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The enantiomeric separation of several amino acid derivatives by reversed-phase liquid chromatography using two
(R)- and (S)-naphthylethylcarbamate-p-cyclodextrin(NEC-B-CD) bonded stationary phases was studied to illustrate the
chiral recognition model of the enantiomeric separation. The retention and enantioselectivity of the chiral separations
with (R)- and (S)-NEC-B-CD bonded phases were compared with similar separations with the native B-CD stationary
phases. Especially, the enantioselectivity and elution orders between the derivatized amino acid enantiomers are care-
fully examined. These results can be illustrated by the chiral recognition models involving inclusion complexation,
n-n interation, and/or hydrophobic interation. Inclusion complexation and hydrophobic interation of the naphthyl group
of the NEC moiety seem to be major chiral recognition components in the enantiomeric separation of 2,4-dinitrophenyl
amino acids and dabsyl amino acids on (R)- and (S)-NEC-B-CD columns. For dansyl amino acids, only the inclusion
complexation is the dominant factor. Three different chiral recognition models containing n-n interaction, inclusion
complexation and hydrogen bonding were proposed for the separation of the 3,5-dinitrobenzoyl amino acid enantiomers,
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depending on the size and shape of amino acids.

Introduction

Cyclodextrins (CDs), which are cyclic oligosaccharides con-
taining D(+ )-glucopyranose units, have been used to devel-
ope a series of bonded chiral stationary phases. The function-
alized CD bonded phases were introduced for enantiomeric
high performance liquid chromatography (HPLC) separations
in the normal-phase’” as well as in the reversed -phase
mode3* In order to illustrate the chiral recognition mecha-
nism of enantiomeric separations, a number of empirical and
theoretical studies have been done’> ! The formation of an
inclusion complex seems to be a critical part of the chrial
recognition and of separation process in the CD systems.!'™1
It is apparent that the size and geometry of a guest molecule
compared with that of the cyclodextrin cavity is an important
factor in inclusion complex formation. Inclusion complex for-
mation is affected by the several different factors which in-
clude hydrophobic effect, hydrogen bonding, Van der Waals
interations, release of high-energy water from the CD cavity
and a change in ring strain upon complexation.’* Since the
CD molecules are themselves chiral, they can form a diaster-
eomeric pair of inclusion complexes with each enantiomer
of a racemate.

Consequently, the use of CDs in HPLC as a chiral station-
ary phase (CSP) bonded to solid support has been extensi-
vely studied. Enantiomeric resolution of a series of amino
acids, barbituric dioxolane, phenylacetic acid derivatives, nic-
otine analogues and many other compounds were successfu-
lly carried out with B-CD CSPs under reversed phase condi-
tions. Amino acids are one of the most important compounds
which are found in all known living organisms. The enantio-

" meric separation of some free aromatic amino acids was only
succeeded on a a-CD-CSPs!® but not on the other CD colu-
mns. Most derivatized amino acids can be resolved on func-
tionalized B-CD bonded CSPs.*3'6 The retention behavior
and entioselectivity of the derivatized amino acids was depe-
ndent upon the kinds of the derivatization of amino acids

and also upon the modification of the primary and secondary
hydroxyl groups of CDs. Amino acids were usually derivati-
zed with achiral aromatic compounds in order to form an
inclusion complex with CDs. The substitution of the hydroxy
groups in CDs with 1-naphthylethyl carbamate gives an addi-
tional stereogenic center, which can achieve a chiral recogni-
tion for the enantiomeric separation.

The goal of this paper is to obtain a better knowledge
of the chiral recognition mechanism of the derivatized amino
acids on two different naphthylethyl carbamate B-cyclodex-
trin bonded stationary phase, (5)-1(1-naphthyl)-ethyl carba-
mate [ (S)NEC]-derivatized B-CD bonded phase column (SN)
and (R)-1(1-naphthyl)-ethyl carbamate [(R)NEC]-derivatized
8-CD bonde phase column (RN) in relation to native B-CD
column. These RN and SN columns are able to form inclu-
sion complex with the analyte by utilizing the CD cavity
as well as the n-n interaction between the m-acidic portion
of the analyte and the n-basic naphthyl portion of the col-
umns. Primarily, we are interested in what the main chiral
recognition for the enantiomeric separation of the derivatized
amino acids is between the inclusion complex formation
and/or the n-n interaction. Next, in the case of more than
one aromatic group in the analyte it is critical that which
one is fittable for the inclusion complex formation. The re-
tention and enantioselectivity of the analyte on the two NEC-
B-CD bonded CSPs will be determined. The elution orders
between the enantiomers will be discussed by their chiral
recognition model.

