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Abstract

Five chiral stationary phases were prepared by coating the surface of porous graphitic carbon with a series of N-substituted
L-proline chiral selectors. The N-substituents served as anchor molecules for immobilization of chiral selectors on the support
material. The effect of the alkyl (C,, C,, C,,) and aryl (naphthylmethyl, anthrylmethyl) anchor molecules on retention and
enantioselectivity were studied using thirty-six amino acid enantiomers as probe compounds. The surface concentrations of
the chiral selectors, determined using the breakthrough method, were found to be in the range 0.39-0.68 wmol m >. The
coated PGC phases all showed appreciable enantioselectivity for both non-polar and acidic amino acids with the
naphthylmethyl-L-proline showing the greatest overall values. The N-substituents were shown to have strong influence on
retention and enantioselectivity. An increase in the chain length of the alkyl N-substituents resulted in improved
enantioselectivity whereas the retention decreased. However, with the aryl N-substituents, both the retention and
enantioselectivity decreased with an increase in the ring number of the aryl substituent. The retention order for the majority
of the amino acids examined was the same on all the columns, that is p>1. These behaviours were interpreted in terms of the
involvement of the N-substituent in intramolecular hydrophobic iteractions responsible for the observed chiral recognition.
© 1997 Elsevier Science BV.
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1. Introduction acid derivative either covalently bonded or perma-

nently adsorbed to a solid support [1]. Recent work

The separation of amino acid enantiomers by
chiral ligand exchange chromatography may be
accomplished by the formation of transient ternary
copper complexes with an optically active amino
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has indicated that porous graphitic carbon (PGC) is a
suitable support matrix for chiral ligand exchange
chromatography when the chiral selector is attached
to the surface via a hydrophobic anchor (or spacer)
molecule [2,3].

Previous studies using silica supports have demon-
strated the profound effect of the alkyl spacer length
on enantioselectivity [4-7]. The involvement of
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hydrophobic interactions between the spacer mole-
cule and the analyte in enantioselectivity was con-
firmed in an investigation of the structure—enantio-
selectivity relationships using a series of N-substi-
tuted L-phenylalanines as a chiral selectors on PGC
support [3]. The role of the alkyl and aryl N-sub-
stituents in chiral recognition was clearly demon-
strated, with the retention order of a pair of amino
acid enantiomers being L>D on the alkyl-L-phenylal-
anine phases but the reverse retention order (p>L)
being observed on the aryl substituted L-phenylala-
nine phases. An analysis of the structure of the
transient ternary complexes was consequently under-
taken which revealed that the competition of the
N-substituent with the phenyl group in L-phenylala-
nine in the interaction with the side chain of the
amino acid analyte may be the key factor determin-
ing the observed retention order [3].

To verify this hypothesis, we have carried out a
further investigation using chiral selectors having the
same series of substituents but with L-proline as the
central chiral moiety instead of L-phenylalanine.
Since the L-proline selector contains no aromatic
element, the competitive interactions as postulated
for the L-phenylalanine selector are no longer feas-
ible. Thus it would be predicted that a uniform
retention order of amino acid enantiomers should be
observed regardless of whether the N-substituent
anchor molecule is an alkyl or aryl group. In this
investigation, five chiral stationary phases for the
separation of amino acid enantiomers were prepared
by coating the surface of porous graphitic carbon
with N-substituted L-proline. The effects on retention
and enantioselectivity of a series of different aryl and
alkyl anchor molecules were studied using amino
acid enantiomers as probe compounds.

2. Experimental
2.1. Apparatus

The chromatographic system consisted of a Gilson
305 pump (Villiers le Bel, France), a Gilson 805
manometric module, a Gilson 231 XI. sampling
injector, a Gilson 401 diluter and an ABI 759A
absorbance detector (Foster City, CA, USA) con-
nected to a Gilson HPLC 715 system controller via a

Gilson 506B interface. Porous graphitic carbon or
‘Hypercarb’ columns (50X3.0 mm LD. and 100X4.6
mm LD., particle diameter 7 pm, specific surface
area 119 m’/g, batch number 123/R3) were sup-
plied by Hypersil (Runcorn, UK). The same batch of
the packing material was used throughout.

