Highlights (for review)

Effect of deuteration degree of amphetamine on isotope effect in HPLC was studied

Effect of structure of analyte, mobile phase and chiral selector on isotope effect in HPLC was
studied

Possible mechanisms of separation of isotopologues and enantiomers were studied.
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Abstract

Hydrogen/deuterium (H/D) isotope effects are not unusual in chromatography and such
phenomena have been observed in both gas- and liquid-phase separations. Despite the
numerous reports on this topic, the understanding of mechanisms and the underlying
noncovalent interactions at play remains rather challenging. In our recent study, we reported
baseline separation of isotopologoues of some amphetamine (AMP) derivatives on achiral and
polysaccharide-based chiral columns, as well as some correlations between the degree of
separation of enantiomers and isotopologues on (the same) polysaccharide-based chiral
column(s). Following our previous findings on isotope effects in high-performance liquid
chromatography, we report herein a comparative study on the isotope effects observed with
AMP and methamphetamine (MET). The impact of some pivotal factors such as the number
of deuterium atoms part of AMP isotopologues, the structure of its isotopomers, the chemical
structure of the achiral and chiral stationary phases used in this study, and the use of
methanol- vs acetonitrile-containing mobile phases on the isotope effects was examined and
discussed. Quantitative correlations between the observed isotope effects and the
enantioselectivity of the chiral columns used are also shortly discussed. Furthermore,
considering the chromatographic results as benchmark experimental data, we attempted to
elucidate the molecular bases of the observed phenomena using quantum mechanics

calculations.

Keywords: Effect of deuterium atoms / Isotope effect in HPLC / Polysaccharide-based chiral

columns / Separation of enantioisotopologues
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1. Introduction

Isotopically labelled compounds have attracted increasing interest in the
pharmaceutical industry in the last decade [1-5]. In particular, more and more attention is paid
to the isotope kinetic effect [6] in biological (living) systems and among them in humans, in
the sense that undeuterated and deuterated biologically active compounds may have different
pharmacokinetic, toxicokinetic, and most likely even pharmacodynamic properties. Such
differences led to the approval of some deuterated chemical species as drugs for clinical use
by regulatory bodies since 2017 [1-5]. Contrary to this, in bioanalysis it is believed that
isotope effects do not play any significant role or don’t even exist and therefore, isotopically
labelled (primarily deuterated) analogues of target analytes are considered to be optimal
internal standards in bioanalysis with mass-spectrometric (MS) detection [7,8]. Thus, remarks
like this “Ideally, a stable-isotope labeled internal standard is preferred whenever possible, as
it has exactly the same structure as the analyte and co-elutes with it.” 7] are quite common in
the scientific literature. This belief translates into the following practical consequences:
nonlabelled and isotopically labelled compounds extract from biological matrixes most likely
to the same degree, have the same solubility in specific solvents, have the same pK values, the
same retention in given chromatographic systems (column + mobile phase), etc. Such
assumptions mean that isotopologues cannot be chromatographically separated. However,
when mass-spectrometric detection is used, isotopologues can be differentiated and
selectively detected and quantified based on their different molecular mass. The coelution of
the undeuterated and deuterated forms of a given analyte is generally considered
advantageous in LCMS analysis with the expectation that both species experience the same

degree of ion enhancement or suppression in the ion source [7,8].

Over the past decades, significant isotope effects have been observed in gas
chromatography [9-16], in various modes of liquid chromatography, such as ion-exchange

[17], normal phase [18], reversed-phase [19-23] and chiral [24-26] chromatography, as well as
3
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in electrokinetic chromatography [27,28]. Two types of isotope effects are known in
chromatography, i.e. the “normal” and the “inverse” isotope effect. The former refers to cases
when the heavier deuterated isotopologues retain longer compared to lighter protiated
counterparts, whereas the “inverse” isotope effect is observed when lighter isotopologues
retain longer compared to heavier counterparts. The presence of either isotope effect is
contrary to the expectations of most analysts, and a challenge in bioanalysis [23]. On the other
hand, the isotope dilution method is based on the presence of such an isotope effect and
enables using isotopically labelled internal standards without the use of MS detection [13,19].
In addition, Rudaz and co-authors have demonstrated that for quantification with a mass
spectrometric detector it may be advantageous that nonlabelled and isotopically labelled
internal standard elute with different retention factors. This means that the presence of the

isotope effect favors adequate quantification [24].