Experimental

Chemicals and Methods. Amino acids and other com-
pounds were obtained from Sigma (St. Louis, MO, USA) or
Aldrich (Milwaukee, WI, USA). HPLC-grade methanol
(MeOH) and acetonitrile (MeCN) were purchased from
Merck (Darmstadt, Germany). Water was deionized by pas-
sing distilled water through a ELGA purification system.
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Free amino acids was dried and dansylated with dansyl
(DNS) chloride according to the procedure described.!®

Their dabsylation was also carried out by mixing 2.5X107*
M each amino acids with 5X10°% M dabsyl (DAB) chloride
via the equal volume ratio.”® In the 3,5-dinitrobenzoyl (DNB)
derivatization, approximately 3-5 mg of amino acid were dis-
solved in 2 mL acetone. Next, 2-3 mg of 3,5-dinitrobenzoyl
chloride derivatizing agent were added. The reaction solution
was agitated in the heating bath at 60 C for 10 min. The
resulting solution was turned from dark brown to colorless
and then was cooled and injected directly into the liquid
chromatograph. In the 2,4-dinitrophenyl (DNP) derivatization
of amino acids, the amino acid was dissolved in 1 mL of
2% sodium bicarbonate and mixed with 2 mL of ethanol
containing 0.05 mL of 24-dinitrofluorobenzene. This mixture
was shaken for 2 h in the dark at room temperature. The
resulting solution was injected into the liquid chromatograph
for the enantiomeric separation of the DNP-amino acids.

Apparatus. A liquid chromatographic system of Varian
5000LC with Rheodyne Injection valve Model 7125 was used
as HPLC. A variable wavelength detector, Fluorichrom II
was also used and interfaced with Varian 4290 integrator.
The detection wavelength of DAB- and DNP-amino acids
were set at 436 nm and 360 nm, respectively. The DNS-
and DNB-amino acids both were detected at 254 nm. The
pH of the mobile phase was adjusted by a DMS pH/ion me-
ter of Model DP-215.

The three different 25 cm columns (4.6 mm 1D, 5 pm
particle diameter) were obtained from Astec (Whippany, NJ,
USA). The first column was a Cyclobond I column (BC) with
B-CD molecules chemically bonded to silica gel with a five-
atom non-nitrogen containing spaces. The other two columns
were (S)-1(1-naphthyl)-ethyl carbamate [(S)NEC]-derivatized
B-CD bonded phase column (SN) and (R)-1(1-naphthyl)-ethyl
carbamate [(R)NEC]-derivatized B-CD bonded phase column
(RN), which have one stereogenic center around the n-basic
naphthyl group.

Results and Discussion

Inclusion complex formation of the analytes with CD is
utilized in a liquid chromatographic system as a retention
mechanism. Since the interior of the cavity of CDs is rela-
tively hydrophobic, the capacity and separation factors of
analytes are determined by hydrophobic interaction within
cavity and also affected by the fittness of the analytes to
the size of the CD cavity. Recently resolution of racemic
derivatized amino acids on six CD stationary phases was
systematically investigated.! It was concluded that the (R)
NEC-B-CD column (RN) was the most widely useful derivati-
zed cyclodextrin based CSP and the chiral recognition me-
chanism of this CSP involves inclusion complexation with
B-CD cavity, n-n interaction with the naphthyl moiety, intera-
ctions with remaining chiral secondary alcohols at the CD
mouth and steric hinderance. However, it was not sure whe-
ther the major factor of the chiral recognition mechanism
for the separation of racemic derivatized amino acids is the
inclusion complexation with the B-CD, the hydrophobic inte-
raction of chiral NEC moiety, or their combination. It is na-
tural that the substitution onto the B-CD column affect the
retention and enantioselectivity of the racemic derivatized
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Table 1. Capacity Factor (¢") and Selectivity (a) of 2,4-Dinitro-
phenyl Amino Acids (DNP-AAs) Enantiomers on Several Cyclo-
dextrin Chiral Stationary Phases