2.2. Chemicals

The enantiomers and racemates of, alanine, nor-
valine. norleucine, valine, leucine, isoleucine,
methionine, proline, phenylalanine, serine, threonine,
asparagine, glutamine, ornithine, lysine, arginine,
aspartic acid and glutamic acid were purchased from
Sigma (Poole, Dorset, UK). Sodium cyanoborohy-
dride, copper (II) acetate (analytical grade), hept-
aldehyde, nonyl aldehyde, dodecyl aldehyde, 2-
naphthaldehyde and 9-anthraldehyde were purchased
from Aldrich Chemical Company (Gillingham,
Dorset, UK). Methanol (HPLC grade) was obtained
from Fisons (Loughborough, UK). All solvents used
as reaction media were of HPLC or analytical grade.

2.3. Synthesis of chiral selectors

Five chiral selectors derived from L-proline were
synthesized by a one-step reductive N-alkylation of
the amino acid, as described by Ohfune et al. [8]
(Fig. 1). The typical experimental procedure is
briefly described here. To a solution of 10 mmol
L-proline (1.65 g) and 7 mmol NaBH,CN (0.44 g) in
methanol (15 ml) was added the appropriate alde-
hyde (11 mmol) over a 15-min period at room
temperature. The reaction mixture was stirred for 18
h at room temperature. The solvent was evaporated
under reduced pressure and the resulting residue was
crystallised from 80% ethanol. The product was
dried in vacuo at 60°C for 16 h.

Uncorrected melting points were determined using
a Gallenkamp melting point apparatus and the data
reported were the average of at least three measure-
ments. Optical rotation measurements were made
using a NPL automatic polarimeter 143C and the
results are given in 10”' degem™ g~ '. Elemental
analyses (CHN) were obtained using a Perkin Elmer
PE 240B CHN Elemental Analyzer, at Nottingham
University. 'H NMR spectra were recorded where
necessary on a Bruker AC 250 at 250 MHz. The
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Fig. 1. Chemical structures of the N-substituted L-proline chiral
selectors.

sample solution was prepared by dissolving appro-
priate amount of N-substituted amino acid sample in
0.5 ml of dimethyl sulfoxide-d,. Chemical shifts are
reported in parts per million (3).

N-(n-Heptyl)-L-proline (C,-L-Pro): m.p. 140°C;
[a],+168.0° (c=0.5, 50% methanol-1 M NaOH).
"H NMR (DMSO-d,) 8 0.85 (m, 3H), 1.3 (m, 8H),
1.55 (m, 2H), 1.80-2.10 (m, 3H), 2.20-2.30 (m,
1H), 2.90 (m, 1H), 3.16 (m, 1H), 3.55 (m, 1H), 3.88
(m, 2H). C,H,,NO, (213.32) requires: C, 67.75%;
H, 10.89%; N, 6.57%; found: C, 67.35%; H, 10.82%;,
N, 6.5%.

N-(n-Nonyl)-L-proline  (C,-L-Pro): m.p. 150°C;
[ae],+69.0° (¢=0.5, 50% methanol-1 M NaOH). 'H
NMR (DMSO-d,) 8 0.86 (m, 3H), 1.25 (m, 12H),
1.55 (m, 2H), 1.85-2.10 (m, 3H), 2.20-2.30 (m,
1H), 2.90 (m, 1H), 3.16 (m, 1H), 3.60 (m, 1H), 3.90
(m, 2H). C,,H,,NO, (241.37) requires: C, 69.67%;

H, 11.30%; N, 5.80%; found: C, 69.57%; H, 11.04%;
N, 5.71%.

N-(n-Dodecyl)-L-proline (C,,-L-Pro): m.p. 148°C;
[a],—40.2° (¢=0.5, 50% methanol-1 M NaOH). 'H
NMR (DMSO-d¢) 8 0.86 (m, 3H), 1.25 (m, 18H),
1.55 (m, 2H), 1.85-2.10 (m, 3H), 2.20-2.30 (m,
1H), 2.90 (m, 1H), 3.16 (m, 1H), 3.60 (m, 1H), 3.90
(m, 2H). C,,H,;NO, (283.45) requires: C, 71.97%;
H, 11.64%; N, 4.94%; found: C, 71.91%; H, 11.55%;
N, 4.88%.