In a recent study, we observed that the isotope effect was tunable and dependent on
mobile phase composition in high-performance liquid chromatography (HPLC) for several
AMP derivatives [26]. Under the studied conditions, a stronger isotope effect was observed in
acetonitrile-containing mobile phases compared to methanol-containing ones with both chiral
and achiral columns and both “normal” and “inverse” isotope effects were observed. Whereas
the former was favored in polar organic solvents, increasing the content of the aqueous
component in the reversed-phase mobile phase favored an “inverse” isotope effect.
Preliminary quantum mechanics calculations supported the hypothesis that polar, hydrogen
bonding-type noncovalent interactions are involved in the “normal” isotope effect, while

apolar, hydrophobic-type interactions underlie the “inverse” isotope effect.

Following our previous study, we describe herein a study on the isotope effects
observed on AMP and MET isotopologues. In this frame, the impact of the number of

deuterium atoms part of AMP isotopologues, the structure of isotopomers, the chemical
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structure of the achiral and chiral stationary phases used in this study, and the use of
methanol- vs. acetonitrile-containing mobile phases on the isotope effects are reported and
examined. Quantitative correlations between the isotope eftfect and the enantioselectivity of
the chiral columns used are also shortly discussed. With the aim of elucidating the molecular
bases of the observed phenomena, quantum mechanics calculations were performed focusing
on the vibrational degree of freedom calculated for low-energy conformers of both AMP and
MET isotopologues as well as related zero-point vibrational energies as descriptors useful to

differentiate computationally isotopologues and isotopomers.

2. Experimental

2.1.  Materials

The chiral test compounds amphetamine (AMP), amphetamine-dsring) (AMP-d5ring)),
methamphetamine (MET) and methamphetamine-ds (MET-ds) were commercially available
from Cerilliant (Round Rock, TX, USA). S-(+)-amphetamine (S-(+)-AMP), amphetamine-
ds(side chain) (AMP-ds(side chain)), amphetamine-ds (AMP-ds), amphetamine-ds (AMP-dg) and
amphetamine-d;; (AMP-di1) were purchased from Sigma Aldrich (Milan, Italy). Standards
were stored at -20° C until used in analysis. The structures of the studied analytes are shown
in Fig 1. HPLC-grade methanol, acetonitrile and water were supplied by Carlo Erba
(Cornaredo, Italy). Ammonium hydroxide (25% w/w aqueous solution) and ammonium
bicarbonate (98.5% purity) were purchased from Honeywell Fluka™ (Morristown, NJ, USA).
The chiral columns Lux-AMP, Lux i-Amylose-3 (with amylose tris(3-chloro-5-
methylphenylcarbamate) as a chiral selector) and Lux Cellulose-3 (based on cellulose tris(4-
methylbenzoate) as a chiral selector), as well as all achiral columns such as Kinetex 2.6 pm
Phenyl-Hexyl, Kinetex 2.6 um Biphenyl and Luna Omega 1.6 pm Polar C18 were provided

by Phenomenex Inc. (Torrance, CA, USA). Lux Cellulose-3 and Lux i-Amylose-3 both
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packed with the particles of 5 um nominal size and the Lux AMP column packed with the
particles of 3 um nominal size all were of 250 x 4.6 mm dimensions. All 3 achiral columns

were of 100 x 2.1 mm dimensions.