DNP- BC RN SN Mobile
AAs k' a k' o k' a Phase
Val 449 098 598 0.90 6.16 097 A
155 100 250 093 241 1.00 B
Leu 495 093 723 0.89 789 093 A
162 100 302 092 298 095 B
Ile 493 095 757 0.89 812 097 A
163 100 310 091 314 100 B
Phe 738 095 178 093 166 0.93 A
1.80 100 471 100 429 100 B
Tyr 769 100 - - - - A
112 100 - - 978 1.00 B
Phg 690 100 154 100 149 100 A
162 100 469 100 366 1.00 B

The capacity factors (&) stand for the first eluting enantiomers
and the selectivity (a)=4%p'/k;’. The columns are BC; Cyclobond
I BETA. RN; Cyclobond 1 BETA-RN. SN; Cyclobond I BETA-
SN. The mobile phases are A; MeOH-0.5% TEAA buffer (50 : 50)
at pH 5.0. B; MeCN-05% TEAA buffer (40:60) at pH 5.0.

amino acids in a liquid chromatography. These can be specu-
lated as follow. First, if the inclusion complex formation of
the analytes with the CD is major chiral recognition mecha-
nism without any effect of the NEC substitution group due
to the steric effect of the bulky naphthyl moiety on the
mouth of the CD cavity, their enantioselectivity will be dec-
reased. Second, a new chiral recognition mechanism of the
inclusion complexation including the interaction of the chiral
NEC moiety can be created resulting no difference depen-
ding on the chirality of the NEC group. The elution orders
of the enantiomers between use of RN and SN columns will
be the same. Third, if only the n-n interaction of the chiral
NEC moiety is the main factor for the chiral recognition
mechanism of the liquid chromatographic separation without
the inclusion complexation of the analytes with the B8-CD
cavity, the elution orders of the enantiomers will be reversed
by replacing RN column with SN column.

Separations of 2,4-Dinitrophenyl Amino Acids.
There was a report on the enantiomeric separation of some
DNP-amino acids only on B-CD bonded stationary phase,
which discribed the resolution of 8 nonessential and 2 essen-
tial DNP-amino acids.”” In this paper the optical resolutions
of the racemic 6 different essential DNP-amino acids accord-
ing to use of B-CD, (R)NEC-B-CD, and (S)NEC-8-CD CSP
columns were compared. As shown in Table 1, it was found
MeOH gave the better enantioselectivity than MeCN. We
believe that the MeCN solvent of the low polarity may enter
the B-CD and hinder the inclusion complex formation of the
analytes compared with MeOH. The enantioselectivity of
DNP-AAs on RN or SN column was greater than that on
BC column. In principle, DNP-amino acids can penetrate B-
CD cavity in only two orientations, either the p-nitro group
of the DNP substituent first or the side chain of the amino
acid first. The orientation of inserting the other on meta
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Table 2. Capacity Factor (¢') and Selectivity (a) of 3,5-Dinitro-
benzoyl Amino Acids (DNB-AAs) Enantiomers on Several Cyclo-
dextrin Chiral Stationary Phases

DNP- BC RN SN Mobile
AAs k' a k' a k' a Phase
Leu 135 100 288 077 339 100 C
Ile 139 100 300 095 363 100 C
Met 184 100 333 061 332 093 C
Tyr 182 100 373 094 370 117 C
Phg 1.74 100 494 070 471 157 C
Phe 340 089 702 110 415 106 D
Trp 329 097 758 109 266 111 D
Ala 133 100 294 097 196 105 D
Asp 252 100 691 100 38 106 D
Thr 128 100 248 107 266 1.11 D

The columns are the same as in Table 1. The mobile phases
are C; MeCN-0.7% TEAA buffer (50:50) at pH 5.8. D; MeCN-
05% TEAA bLuffer (30:70) for BC column and MeCN-0.5%
TEAA buffer (50 :50) for RN and SN columns at pH 4.