N-(2-Naphthylmethyl)-L-proline (NA-L-Pro): m.p.
228°C; [a],—80.0° (¢=0.5, 50% methanol-1 M
NaOH). 'H NMR (DMSO-d,) 8 1.78-1.97 (m, 3H),
2.27 (m, 1H), 3.01 (m, 1H), 3.30 (m, 1H), 3.90 (m,
1H), 4.33 (d, d, 2H, J=12.8, 57.4 Hz), 7.55 (m, 3H),
7.95 (m, 4H). C,(H,,NO, (255.31) requires: C,
75.27%; H, 6.71%; N, 5.48%; found: C, 74.99%; H,
6.49%; N, 5.33%.

N-(9-Anthrylmethyl)-L-proline (AN-L-Pro): m.p.
171°C; [a],—63.0° (¢=0.5, 50% methanol-1 M
NaOH). '"H NMR (DMSO-d,) & 1.65-2.02 (m, 3H),
2.40 (m, 1H), 2.77 (m, 1H), 3.10 (m, 1H), 4.23 (m,
1H), 5.25 (d, d, 2H, J=13.3, 38.7 Hz), 7.60 (m, 4H),
8.17 (d. 2H, J+8.0 Hz), 8.73-8.76 (m, 3H).
C,0H,,NO, (305.37) requires: C, 78.66%; H,
6.27%; N,4.59%; found: C, 78.20%; H, 6.42%; N,
4.43%.

2.4. Coating procedures and surface coverage
calculations

The coating solution was prepared by dissolving
an appropriate amount of chiral selector in aqueous
alkaline solution (1.0 M NaOH) or in a methanol—
1.0 M aqueous NaOH mixture. To achieve a com-
plete dissolution of the chiral selector, the con-
centration of the chiral selector and the proportion of
methanol were varied depending upon the anticipated
properties of the chiral selector. Details of the
solutions used to coat the PGC columns, and the
surface coverage obtained are given in Table 1.

The surface concentration of the chiral selector
coated onto the PGC column from an aqueous
solution was determined by the breakthrough method
[9]. The PGC column was washed with analytical
grade methanol before the coating procedure to
ensure that the support surface was clean and the
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solution contained no UV absorbing impurities. The
solution containing the N-substituted L-proline was
passed through the PGC column at flow-rate of 1
ml/min and any change in the absorbance of the
eluent was followed by UV detection. Equilibrium in
the coating process was indicated by an abrupt rise in
the UV base line. The surface concentration of the
substituted L-proline on the packing material was
calculated using a previously described method [10].

After the passage of about 10 ml of coating
solution through the column following the observa-
tion of the breakthrough curve, distilled water was
used to displace the methanolic solution within the
column. This was followed by an aqueous solution
of 0.001 M copper (1) acetate. The column was then
ready for sample injection once an equilibrium
between the stationary and mobile phase was at-
tained, which was normally achieved within 30 min.

For the chiral selectors without chromaphore at
254 nm such as C,, C, and C ,-L-proline, an indirect
method was used to determine the surface con-
centration. A 0.005 M copper (II) acetate solution
was pumped through the column coated with the
alkyl-L-proline until a breakthrough occurred. This
method is based on the assumption that the adsorbed
alkyl-L-proline molecules form 1:1 complexes with
copper (II) ions at equilibrium. Thus the surface
concentration of the alkyl-L-proline is equal to that of
the copper (II) ions, as determined by the break-
through method.

2.5. Chromatographic measurements
An aqueous solution of 0.001 M copper (II)

acetate (pH 5.6) was used as the eluent in all
experiments. All separations were performed at

Table 1
Details of coating solutions and surface coverage

ambient temperature with a flow-rate of 1 ml/min
and used UV detection at 254 nm. The solute
solutions were prepared by dissolving the amino acid
enantiomers and racemates in distilled water to give
a concentration of 10-100 wg/ml. Injections of 1—
10 pl of these analytes produced satisfactory chro-
matographic peaks. The retention order of a pair of
enantiomers was determined by injecting the enantio-
mer individually. The mobile phase hold-up time, Ly
was taken as the time from injection to the occur-
rence of the first solvent disturbance peak. The mean
retention factors, k, and k,_ for p and L-isomers, and
separation factors, a, defined as the ratio &, /k_, were
calculated from multiple injections of the racemates.

