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a b s t r a c t

Diastereomeric derivatives prepared from an amino acid and an amino amide using trichloro s-triazine
as a coupling platform are known to produce good chromatographic diastereoselectivity for many amino
acid analytes. The chromatographic diastereoselectivity of these derivatives is difficult to rationalize
based on the possibility of four possible conformational isomers, which can interconvert by rotation
about the C–N bonds between the amino substituents and the triazine ring. The observed diastereoselec-
tivity implicates an unobvious but significant driving force which causes one of several conformations to
be favored over the others. Several possibilities are discussed. Intramolecular hydrogen bonding between
acid and amide substituents was explored using computer aided molecular modeling. While such hydro-
gen bonding may be geometrically possible between the amino acid and the amide substituents, it does
not explain why derivatives produced from other chiral compounds which are not capable of the same
hydrogen bonding interaction nevertheless exhibit substantial diastereoselectivity. Two other more gen-
-Triazine eral effects, steric hindrance to solvation and ion pairing, are therefore suggested as possible contributing
factors to the chromatographic diastereoselectivity. Based on the conformational equilibrium behavior
of related triazine compounds as reported in the literature, either one of these effects could influence the
conformation of the diastereomeric derivatives even in the absence of intramolecular hydrogen bonding
interactions between the two chiral substituents, and these effects may therefore be a contributing factor
for the observed elution order of the diastereomers.
. Introduction

The use of s-triazine reagents has been shown to be of signif-
cant analytical utility for the optical purity analysis of �-amino
cids [1,2]. The first reported example demonstrated the effective-
ess of mono-chloro s-triazine (MCT) reagents [1], which were
roduced from cyanuric chloride by substituting one chloride
ith an alkoxy or aryloxy group followed by substitution of a

econd chloride with an optically pure amino acid such as ala-
ine or valine. The third remaining reactive chloride was then
isplaced to produce a diastereomeric derivative of an amino
cid analyte. The resulting derivative afforded good diastere-
meric selectivity under convenient achiral reversed-phase liquid
hromatography (RP-LC) separation conditions. More recently, it
as shown that the analogous dichloro s-triazine (DCT) reagents

re also effective, which are similar to MCT derivatives except

hat no alkoxy/aryloxy group is introduced, and consequently a
hloro substituent remains in the final diastereomeric derivative.
he chloro triazine derivatives obtained with DCT reagents were
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021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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shown to give even better diastereoselectivity than the corre-
sponding methoxy triazine derivatives obtained with MCT reagents
[2].

The diastereomeric derivatives produced by s-triazine reagents
have certain similarities to derivatives produced from another
reagent, 1-fluoro-2,4-dinitrophenyl-5-l-alanine amide (DNP-Ala-
NH2), also known as Marfey’s reagent (MR). The use of MR
for producing diastereomeric derivatives of amino acids has
been known for several decades [3,4], and such derivatives are
well resolved by RP-LC. In order to explain the diastereose-
lectivity behavior of MR derivatives, it was suggested that a
planar anthracene-like ring conformation leads to complimentary
hydrophobic effects for one diastereomer (D–L), which produces a
derivative having both hydrophobic groups on one face of the pla-
nar system, and both polar acid/amide groups present on the other
face [5]. This complimentary arrangement of the D–L diastereomer
affords better adsorption to a hydrophobic stationary phase com-
pared to L–L diastereomers, which have the non-complimentary
arrangement (one polar and one non-polar group on each face)

and are therefore less retained by RP-LC. Based on NMR-NOE stud-
ies, it was shown that the hydrogen atoms (H�) attached to the
alpha carbons of the amino acid/amide residues were situated in
close proximity to the aromatic proton situated between the amino

dx.doi.org/10.1016/j.chroma.2011.04.010
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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ig. 1. Amino acid derivatives made from L-amino amide form of reagent with eith
re acid/amide groups, R1 or R2 are amino acid/amide side chains). Top shows deriv
rom s-triazine type reagent (where R3 is chloro or alkoxy substituent).

ubstituents, indicating a trans relationship between H� and the
mino proton within each amino acid/amide residue. This finding
uggests that the amino acid residues are conformationally locked
ith respect to the aromatic ring, due to restricted rotation of the

onds between amino nitrogen and aromatic ring (N–C(Ar) bonds).
he reason for the N–C(Ar) bond rotation restriction is presumably
ydrogen bonding between one of the oxygens attached to the nitro
roup with the amino hydrogen atom [5].