2.2. High-performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS)

analysis

A HPLC 1290 Infinity II (Agilent Technologies Italia S.p.a., Milan, Italy) instrument
coupled with a mass spectrometer (6470A Triple Quadrupole LC-MS) equipped with an
electrospray ionization source (ESI) operating in both positive and negative mode was used.
Data were acquired with MassHunter® Workstation Qualitative Analysis 10.0 Software
(Agilent). Analysis of all compounds were performed on three chiral and three achiral
columns (for their characteristics see above). Isocratic elution mode was adopted in all
experiments. In case of Lux AMP column which is unique columns with pH stability in the
range 1.0-11.5, methanol with 0.1% ammonium hydroxide was initially used as mobile phase,
while later the mobile phase was composed of methanol and 5 mM ammonium bicarbonate
(pH=11.0, adjusted with ammonium hydroxide) in water in the ratio 95/5 (v/v). Also, the
content of methanol was decreased in 5% steps down to 20/80 (v/v) ratio of methanol to 5
mM ammonium bicarbonate in water. The same procedure was used with acetonitrile as
mobile phase organic component. In case of the other five columns (two chiral and three
achiral) the same approach was used, but without adjusting the pH of 5 mM ammonium
bicarbonate solution which was used at its native pH=7.7. For the chiral columns (of 4.6 mm

i.d.) 1 ml/min mobile phase flow rate was used.

In case of the Kinetex 2.6 um Phenyl-Hexyl column, 0.5 ml/min flow rate was used

with methanol, while 0.4 ml/min with acetonitrile containing mobile phases. The Kinetex 2.6
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um Biphenyl column was operated at 0.4 ml/min mobile phase flow rate. The Luna Omega
1.6 um Polar C18 column was operated at 0.4 ml/min flow rate with acetonitrile in
combination with 5 mM ammonium bicarbonate in water as mobile phase. The same column
operated with methanol in combination with 5 mM ammonium bicarbonate in water
experienced excessive backpressure. For this reason, all experiments using such mobile phase
were executed at 0.2 ml/min mobile phase flow rate. Autosampler and column oven
temperatures were set to 10° C and 25° C, respectively. The mass spectrometer was operated
in scheduled multiple reaction monitoring (MRM) mode for the analyte and internal standard,
with two transitions each (Table 1). Scan speed (dwell time) was set to 0.023 sec. ESI
conditions were optimized as follows: capillary voltage 3500 V, source temperature 300° C,

cone gas flow rate 10 L/min, desolvation gas flow rate 12 L/min.

2.3. Computations

The 3D structures of AMP and MET were prepared by using the build function, and
model kits and tools provided by Spartan’ 10 Version 1.1.0 (Wavefunction Inc., Irvine, CA,
USA) [29] for building and editing organic molecules. On this basis, the structures of these
molecules were generated, and their refinement was performed by a MMFF procedure. Then,
each structure was submitted to a conformational search through a systematic algorithm by
using the MMFF force field, spanning all shapes accessible to the molecule without regard to
energy. After elimination of three high-energy conformers (Boltzmann Distribution % < 0.1), a
set of 15 energetically accessible conformers was selected in both cases. For each conformer,
geometry optimization was performed in gas phase at density functional theory (DFT) level
with the B3LYP functional and the 6-31G(d) basis set. For each compound, two low-energy
conformers were selected and their geometry was optimized with Gaussian 16W (Wallingford,

CT, USA) [30] using tight convergence criteria, D3 version of Grimme’s dispersion with the
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original D3 damping function [31], and the solvation model based on density (SMD)
(acetonitrile, methanol, and water) variation of IEFPCM (integral equation formalism for
polarizable continuum model) of Truhlar and co-workers [32]. Computation of electrostatic
potential (¥) values mapped on electron density isosurfaces (Vs) was performed. Search for the
exact location of Vs max was extracted from the .wtn files through the Multiwfn code [33] and
through its module enabling quantitative analyses of molecular surfaces (isovalue 0.001 au)
[34]. The .wtn files for AMP and MET, and the vibrational wavenumbers for AMP and MET
isotopologues were calculated by using Gaussian 16W (Wallingford, CT, USA) [30]
[DFT/B3LYP/6-31G(d)]. The energy of the optimized structures of the complexes of MET with
benzene, 1,3-dimethylbenzene, and 1-chloro-3-methylbenzene were calculated at DFT level
with the B3LYP functional, the 6-31+G(d,p) as basis set, and the D3 version of Grimme’s

dispersion with Becke-Johnson damping [35].

