid with respect to two hollows
of (+)-18C6H4: the carboxyl groups of L- and D-amino acids
complexed with (4+)-18C6H, are both located in the larger
hollow of the symmetric bowl, as shown in Figure 1.

On the other hand, the OH groups of L-Ser and L-Thr side
chains formed hydrogen bonds with the carboxyl oxygen atoms
of (+)-18C6Hy4: L3 Mol. A: O(37)(Accepter)--O(26)(Donor) =
2.691(2) A, 0-H~0 = 1.69 A, ZO-H--O = 167°; L3 Mol. B:
0(37)(D)--0(26)(A) = 3.059(4) A, O-H--0=2.07A, ZO-

H-O = 144°; L-Ser-(+)-18C6Hs: O(37)(D)--O(26)(A) =
2.714(3) A, O-H~0 = 1.72 A, ZO-H--O = 173°."* This is in
contrast with the other cases, because the side chains of D-Ser,
D-Thr, and all other chiral amino acids did not form any
specific interaction with (+)-18C6H,. Especially, it is interest-
ing to note that the side chains of ABA and Val, which have a
methyl group instead of the hydroxy group of Ser and Thr and
obey the first elution rule of L-amino acid in HPLC, did not
form hydrogen bonds with the carboxyl groups of (4)-18C6H,4
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in complex crystals. This obviously indicates that hydrogen-
bond formation between the OH group of L-Ser or L-Thr side
chain and the carboxyl groups (+)-18C6H, in solution state is
the cause for the exception from the first elution rule of
L-amino acid in HPLC.

Conclusion

From the present results of molecular conformation of
(+)-18C6H4 and its interaction mode with guest molecule in
solid and solution states, the mechanism of chiral separation
of amino acids by (+)-18C6H; could be summarized as
follows. For chiral separation, (4+)-18C6H, takes an asymmet-
ric bowl-like conformation with two hollows (big and small).
(+)-18C6H,4 anchors the amino acid by hydrogen bonds
between the amino residue of the amino acid and the O atoms
of (4+)-18C6H4. These hydrogen bonds are equally formed
between the L- and D-enantiomers of the amino acid and do not
become a major driving force for chiral separation. The
location of the amino acid anchored by (4)-18C6H, is different
between the D- and L-enantiomers, due to the different size of

the two hollows (big and small) of (4)-18C6H,. The carboxyl
group of the amino acid assumes an important role in
positioning each enantiomer with respect to (+)-18C6Hy,,
though it does not directly interact with the big hollow of
(+)-18C6Hy4. Chiral separation is then achieved by different
Co—H--O interaction between the D- and L-amino acid and
(+)-18C6Hy4, the force of which is superior in the case of the
D-amino acid in both of the solid and solution states. This leads
to the first elution rule of the L-isomer in HPLC using 18C6H-
linked column. On the other hand, the exceptional reversed
elution order in the case of Ser and Thr is due to the hydrogen
bond between the side chain OH of the L-enantiomer and
(+)-18C6Hs,.

Supporting Information

Detailed data of C,—H--O interaction (Table S1), conformation
of amino acid (Table S2) and intermolecular hydrogen bond
(Tables S3 and S4), and stereoscopic views of host—guest
interaction (Figures S1-1-S1-3) and crystal packing (Figure S2),
in complex crystals of amino acid with (+)-18C6H,4. This material
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is available free of charge on the web at http://www.csj.jp/journals/
besj/.
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