Recently, it has been suggested that the separation mecha-
ism for s-triazine derivatives is essentially the same as for MR
erivatives [2]. This proposal is based on the same elution order,
mplicating that the D–L diastereomer has the same complimentary
rrangement of hydrophobic groups on one face and hydrophilic
roups on the opposite face, analogous to MR derivatives. It is
lso supported by the fact that the diastereoselectivity is largest
r D form of amino acid. L–D combination shown on left, and L–L on right (A1 or A2
made from MR, below are the four possible conformers (A–D) for derivatives made

for amino acid/amides which contain hydrophobic R-groups and
becomes smaller when the R-groups become more polar. This
explanation is conceptually simple and reasonable. However, this
explanation requires that the molecule exists in one particular con-
formation. Although the assumption that the amino nitrogen atoms
of the s-triazine derivatives are planar is justifiable based on NMR
studies of similar compounds [6], it is important to recognize that
the s-triazine derivatives are lacking the nitro substituents of MR
derivatives, and are therefore lacking in any obvious intramolecular
force to prohibit N–C(Ar) bond rotation. Thus, unlike MR derivatives
where one conformation predominates, the s-triazine derivatives

can exist in four conformations, two which have the complimen-
tary adsorption aspect for D–L diastereomers (conformer types A
and D, Fig. 1) and the other two complimentary for L–L (B and C,
Fig. 1). Thus, with no hydrogen bonding substituent for prohibit-
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Fig. 2. Newman projections of C�–N bonds for the two amino acid/amide residues
within the structure of the derivative, showing steric interactions between aromatic
ring carbon (Ar), acid/amide groups (A1 and A2) and amino acid/amide side chains
(R1 and R2). Top two structures show L–L or D–D case, bottom two shows D–L or
L–D case. The conformation with least steric interaction is shown (top of each pair)
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ng N–C(Ar) bond rotation in s-triazine derivatives, the analogy to
R derivatives becomes somewhat irrelevant. If the same popu-

ation exists for all conformers of s-triazine derivatives, and the
ost significant retention comes from conformers A and D for the
–L configuration and conformers B and C for the L–L configu-

ation, it can be argued that the difference in retention between
he two diastereomers will tend to cancel out. While this assump-
ion neglects the possibility that the different conformers may
ave different chromatographic adsorption characteristics related
o shape or symmetry factors, the substantial diastereoselectiv-
ty observed for s-triazine derivatives strongly suggests that the
opulations of the various conformers A–D are not equal. What

s needed for a satisfactory explanation of the diastereoselectivity
s a reason why the equilibrium between the possible conform-
rs in Fig. 1 would favor A and/or D over B and C, even in the
bsence of the nitro substituents which are present in MR deriva-
ives but absent in s-triazine derivatives. Several possible causes
or the observed diastereoselectivity are considered in this brief
eport including intramolecular hydrogen bonding, solvation, and
on pairing effects.

. Discussion

.1. Limitations of hydrogen bonding effects to rationalize
iastereoselectivity

When considering hydrogen bonding interactions, it is use-
ul to use the chemically similar MR derivatives as a starting
oint. It was previously suggested that the acid and amide groups
ithin MR derivatives interacted with each other to produce an

ntramolecular hydrogen bond [3,4]. Although this possibility was
ater regarded as unnecessary to explain the diastereoselectivity
f MR derivatives [5], such a hydrogen bonding interaction may
e a contributing factor to the diastereoselectivity of s-triazine
erivatives. The geometric feasibility of such interactions can be
asily demonstrated by computer aided molecular modeling (see
ppendix A), indicating that s-triazine derivatives, like MR deriva-

ives, may also be subject to a hydrogen bonding effect. If hydrogen
onding does occur, it could offer an explanation as to why con-
ormation A is favored over the other conformations in which
uch a hydrogen bonding interaction is not possible. However, it
s important to consider that, although a hydrogen bonding inter-
ction is geometrically feasible, this does not necessarily mean
t will become the dominant driving force in the conformational
quilibrium. Although such bond formation appears geometri-
ally possible, the likely hood of such bond rotations occurring
ill depend on the magnitude of energy barrier involved in the