3. Results and Discussion

Separation and enantioseparation of AMP and MET isotopologues, i.e. AMP, AMP-
ds(side chain), AMP-d5(ing), AMP-ds, AMP-ds, AMP-di;, MET and MET-ds, were systematically
explored by using the Kinetex Biphenyl (Supporting Information, Tables S1-S3 and Figs. S1-
S3) and Phenyl-Hexyl achiral columns, and Lux AMP (Tables S4-S6, Figs. S4 and S5), Lux
Cellulose-3 and Lux i-Amylose-3 (Tables S7-S9, Figs. S6 and S7), as chiral columns, at

different contents of water in aqueous MeOH and ACN mixtures used as mobile phases.

3.1.  Effect of achiral and chiral column stationary phase on isotope effect

The isotope effect observed with the Biphenyl column in methanol was weak. It was

positive (i.e. the heavier isotopologues retained longer compared to the lighter ones) in
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methanol containing 0.1% (v/v) ammonium hydroxide and methanol containing a low amount
of aqueous phase and turned negative (i.e. lighter isotopologues retained longer compared to
the heavier ones) with increasing amount of aqueous component in the mobile phase. The
same trend was observed for MET as for AMP and its isotopologues (Supporting Information,
Table S3 and Fig. S3). The effect observed with the Phenyl-Hexyl column was very similar to

the one observed on the Biphenyl column.

On the chiral Lux AMP column AMP and its isotopologues were retained very long
(for over 40 minutes) and peaks were severely distorted in methanol without any additive. In

this mobile phase, the positive isotope effect was observed. However, in contrast to the
abovementioned achiral columns, there was no positive isotope effect observed, not even in
methanol containing 0.1% ammonium hydroxide. In fact, there was a very weak, almost
negligible, negative isotope effect in methanol with 0.1% ammonium hydroxide [ART (AMP-
AMP-dsside chainy = 0.001 min] that increased with increasing content of the aqueous
component in the mobile phase (Figs. 2a-c). The separation of isotopologues and enantiomers
correlated very well with each other (Figs. 2a-c). Specifically, with increasing aqueous
content in the mobile phase both, the extent of the negative isotope effect, as well as the
separation selectivity of AMP-enantiomers increased significantly (Fig. 2). The same

observation was made for MET under the same experimental conditions (Fig. 3).

On the chiral i-Amylose-3 column there was no measurable isotope effect in methanol
containing 0.1% ammonium hydroxide but with addition of 5% (v/v) aqueous buffer a
significant positive isotope effect appeared (Fig. 4) which is different from the observation
made with the Lux AMP column. With increasing content of the aqueous mobile phase, the
positive isotope effect reversed to negative and at a high content of aqueous component also
enantioseparation appeared (This is another example of a correlation between the negative

isotope effect and enantioseparation) (Fig. 4). With MET, positive isotope effect was observed

9
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on i-Amylose-3 while no enantioseparation in any methanol-containing mobile phases (Table

S9).

A rather weak (mostly negative) isotope effect was observed on the Lux Cellulose-3
column for both AMPs and MET in methanol-containing mobile phases, while a weak
positive isotope effect was observed in ACN-containing mobile phases (Data not shown). The
enantiomers of AMP and MET were not separated on this column under the conditions

studied.