3. Results and discussion

3.1. Surface concentration of the substituted -
proline selectors

The surface concentration of the chiral selector
coated on porous graphitic carbon was determined by
the breakthrough method and found to be in the
range of 0.39-0.68 wmolm™> for all the phases
(Table 1). As expected, the surface concentrations of
the aryl-L-prolines were higher than those of alkyl-L-
prolines, confirming an earlier observation that aryl
compounds serve well as anchor molecules on the
surface of graphitic carbon [3]. Previous work with
N-(2-naphthalene)sulphonic acid [3] and 17H-tetra-
benzola,c,g,i]fluorene [11] as anchor molecules
linked to chiral selectors indicated that the mono-
layer surface coverages of these compounds on
porous graphite carbon were approximately 1.4
wmol m~* and 0.4 pwmol m ~* respectively. The latter

Chiral selector

Concentration used for coating”

Surface coverage (wmol m )

C,-L-Pro 0.0133 M
C,-1-Pro 0.010 M
C,,-L-Pro 0.010 M
NA-L-Pro 0.004 M°
AN-L-Pro 0.010 M¢

0.39
0.48
0.48
0.59
0.68

“In aqueous 1.0 M NaOH.
® In water—methanol (1:1, v/v).
‘ In methanol.
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compound has a significantly larger molecular size
than naphthalene and hence would be expected to
have a lower monolayer surface coverage. The
results reported here indicate that the alkyl-L-Pro
compounds, with surface coverages of less than 1.0
wmol m ™%, are unlikely to have reached monolayer
coverage under the conditions used for coating. The
values of surface coverage of the alkyl and aryl
L-proline selectors are low compared to those for
corresponding N-substituted L-phenylalanines [3],
reflecting the hydrophilic nature of the L-proline
compared to the relatively hydrophobic L-phenylala-
nine.

3.2. Effect of N-substituents on retention order

Table 2 shows the retention and separation factors
of the amino acid enantiomers obtained on the
columns coated with C,-L-Pro, Cy-L-Pro, C,-L-Pro,
NA-L-Pro and AN-L-Pro. The amino acid analytes
were classified according to the nature of their side
chains as non-polar, polar and ionizable. All the
chiral phases showed appreciable enantioselectivity
for both non-polar and acidic amino acids examined
here, with selectivity factors ranging between 1 and
12. However, basic amino acids were predominantly
unretained. Typical examples of the chiral separation
of p- and L-norvaline on each of the coated phases
are shown in Fig. 2.

The involvement of hydrophobic interactions of
the analyte side-chain with the non-polar surface of
the chromatography support have been implicated in
the mechanism of chiral separation on alkyl-bonded
silica materials [12,13]. However, the specific roles
of intra- and inter-molecular factors in chiral sepa-
rations of amino acids on coated stationary phases
have not been established. In a previous study using
N-substituted c-phenylalanine phases [3] we pro-
vided evidence that the competitive hydrophobic
interactions between the N-substituent and the side
chains of the amino acid chiral selector may play a
major role in influencing retention and enantioselec-
tivity in chiral ligand exchange chromatography on
porous graphitic carbon. With the N-substituted r-
proline selectors used in the present study, the
difference in side chains compared with the N-
substituted L-phenylalanine selectors should lead to a
difference in chromatographic behaviour. A detailed
comparison of the retention behaviours of selected
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Fig. 2. Chromatograms of norvaline enantiomers separated on
porous graphitic carbon coated with N-substituted-L-proline (a),
C,-L-Pro (b), C,-1-Pro (c), C,;-L-Pro (d) NA-L-Pro, and (e) AN-L-
Pro. Chromatographic conditions were as indicated in Section 2.

amino acids on these two types of columns revealed
several significant differences in behaviour:

(1) The order of retention of the p- and L-amino
acid enantiomers was essentially the sarme on both
the alkyl and aryl N-substituted L-proline phases
(p>L) compared to the reversal of order previously
observed on the alkyl and aryl N-substituted -
phenylalanine coated PGC phases.