equired bond rotations. This was considered on a qualitative basis
y evaluating the steric interactions as shown in Fig. 2 for the
ptimized hydrogen bonded structures (Fig. 3). For L–L or D–D con-
guration, rotating each of the two C�–N bonds by 60◦ leads to
limination of one eclipsing interaction (R–H) which is replaced by
nother (H–C(Ar)), and a gauche type interaction occurs between the
cid/amide groups (A) and the aromatic ring (Ar). Thus, the major
et change is the addition of two gauche type interactions. Con-
idering an estimated energy difference of about 0.8 kcal/mol per
ach gauche interaction by analogy to butane conformers [7] sug-
ests that, although a significant population (approximately 20%)
ay exist in which one C�–N rotation has occurred, the simulta-

eous rotation of both C�–N bonds will likely occur statistically
nly in a very small population (<5%). While it has been sug-

ested that formation of the hydrogen bond itself may stabilize
he structure by several kcal/mol [4], one could also argue that
he presence of a substantial amount of water in the RP-LC mobile
hase will aggressively compete for hydrogen bonding sites, and
along with the conformations obtained by rotation of C�–N bonds (bottom of each
pair) allowing for hydrogen bonding interaction between acid/amide groups A1 and
A2.

will likely destabilize any intramolecular hydrogen bonding inter-
action. The energy barrier may even be somewhat higher for the
D–L case, due to the perpendicular conformation in which two
partially eclipsed interactions are present (Fig. 2). Thus, although
it appears that intramolecular hydrogen bonding is geometrically
feasible, and that such an interaction may have a prohibitive effect
on N–C(Ar) bond rotation, it also appears that the population of
hydrogen bonded form will likely be quite small, meaning that the
majority of molecules will remain in non-hydrogen bonded form
and be free to participate in the conformational equilibria shown
in Fig. 1. Therefore, the intramolecular hydrogen bonding aspect
does not offer an entirely satisfactory explanation of the diastere-
oselectivity. Furthermore, it has been reported that, in addition to
�-amino acids, s-triazine derivatives obtained from other chiral
compounds such as Baclofen [8] or Mexiletine [9] are also resolved
by RP-LC. Since both of these compounds are structurally differ-
ent than �-amino acids, this suggests that additional more general
factors are somehow stabilizing conformer A and/or D which do
not involve a specific hydrogen bond interaction between the two
chiral groups.

2.2. Solvation effects

Conformational studies by NMR spectroscopy of other triazine
compounds have been reported in the literature [6,10,11]. In one
such study, it was illustrated that for an s-triazine compound with
two monalkylamino substituents and where the third substituent
was a dialkylamino group, the conformation analogous to A in Fig. 1
was favored. This was noted even though bulky alkyl groups were
present on the monoalkylamino substituents [10]. Such behavior
is counterintuitive considering that the steric effect should favor
less crowded conformer D instead of A due to the closer proxim-

ity of the groups to each other in the latter case. This unexpected
tendency was attributed to the effect known as steric hindrance
to solvation. However, another study utilizing bis-monoallylamino
triazine compounds in which the third substituent was a
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ialkylamino group showed no clear preference for conformer A
6]. In a third study [11], of four triazine compounds tested, only
ne showed a preference for the conformation analogous to A in
ig. 1, while the other three showed slight tendency towards more
/C conformers (the amount of D was low or absent in all cases).
owever, the third study was conducted using monochloro bis-
onoarylamino triazine compounds, which are probably not good

nalogues for the HPLC derivatives under study. The lack of con-
istent results obtained by these NMR studies makes it difficult
o apply to the diastereomeric derivatives used in chromatogra-
hy. However, the possibility of a steric hindrance to solvation
ffect, which does not require a hydrogen bonding interaction,
ffers an explanation why derivatives with substituents which are
ot �-amino acids [8,9] are still subject to chromatographic reso-

ution.