From these experimental results some remarks emerged:

1. The negative isotopic effect was favoured by mobile phases containing higher
percentages of water. In all cases, retention times increased significantly as the
water content in the mobile phase increased (typical reversed-phase behaviour
although at lower content of water (up to 20% mostly) HILIC-like retention was
observed).

2. With the two amylose-based columns, i.e. Lux AMP and i-Amylose-3, the type and
extent of the isotope effect as well as of enantioseparation could be affected by the

stereoelectronic features of the pendant groups.

3.2.  Isotope effect in relation to methanol vs. acetonitrile and amphetamines vs.

methamphetamines

As mentioned in subsection 3.1 only a weak isotope effect was observed for both,
AMP and MET in methanol on the Biphenyl column while a significant difference was
observed on the same column in ACN between these compounds. In particular, only a
marginal isotope effect was observed for AMPs in ACN containing 0.1% ammonium

hydroxide (ART = 0.001 min), while a quite strong positive isotope effect was observed for

10
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MET in the same separation system (Fig. 5). The observation on the Phenyl-Hexyl column in

ACN vs. methanol was very similar to that on the Biphenyl column (Data not shown).

On the chiral Lux AMP column, good separation of AMP enantiomers and only very
weak (almost undetectable) positive isotope effect was observed in ACN containing 0.1 %
ammonium hydroxide. With the addition of an initial amount of the aqueous component (see
experimental section) HILIC behavior was observed as reported in our multiple studies
leading to a reduction in retention factors and enantioseparation [26,36-39]. Already at 5%
(v/v) content of the aqueous component in the mobile phase the isotope effect turned negative
and gradually increased in correlation with enantioseparation (Table S5 and Figure S5). MET
showed a significant difference from AMP with positive isotope effect observed in ACN and
lower content of aqueous buffer. This positive isotope effect disappeared and then flipped to
negative isotope effect with increasing content of the aqueous component in the mobile phase

without achieving separation of enantiomers (Supporting information, Table S6).

On the Lux i-Amylose-3 column there was no measurable isotope effect for AMP, and
its enantiomers were not separated in ACN modified with 0.1% (v/v) ammonium hydroxide,
while for MET under the same experimental conditions there was a quite strong positive
isotope effect, as well as MET enantiomers were significantly separated from each other (Fig.

6).

The experimental results obtained for the separation and enantioseparation performed
with acetonitrile-containing mobile phases showed that under these conditions the positive
effect tended to be favored, while the negative effect could be observed with mobile phases
containing higher percentages of water. In this regard, it is worth mentioning that acetonitrile
favors and disfavors hydrogen-bonding (HB) and hydrophobic interactions between the chiral
selector and analyte species, respectively, in contrast to methanol which manifests the

opposite effects.
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3.3.  Correlations between the extent of the isotope effect and the number and location of

deuterium atoms in the molecule

There are a few reports in the literature on the effect of the number of deuterium atoms
part of the isotopologue on the extent of the isotope effect [20,25]. This aspect was
systematically examined in the present study. As shown in Fig. 7, a certain correlation was
observed, and in some cases the isotope effect increased with increasing number of deuterium
atoms in the molecule. As already mentioned in earlier studies [20,25] the isotope effect does
not increase linearly with the number of deuterium atoms part of the molecule and the so-
called specific deuterium effect (incremental isotope effect per added deuterium atom to the
molecule) decreases with increasing the degree of deuteration of a molecule. Moreover, it is
obvious that not just the number of deuterium atoms but also their location in the structure of
molecule plays a certain role in the observed effect. On one hand, this observation suggests
that the separation of isotopomers is possible and correlates with the successful separation of
racemates based on isotopic chirality reported by Tanaka and co-workers [40]. On the other
hand, this observation suggests that not only mass-dependent forces are responsible for the

separation of isotopologues.