position of the DNP substituent is impossible for them to
fit onto the cavity. It was reported that the depth and the
tilt of the aromatic ring in the cavity are significantly diffe-
rent for the D and L enantiomers in the inclusion complexa-
tion of DNP-amino acids. Li and Purdy suggested via NMR
study that the tilt angle and insertion depth of DNP-amino
acids in the inclusion complex formation of DNP-amino acids
with B-CD were different. Therefore they concluded that two
or even more inclusion complexes rather than 1:1 stoichio-
metry can be associated between DNP-amino acids and free
CD molecules. However in liquid chromatographic systems
having solid CD bonded phases such as B-CD, RN or SN
column, it is not reasonable to think the existence of the
inclusion complex of other than 1:1 stoichiometry because
the CD cavity is not populated in the columns and also not
close enough to form the inclusion complex of two CDs bond-
ed to the solid support with the analytes. So it should be
a 1:1 inclusion complex with the different tilt angle and
insertion depth. As shown in Table 1, the longer retention
times were observed on the less polar RN and SN stationary
phases due to the more hydrophobic interaction and the ena-
ntioselectivity is enhanced a little by substituting the NEC
group to the CD column. However, the elution orders of
DNP-AAs were not dltered by using three different columns.
These facts indicate that the chiral recognition mechanism
of the DNP-AAs is not different on these three cyclodextrin-
based columns with minor modification of the inclusion com-
plex formation.

Separation of 3,5-Dinitrobenzoyl Amino Acids.
The DNB derivatization adds a n-acid group to the amino
group of amino acids. The DNB group has greater n-acidity
than the DNP group which may favor CD inclusion. The
DNB group tends less to form the inclusion complex with
the CDs which is more favorable to n-basic group than n-
acidic groups in aqueous system. Therefore, as shown in
Table 2, for the native CD bonded column a few compounds
such as Phe and Trp can be enantiomerically separated.
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Figure 1. Chromatograms of DNP-(a), DNS-(b), DNB-Amino
Acids(c) enantiomers on derivatized B-Cyclodextrin columns.
Mobile Phase condition a) 50% MeOH : 50% Buffer Solution (0.5
% TEA, pH 5.5). b) 20% MeCN : 80% Buffer Solution (0.7% TEA,
pH 4.5). ¢) 50% MeOH : 50% Buffer Solution (0.7% TEA, pH
5.8) Flow Rate 1.0 mL/min.

These compounds have an aromatic group which may be
filtable to the inclusion complex formation.* From the results
it could be concluded that the DNB group was not able to
penetrate the B-CD cavity to form inclusion complex. How-
ever, it could be thought that the aromatic side chains of
DNB-Phe and DNB-Trp can penetrate into the B-CD cavity
to form inclusion complex with difference in stability. But
those of DNB-Tyr and DNB-Phg are not easy to form inclu-
sion complex because the hydrogen bonding of the hydroxyl
group of the Tyr aromatic side chain with the secondary
hydroxyls of CD cavity is possible and because the size of
the phenyl side chain of DNB-Phg is not adequate to form
inclusion complex between the enantiomers with difference
in chiral recognition. For the enantiomeric separation of the
3,5-dinitrobenzoyl amino acids it can be classified as three
different elution types. First, phenylalanine and tryptophan
having the side chain of aromatic group showed a chiral
resolution on all the three CD columns. The better resolution
on the NEC-columns was observed than on B-CD column.
The elution orders of the enantiomers on the B-CD column
were reversed when the (R)- or (S)-NEC-B-CD columns were
used. However, no difference in the elution orders of the
enantiomers between RN and SN columns depending on the
chirality of the NEC moiety was observed. It indicates that
the NEC group of the columns is important for the chiral
separation but not dominant factor in the chiral recognition.
Therefore, we can see that the inclusion complexation of
the aromatic side chains with B-CD cavity as well as n-n
interaction of DNB-amino acids with the naphthylethyl group
of the NEC moiety is involved for the enantiomeric separa-
tion. A typical chromatogram for the result was shown in
Figure 1. Second, the chiral recognition of DNB-Met and
DNB-Thr were not observed on the B-CD column but on
the RN and SN columns. The elution order of amino acid
enantiomers on these columns was the same but that bet-
ween DNB-Met and DNB-Thr different. It was reasonable
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Table 3. Capacity Factor (k') and Selectivity (a) of Dansy! Amino
Acids (DNS-AAs) Enantiomers on Several Cyclodextrin Chiral
Stationary Phases
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Table 4. Capacity Factor (¢") and Selectivity (&) of Dabsyl Amino
Acids (DAB-AAs) Enantiomers on Several Cyclodextrin Chiral
Stationary Phases