.3. Ion pairing effects

Another possible explanation for the diastereoselectivity is ion
airing effects. The mobile phase pH of about 2 produced by tri-
uoroacetic acid (TFA) used for the chromatographic studies [1,2]

s low enough where at least partial protonation of one of the tri-
zine nitrogens will likely occur. The presence of a population of

rotonated species could influence the conformational equilibria
epending on the proximity of the counterion relative to the sub-
tituents on the triazine ring. This hypothesis is based on an NMR
pectroscopy study which showed that the protonation of a triazine
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ular hydrogen bonding interactions between the hydrogen atom of acid and amide

type nitrogen in the aromatic ring of a mono-dialkyl amino bis-
monoalkylamino substituted s-triazine appeared to substantially
alter the relative populations of conformers compared to the free
base form of the same s-triazine compound [6]. This was attributed
to steric influences, where the anionic counterion provides a steric
hindrance to the alkyl groups. It was reported that protonation
occurred at the nitrogen between the two monoalkylamino groups
[6] and resulted in a major conformation which was assumed to be
analogous to type D in Fig. 1. However, this effect will likely be dif-
ferent depending on the electron donating/withdrawing effects of
the non-chiral substituent (chloro versus alkoxy) which can poten-
tially alter the site of protonation. This hypothesis is based on
calculated pKa values (ACD pKa DB software, v. 10.00, Advanced
Chemistry Development) for model s-triazine derivatives con-
taining alanine, alanine amide, and either chloro or methoxy as
the three substituents. The calculated results indicated that the
methoxy type derivative protonates on the nitrogen between the
amino acid/amide groups, in contrast to the chloro type deriva-
tive in which protonation would occur at a position ortho to the
chloro substituent. Thus, steric effects due to protonation/ion pair-
ing would be different for methoxy versus chloro analogues as
shown in Fig. 4. For methoxy, the pKa value is substantially higher
than the mobile phase pH of about 2 used in the chromatography

studies [1,2], which indicates that it will be largely in protonated
form. The position of protonation on the triazine ring is the nitro-
gen atom between the amino groups. Thus, the expected ion pairing
effect would be to destabilize form A, which counteracts the previ-
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usly discussed steric hindrance to solvation effect, and raises the
ossibility that form D may predominate in the methoxy deriva-
ives. Ion pairing effects for the chloro derivatives, on the other
and, would disfavor form D, and therefore would enhance any
atural tendency towards form A produced by steric hindrance to
olvation effects. Thus, ion pairing effects may offer an explana-
ion as to why the observed diastereoselectivity of the methoxy
erivatives is different (consistently lower) relative to the chloro
ubstituted analogues [2,8,9], due to the possibility that for the
ethoxy case, form D is being favored instead of A as shown in Fig. 4,

nd that form D has an inherently lower diastereoselectivity than
, or that the ion pairing effect is not strong enough to completely
liminate the presence of conformers B and C which partially can-
el the diastereoselectivity of form D. Another possibility is that,
lthough form A still predominates in the methoxy derivatives, the
on pairing effect reduces the population of A significantly so that
substantial loss in diastereoselectivity is observed relative to the

hloro derivatives.
The strength of ion pairing effects may also be enhanced fur-

her by a simultaneous hydrogen bonding interaction towards the
mino nitrogen, as shown in Fig. 5. This simultaneous effect has
een suggested from NMR spectroscopy studies on amino s-triazine
ompounds [6] and from UV/Vis spectroscopy studies on diamino
rymidines [12]. Thus, although only a fraction of the chloro type
erivatives will be protonated at any time under the mobile phase
H 2 mobile phase conditions (based on the calculated pKa value
f below 2, Fig. 4), this effect may nevertheless contribute to the
iastereoselectivity of the chloro derivative by providing additional
esistance to rotation about the N–C(Ar) bonds.

. Conclusions

An attempt was made to rationalize the chromatographic
iastereoselectivity of s-triazine derivatives having two amino acid
ubstituents and a third achiral substituent. It is assumed that there
ust be one or more factors which influence rotation of the amino

ubstituents about the N–C(Ar) bonds in such a way which favors
ne of the four possible conformations. For derivatives contain-
ng �-amino acid/amide substituents, molecular modeling studies
uggest that intramolecular hydrogen bonding between the acid
nd the amide groups could in principle stabilize one of the con-
ormations which would be consistent with the elution order, in
greement with previous proposals used to explain the diastereos-
lectivity of chemically similar MR derivatives. However, based on
ualitative analysis of the rotational energy barrier required to pro-
uce such a hydrogen bond, as well as the expected destabilizing

ffect of the aqueous mobile phase used in the RP-LC separation, it
s concluded that such interactions are likely weak in nature, and
urthermore such an interaction cannot explain why diastereos-
lectivity is observed in derivatives of compounds in which one
218 (2011) 3565–3570 3569