In the present study, differences between isotopomers were also examined (Fig. 7 and
Supporting Information, Fig. S8). In this regard, it is evident that a minor difference observed
in the retention of isotopomers is (as expected) insufficient to observe their separation under
the used experimental conditions. However, interesting trends could be observed by
examining the variations in the retention times of the various isotopologues (or isotopomers)

as the chromatographic conditions changed:

1. Slightly stronger isotope effect was observed for the isotopologue/isotopomer

containing deuterium atoms in the side chain compared to that on the aromatic ring.
12
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2. In several cases, the retention of AMP-dg, not containing deuterium atoms at C, and
Cp with respect to the NH> group, was lower than expected, deviating from the linear-like

trend exhibited by the other isotopologues of the series.

3. On the Lux AMP column, the retention of AMP-dsing) was slightly lower compared
to AMP-ds and AMP-d; with ACN containing 0.1 % ammonium hydroxide, whereas it was
higher with a mobile phase containing high percentages of water (Supporting Information,

Fig. S9).

3.5.  Possible recognition mechanism underlying isotope effects

In spite of the importance of isotope effects in analytical and bioanalytical separations,
studying the mechanisms and noncovalent interactions underlying these effects by
computational analysis remains rather challenging. The main question arises from the fact that,
under the Born-Oppenheimer approximation, the potential energy surfaces of different isotopes
are the same. Consequently, the difference in the thermodynamic stability between two
isotopomers (or isotopologues) can arise exclusively from the vibrational frequency of C—H
and C-D bonds [41]. Indeed, the C—D bond presents smaller vibrational frequency, shorter bond
length, and lower polarizability compared to the C—H bond [42]. Given these subtle differences,
a very small or non-detectable difference between isotopologues was observed so far [43], and
various methodological approaches often provided opposite results. For instance, whereas
studies on the encapsulation of protic and deuterated guest molecules in molecular capsules led
to the conclusion that the C—D-- & interaction is stronger than the C—H-- & interaction [44],
others based on chromatographic analysis led to the opposite conclusion. In this field, Tanaka
and co-authors studied the hydrogen/deuterium isotope effects on hydrophobic binding in the
reversed-phase chromatographic separation of protiated and deuterated isotopologues,

observing that protiated compounds bind to nonpolar moieties attached to silica more strongly
13
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than the deuterated ones [21]. Later, by the comparison of the free energies of isotopologues
derived in RPLC, Kubo and co-authors hypothesized that the C—H- - -& interaction was slightly
stronger than C—D-- 7 interaction providing an inverse isotope effect in the separation of
aromatic hydrocarbons [22]. Therefore, the contribution of dispersion forces to H/D isotope

effects was not conclusively confirmed so far.

On this basis, we studied molecular and electronic properties of AMP and MET
conformers optimized at DFT level of theory (Supporting Information, Table S10). The
calculations were performed by using the implicit SMD as solvation model in three different
solvents, i.e. acetonitrile, methanol, and water, in agreement with the experimental mobile
phases. In all cases, two types of lowest-energy conformers were found. The first conformer
type (conformer a) featured an intramolecular C—H:-xt interaction (2.817 A < dcu-2<2.835 A)
underlying the structure, with the amine hydrogen(s) available as HB donor(s). In the other
conformer type (conformer b), the amine hydrogen was found involved in the intramolecular
NH--- interaction (2.551 A < dnu--2 < 2.697A), thus it was not available for intermolecular HBs
due to stereoelectronic reasons. In particular, conformer b of MET exposes an extended
hydrophobic surface on the opposite side from the NH group. The calculated properties showed
that MET presents a higher contribution of dispersion to the total energy and higher
polarizability compared to AMP. To the contrary, this latter shows, in general, lower electron
charge density, and more positive electrostatic potential maxima on the amine hydrogens that,
consequently, exhibited higher ability as HB donors. Furthermore, the amine nitrogen of AMP
featured a more negative value of electrostatic potential, thus higher electron charge density,
compared to the amine nitrogen of MET. On this basis, the higher retention of MET observed
in all cases compared to AMP could be ascribed to dispersion-type forces rather than to HB-
type forces. On this basis, to evaluate the possible contribution of dispersion forces in the

studied analytical (enantio)separations, we calculated the energy of the complexes between