BC RN SN DAB- BC RN SN Mobile
DNS-AAs
k' a k' a k' a AAs k' a k' a k' a Phase
Val 0.66 1.18 4.50 1.06 148 1.09 Val 469 098 - - 13.0 0.83 E
Leu 0.65 1.18 538 1.00 1.66 1.00 Phe 474 100 130 097 205 1.15 E
Ser 0.79 111 2.48 1.04 1.01 1.06 Glu 19.0 1.00 904 095 201 0.98 E
Thr 0.82 1.20 2.96 1.06 1.09 1.08 Met 394 098 918 096 139 0.84 E
Phe 0.64 1.14 7.01 1.09 1.94 1.08 Leu 432 101 — - 18.1 0.79 E
Met 0.54 1.22 4.69 1.00 146 1.00 Ile 452 100 - - 229 0.97 E
The mobile phase for BC column is 35% MeCN and 65% buffer Ser 263 105 143084 080 094 F
solution (1.0% TEAA) at pH 45 while that for RN and SN L'P 241 090 163 090 268 094 F
columns is 50% MeCN and 50% buffer solution (1.0% TEAA) Thr 3.08 100 186 081 103 093 F
at pH 4.5. The columns used are the same as in Table 1. Ala 258 100 182 088 096 094 F

to think that the m-n interaction of the DNB-amino acids
with the naphthylethyl group of the NEC-B-CD columns be
also involved in the chiral separation. The side chain of
methionine and threonine containing sulfur atom or hydroxyl
have hydrogen bonding ability. These compounds can form
not inclusion complexation but hydrogen bonding with the
secondary hydroxyl group of the CD moiety. So the chirality
of the NEC moiety of the columns is not main factor for
the enantiomeric separation. It is not clear that the elution
orders between the enantiomers of DNB-Met and DNB-Thr
were opposite. The hydrogen bonding of these molecules
can be sepasrated to occur differently to the C-2 or C-3 hy-
droxyl groups of the B-CD hydroxyls, respectively, It is well
known that the secondary hydroxyl group (C-2 and C-3) are
fixed in space with all of the C-2 hydroxyl groups pointed
in a clockwise direction and all of the C-3 hydroxyl groups
pointed in a counter-clockwise direction.”! Third, all the or-
der 35-dinitrobenzoyl amino acids with no aromatic side
chains including DNB-Phg and DNB-Tyr showed no enantio-
meric resolution on the native CD column but some resolu-
tion on the RN and/or SN columns. The elution orders of
the DNB-AAs enantiomers on the RN column were reversed
when the SN column was used except DNB-Leu and DNB-
Ile. We believe that these enantiomers were not resolved
on the SN column due to low coverage of the NEC moiety.
It indicates that the naphthylethyl group of the NEC moiety
is important to form n-n interaction with the DNB-amino
acids so the chirality of the NEC is critical in the chiral
recognition. This resuit descrives the n-n interaction as a
dominant chiral recognition. However, the B-CD moiety of
the RN or SN column does not seem to affect the chiral
recognition.

Separation of Dansyl Amino Acids. Amino acid
enantiomers with the dansyl group having a bulky naphthyl
group were relatively resolved well on the native p-CD col-
umn. But the enantiomeric resolutions of DNS-AAs were
decreased by replacing the B-CD column with RN or SN
column as shown in Table 3. The elution orders of the DNS-
amino acid enantiomers on the three different CD chiral
columns were the same. The dansyl derivatives, with a naph-
thyl group, seem to fit well in the B-CD cavity.! These results

The mobile phases are E; MeCN-0.5% TEAA buffer (40 : 60)
at pH 4.5. F; MeCN-1% TEAA buffer (40:60) for BC column
and MeCN-1% TEAA buffer (65:35) for RN and SN columns
at pH 6.0.

show that the main chiral mechanism of DNS-AAs on these
columns is inclusion complexation and the NEC moiety of
RN or SN column decreases the chiral recognition due to
the steric effect against the inclusion complexation. So the
bulky NEC group of the columns may hinder for the dansyl
group of DNS-AAs to penetrate the cavity of CDs to form
a stable inclusion complex.