(2) The enantioselectivity was observed to in-
crease as the length of the alkyl substituent increased
from C, to C, to C,,, whereas the retention was
observed to decrease. On the N-substituted L-phenyl-
alanine phases, the retention was only slightly de-
creased but the enantioselectivity remained un-
changed.

(3) Both the retention and enantioselectivity de-
creased as the aryl substituent changed from naph-
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thyl to anthryl on the N-substituted L-proline phases.
The same trends were not observed with the naphthyl
and anthryl N-substituted L-phenylalanine phases.

The factors responsible for these differences in
behaviour between the L-proline and L-phenylalanine
coated phases are discussed below.

The retention order of the p- and L-enantiomers is
essentially the same on all the N-substituted L-pro-
line phases, i.e. the L-enantiomer is always eluted
before the p-enantiomer. This is in contrast to what
was observed on the N-substituted L-phenylalanine
phases where two opposite retention orders occur
corresponding to the alkyl and aryl substituents. This
reversal in retention order of a pair of p- and L-
enantiomers may be understood in terms of the
structure of the transient diasteriomeric complex
formed between the chiral selector and the analyte.
The retention order of a pair of p- and L-enantiomers
in chiral chromatography contains useful information
on the structure of the transient diasteriomeric com-
plex formed between the chiral selector and analyte.
Unlike the N-substituted L-phenylalanine, the molec-
ular structure of the copper complexes with the
N-substituted L-proline has been well established.
X-ray diffraction studies of bis-(N-benzylprolinato)
copper (II) compiexes by Aleksandrov et al. [14]
show that the N-substituent and the propyl group
(within the pyrrolidine) of proline are on opposite
sides of the main coordination plane. Incorporating
this structural evidence with our chromatographic
observations, we depict, in Fig. 3, the most probable
structures of the ternary copper (II) complexes
formed between the alkyl and aryl N-substituted
L-proline and amino acid enantiomer. In the com-
plexes with D- or L-enantiomer, the side chain R of
the amino acid analyte and the N-substituent of the
chiral selector will be on the same side of the
coordination plane, thus permitting a stronger inter-
action between them. The bp-enantiomer shows
stronger retention relative to the L-enantiomers prob-
ably because the trans (N,O) isomers are observed to
be more stable than the cis (N,O) isomers [15]. Since
the propyl group (within the pyrrolidine) of proline
cannot compete with the N-substituent for hydro-
phobic interactions with the side chain of the analyte
only one retention order is expected to occur. And
this is indeed the case as the majority of amino acids
examined in this work show the retention order p>L.
Thus, the unchanged order of enantiomer retention

(a) (b)

Fig. 3. Proposed copper complexes formed between: (a) L-nor-
valine (analyte) and N-alkyl r-proline (selector), (b) p-norvaline
(analyte) and N-aryl t-proline (selector), (c) p-norvaline (analyte)
and N-alkyl vL-proline (selector), (d) L-norvaline (analyte) and
N-aryl L-proline (selector). Dotted lines indicate potential hydro-
phobic interactions which stabilise the complexes and thereby
influence enantioselectivity.

between the alkyl and aryl anchor molecules can be
explained by the lack of hydrophobic interactions
between the side-chains of the chiral selector and the
analyte. These observations support our hypothesis
that differences in the extent of hydrophobic inter-
action between the N-substituent of the chiral selec-
tor and the side chain of the amino acid analyte is a
key factor in explaining the disparities in retention
order of p- and L- enantiomers between the alkyl and
aryl N-substituted L-Pro and L-Phe chiral selectors.

3.3. Effect of N-substituents on retention and
enantioselectivity

All the alkyl N-substituted vr-prolines show a
substantial decrease in analyte retention as the alkyl
chain length increased. This is particularly true for
hydrophobic amino acids such as Val, Leu and Phe.
The retention of the amino acid analyte in ligand
exchange chromatography is primarily controlled by
two factors: surface concentration of the chiral
selector and the stability of the ternary copper
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complex [3]. Since there is little difference in the
measured surface concentrations of the C,-L-Pro,
Cy-L-Pro and C,-L-Pro it is unlikely that the surface
concentration of the chiral selector is responsible for
the differences in retention behaviour. Thus the
change in stability of the ternary copper complex is
most likely to be the dominant factor.