14
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conformer b of MET and benzene, 1,3-dimethylbenzene, and 1-chloro-3-methylbenzene to
explore the impact of the electronic properties of the substituents on benzene (methyl and/or
chlorine) on the contribution of the dispersion energy to the overall binding energy. As shown
in Fig. 8, in all cases a CH:---w interaction between one methylene hydrogen of MET and the
aromatic counterpart was observed, as well as a calculated contribution of the dispersion to the
total energy increasing following the order benzene (-0.0750 au) < 1-chloro-3-methylbenzene
(-0.0881 au) < 1,3-dimethylbenzene (-0.0912 au). In this regard, it is worth mentioning that

noncovalent interactions like C—H---m present a high character as dispersive forces [45].

Based on these computed results and on the structural features of AMP and MET, our

mechanistic hypotheses were the following:

1. The medium determines the equilibrium between the conformers of the analyte in
solution, whereas the structure of the (chiral) selector determines how the system of the two
conformers at the equilibrium interacts with (chiral) selector. Indeed, the relative stability of
conformers a and b depended on the medium. On the other hand, the energy differences were
very low [AE = Econformer b — Econformera: 0.19 kcal/mol (ACN), 0.15 kcal/mol (MeOH), and 0.06
kcal/mol (water) for AMP and 0.53 (ACN and MeOH), and 0.51 (water) for MET]. Thus, it was

expected that the two conformers could interconvert rather easily.

2. Separation and enantioseparation outcomes depend on a subtle balance between HB

and dispersive forces.

3. Depending on the location of the deuterium atoms, deuteration favored HB and
disfavored dispersive forces. Indeed, as reported before [26], deuterium is more electronegative
compared to protium when bound to a Csp®. Thus, deuterated groups close to the N-H moiety
in the analyte structure can cause its stronger (increased) deshielding (meaning higher

hydrogen-bonding donor capacity) compared to the N-H group in the nondeuterated analyte.
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On the other hand, the frequency of vibration is inversely proportional to the mass of the atoms,
so heavier atoms vibrate at lower wavenumbers. The C—H bond has a higher oscillation
frequency than the C—D bond (the wavenumbers are 3300 vs. 2334 cm™!, respectively). Thus, it
may induce stronger dispersion attraction. This could result in higher retention for the
undeuterated compound compared to its deuterated analogue due to the difference in dispersive

analyte-adsorbent interactions.

Given these hypotheses, we calculated (Supporting information, Tables S11-S18) and
compared (Supporting information, Tables S19-S24) in detail the vibration wavenumbers of the
two conformers of AMP and MEP in the three solvents. Indeed, the amount of energy required
to stretch a bond depends on the strength of the bond and the masses of the bound atoms, and
the stronger is the bond, the greater is the energy required to stretch it. Thus, by comparing the
stretching wavenumbers of N-H groups part of different isotopologues, we could evaluate how
the strength of the HB involving the N-H groups changes. In terms of dispersion forces, we
considered the zero-point vibrational energy (ZPVE) as descriptor to compare the dispersion
capability of the different isotopologues. Indeed, the ZPVE results from the vibrational motion
of molecular systems at 0 K, and it is calculated for a harmonic oscillator model as a sum of

contributions for all vibrational degrees of freedom of the system.
ZPVE =% 0.5hcvi (1)

where / is the Plank constant, c the light speed, v the vibrational wavenumber, and i

refers to the vibrational degrees of freedom.

Interesting correlations between the calculated vibrational wavenumbers and the

experimental retention times were observed:

1. In all cases, lower Vn.n were calculated for the isotopologues containing

deuterium atoms at Ca and CP with respect to the NH» group, i.e. AMP-dsside chain),
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AMP-ds, an AMP-d;1 compared to AMP, AMP-ds, and AMP-dsing). Thus, for the
first series stronger HB donor ability could be expected.