Separation of Dabsyl Amino Acids. The dabsyl der-
aivative is more n-basic than the DNS derivative. It was cho-
sen for its long and rigid azobenzene backbone which may
favor CD inclusion. Table 4 list the capacity and enantiosele-
ctivity factors of the dabsyl amino acids on the three CD
columns. The results show that as a general rule, the enan-
tioselectivity of DAB-AAs on the RN and SN columns is
greater than that on the B-CD column. The elution orders
of the DAB-AAs enantiomers were the same through the
three different CD columns except DAB-Phe and DAB-Ser.
The enantiomer elution order of all dabsyl amino acids on
B-CD and NEC-8-CD bonded stationary phases was D before
L enantiomer, while a reverse elution order for dansyl amino
acids was observed. These result of the opposite elution or-
der can be illustrated as a tight fittness of the inclusion
complexation to the cavity of the cyclodextrin. The bulky
dansyl group fits well on the cyclodextrin cavity but the long
dabsyl group fits loose. The DAB-AAs may form a hydrogen
bonding of p-dimethylamine of their long azobenzene back-
bone with the primary hydroxyis of the B-CD column so
their chiral interactions seem to be different from those of
DNS-AAs. Therefore, the DAB-AAs, which has its long and
rigid azobenzene backbone, may favor CD inclusion comple-
xation containing a hydrophobic interaction of the nonpolar
side chains of DAB-AAs with the naphthyl group of the NEC
moiety. For the enantiomeric separation of DNS-amino acids,
the chirality of the CDs in inclusion complexation takes a
major role in the chiral recognition model. On the other
hand, for the enantiomeric separation of DAB-amino acids,
both the CD cavity and the NEC group are involved in the
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chiral recognition model. It is not clear that the exceptional
retention order of DAB-Phe on the SN column was resulted
but it can be assumed that the phenyl ring of the Phe side
chain rather than the dabsyl group may penetrate the CD
cavity to form the inclusion complex on this column. The
futher study on this curious retention behavior is required
to understand the specific chiral recognition for DAB-Phe.

Conclusion

The (R)- or (S)-NEC-B-CD column, which was B-CD col-
umn bonded with chiral naphthylethyl isocyanate, was used
for the enantiomeric resolution of four different derivatives
of amino acids (te, DNP-, DNB-, DNS-, and DAB-Amino
acids) to study the chiral recognition model based on that
of the native B-CD column. The three substituted groups
(DNP, DNS, and DAB) of the four derivatized amino acids
take an important role in the inclusion complexation but the
DNB group of DNB-AAs is too bulky to form inclusion comp-
lex fittable for B-CD cavity. It could be concluded that the
chiral recognition mechanism of the DNP-AAs and DAB-AAs
was based on the inclusion complexation of the substituted
groups containing the hydrophobic interaction of the nonpo-
lar amino acid side chains with the naphthyl group of the
NEC moiety. Similarly, that of the DNS-AAs was also based
on the inclusion compexation of the DNS group with B-CD
cavity, but decreasing the chiral recognition due to the steric
effect of the column NEC moiety. On the other hand, it can
be speculated that there are three different chiral recognition
mechanisms for the enantiomeric resolution of DNB-amino
acids on RN or SN column. First, the n-n interaction of DNB-
amino acids with the naphthyl group of the NEC moiety
involving the inclusion compexation of the aromatic side
chains for aromatic amino acids was involved. Second, for
DNB-Met and DNB-Thr, the n-n interction with the NEC
moiety plus the hydrogen bonding with the secondary hy-
roxyl group of the CD moiety was found. Third, for most
of the DNB-AAs, only the n-n interaction of DNB group with
the chiral NEC moiety was a dominant factor in the chiral
recognition mechanism.
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