It is well known that porous graphitic carbon
shows greater retention relative to alkyl-bonded
silica materials when comparable conditions are used
[16—18]. This is because the surface of the graphitic
carbon consists essentially of gigantic aromatic
sheets whereas the surface of alkyl silica is com-
posed of a highly open framework of solvated and
mobile alkyl chains [16,17]. As the alkyl chain
length increases from C, to C,,, the surface of the
graphitic carbon can be assumed to be covered with
an increasing proportion of the alkyl groups, making
the surface properties similar to those of an alkyl-
bonded silica. This change in surface property is
likely to have a strong influence on the retention and
enantioselectivity behaviour of the alkyl N-proline
phases since the magnitude of intramolecular hydro-
phobic interactions between aliphatic chains and
aromatic rings is larger than that between aliphatic
chains alone. With an increasing proportion of alkyl
groups on the surface of the graphitic carbon, the
stability of copper complexes would be expected to
decrease as a result of the corresponding reduction in
the intramolecular hydrophobic interactions.

Comparison of the retention data on two aryl
substituted L-proline phases showed that the retention
and enantioselectivity for amino acids with non-polar
side chains separated were generally reduced on the
AN-L-Pro compared to the NA-L-Pro. The surface
concentrations of AN-L-Pro and NA-L-Pro are very
similar (Table 1), so the observed effects cannot be
accounted for by differences in surface concentra-
tion. Also, the decrease in retention and selectivity
cannot be accounted for by the change in in-
tramolecular hydrophobic interactions as the anthryl
substituent is expected to offer greater hydrophobic
interactions compared to the naphthyl substituent.
The most probable reason for the observed decrease
in retention and enantioselectivity lies in the change
in chelating property of the vr-proline upon the
substitution on its amino group. It has been sug-
gested that the chelating ability of an amino acid is

proportional to the basicity of the nitrogen group
involved in the chelate [19]. Thus it may be post-
ulated that the anthryl substituent is capable of
reducing the basicity of an amino group more than
the naphthyl substituent, and hence may reduce the
chelating ability of the N-substituted proline to a
considerable degree.

4. Conclusions

Using a series of alkyl and aryl substituted pro-
lines as a chiral selector, we have studied the effect
of N-substituents on retention and enantioselectivity
in chiral chromatography. Although the elution order
of a pair of p- and L-enantiomers is essentially the
same on both the alkyl and ary] substituted prolines,
the retention and enantioselectivity are found to vary
with the length of the alkyl chain or the number of
the benzene rings in the aryl substituent. These
investigations provide support for our previous ob-
servation [3] that there is an important role for
molecular interactions involving N-substituents in
determining retention and enantioselectivity in chiral
ligand exchange chromatography. The structural
analyses of the transient diasteriomeric complexes
show that in the cases where the intramolecular
interactions between the N-substituent of the chiral
selector and the side-chain of the chiral analyte are
dominant, the enantiomeric analyte of the same
configuration as the chiral selector will be retained
less than that of the opposite configuration. Since the
stability of the transient complex formed between the
chiral selector and analyte is sensitive to changes in
the nature of the N-substituent and the basicity of
amino group, the retention strength and enantio-
selectivity could be regulated by an appropriate
choice of the N-substituent in an amino acid chiral
selector.

These results lead to a new view of N-substituents
in chiral ligand exchange chromatography. The N-
substituents studied to date have been mainly non-
polar, with hydrophobic interactions being the domi-
nant force involved. Our data indicate that, as well as
hydrophobic interactions, both polar and ionic mo-
lecular interactions are important in chiral chroma-
tography. Thus there is a role for the N-substituent in
chiral recognition which is more extensive than
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previously thought. Further evidence for the impor-
tance of molecular interactions involving the N-
substituent in chiral chromatography and in the wider
field of molecular recognition is likely to arise from
studies of new chiral ligand exchange selectors and
re-examinations of earlier data.
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