of the chiral substituents is not an �-amino acid. These consid-
erations implicate a different driving force which influences the
position of equilibrium between the various conformers. One pos-
sibility is the effect known as steric hindrance to solvation, which
appears to occur in some amino s-triazine compounds to varying
degrees according to literature studies in which NMR spectroscopy
techniques were used to probe the position of conformational
equilibrium. Another possible cause is ion pairing effects, due to
steric influence and/or hydrogen bonding effects of the counterion
towards the monoalkylamino substituents of the triazine deriva-
tives, which is also suggested by spectroscopic studies of similar
compounds reported in the literature. Additional experimental
studies involving the effect of pH, the size and concentration of
counterion, and the electron donating/withdrawing effects of the
non-chiral triazine substituent on the chromatographic behavior
of model triazine derivatives may be potentially useful for deter-
mining if ion pairing effects are indeed involved in the separation
mechanism, but to date it does not appear that such a study has
been reported.

Appendix A.

Molecular modeling studies were conducted using an s-triazine
model derivative containing alanine, alanine amide, and chloro
substituents. Specifically, hydrogen bonding between the acid and
the amide groups was explored for conformer A, which is the only
one of the four conformers A–D in which the amino acid and amide
groups are close enough for mutual interaction. As a starting point,
the lowest energy conformation with regard to C�–N bond rotation
was assumed to be the one in which H� was trans to the amino
hydrogen (as shown for conformer A in Fig. 1), which is analogous
to the proposed conformation of MR derivatives [5]. This confor-
mation results in the least steric interactions of the acid/amide
groups and R-groups with the aromatic ring, and has a single eclips-
ing interaction between H� and R-group. To probe for possible
hydrogen bonding interactions, computer generated 3D optimized
structures (ACD/3D Viewer software, v. 10.00, Advanced Chem-
istry Development, Toronto, Canada) were evaluated for C�–N bond
rotations of approximately 30◦ and 60◦ from the assumed low
energy conformation. In addition to the C�–N bond rotation, the
other major consideration was rotation about the bond between C�

and the carbonyl carbon (C O). For each combination of C�–N rota-
tions, C�–C O bond rotations were adjusted so that, for one of the
acid/amide substituents, the H-bond donor group (–OH or –NH2)
was eclipsed with H�, and for the other acid/amide substituent,
the carbonyl oxygen was eclipsed with H�. The actual angles of
rotation in the 3D optimized structures were assessed using dihe-
dral angles C O–C�–N–C(Ar) (for C�–N bond rotation) and dihedral
angles H�–C�–C O (for C�–C O bond rotations). In all cases, rota-
tions were within ±8◦ of the desired angle.

For the model s-triazine derivative under study, it was found
that, for L–L or D–D configuration, 60◦ rotation about each C�–N
bond from the assumed low energy conformation was favorable
for a hydrogen bonding interaction (both R-groups eclipsed with
amino hydrogen). This is illustrated in Fig. 2 using a graphical
representation similar to the one used in Ref. [5] but in which
Newman projections have been added to show the interactions
along the C�–N bond. With regard to C�–C O bond rotation, inter-
actions were favorable whenever the H-bond donor group of one
acid/amide group was eclipsed with H� and the carbonyl oxygen of
the other acid/amide group was eclipsed with H�. Thus, for L–L or

D–D, two combinations were possible (amide donor/acid accep-
tor, acid donor/amide acceptor). For D–L or L–D, an interaction
occurred for a combination of 60◦ rotation for one group and 30◦

rotation for the other group (one acid/amide group perpendicular
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o aromatic plane, Fig. 2). Thus, for D–L or L–D, four combinations
ere possible due to conformation (eclipsed or perpendicular)

nd H-bonding (amide acceptor or donor) considerations. With
egard to the hydrogen bonding interaction, similar results were
btained in all cases, affording values of 2.6 Å (±0.2), 1.9 Å (±0.1),
nd 130◦ (±15) respectively for O–O (or O–N) distance, H–A dis-
ance (A = acceptor), and X–HA (X = N or O) angle. These values meet
ll three geometric criteria (O–O distance <3.9, H–A distance <2.5,
ngle >90) for hydrogen bonding [13]. Example images of the 3D
ptimized structures are shown in Fig. 3.
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