2. The ZPVE increased as the deuteration degree and solvent polarity (ACN
< MeOH < water) increased.

3. For both conformers of AMP, higher ZPVE was calculated for AMP-

dS(ring) Compared to AMP‘dS(side chain).

These results confirmed a close relationship between the retention times observed in the
chromatographic experiments and the descriptors used to quantify the contribution of HB and
dispersive forces to retention and in enantioseparation mechanisms, and in almost all cases, the
lines describing the dependence of retention on the deuteration degree correlated satisfactorily
with the lines describing the dependence of the vibrational wavenumbers on the deuteration
degree. In Figs. 9 and 10, some representative correlations are reported for the separation of
AMP isotopologues with the Biphenyl column and MeOH/water 90:10, 20:80, and 70:30 as
mobile phases. At lower concentration of water (10%) (Fig. 9A), the HB dominates the retention
mechanism and retention time of AMP_conformer a (SMD, MeOH) increases or decreases as
the vn.u decreases (HB ability increases) or increases (HB ability decreases). In the opposite
situation, at higher concentration of water (80%) (Fig. 9B), the retention time clearly depended
on the ZPVE value, thus in this case the contribution of dispersive forces to the mechanism was
dominant. At intermediate percentages of water (30%) (Fig. 10), retention time depended on
the balance between HB and dispersive forces (+* = 0.9525). In particular, the decrease in
retention time moving from AMP-d¢ to AMP-ds could be explained by the corresponding

increase in the Vn.y (decrease in HB donor ability).
This model could explain other experimental behaviors:

1. The explanation of the differences observed between AMP and MET on both

Biphenyl and Lux AMP column with ACN, i.e. almost no isotope effect for AMP and a stronger

17



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

positive isotope effect for MET, could be found in the difference in the vn.u of the protiated and
the dsside chain) 1SOtopologues calculated in the two cases, higher for MET [AVn.n = Vn-n (MET)
- "N-t (MET-d5(side chain)) = 0.19 cm™'] compared to AMP [Avn-i = ¥n-i (AMP) - P (AMP-dsside

chain), 0.01 cm™ < APn <0.09 ecm].

2. For the (enantio)separation of AMP-dsside chain), AMP-ds, AMP-d11, and AMP-d5ing)
series with the Lux AMP column in ACN-containing mixture, the retention time order (dsing) <
di1, ds , ds(side chain)) in pure ACN correlated well with the change in ¥n-n (dsqing) > di1, de , dsside
chain)), Whereas retention time changed (Fig. S9) as the ZPVE values at the highest percentages
of water (80%) [RT(1) (min), ZPVE AMP a (SMD, water) (H/particle): dsuing) (26.85,

0.186800) > ds(side chain) (26.66, 0.186654) > d (26.50, 0.183278) > di1 (25.27, 0.166848)].

4. Conclusions

A strong isotope effect was observed for partially deuterated AMP derivatives under
some experimental conditions enabling their baseline separation on achiral and
polysaccharide-based chiral columns in HPLC. The nature (positive or negative) of the
isotope effect and its extent strongly depends on the nature of selector, medium and structure
of the studied compounds. On chiral columns some correlations were observed between the
strength of the isotope effect and selectivity of enantioseparation. The isotope effect increased
with increasing number of deuterium atoms in the molecule. Some differences in the retention
of isotopomers were observed but this was not sufficient for their separation. Analysis of the
vibrational wavenumbers and related ZPVE calculated for both AMP and MET isotopologues
by quantum mechanics allowed to disclose some essential factors contributing to retention
and enantiorecognition, profiling a model based on the interplay between HB- and dispersive-
type interactions. The number and location of the deuterium atoms in the AMP and the MET

impact the strength of these interactions. Increasing deuteration degree, in particular at
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positions close to the amino group, was found to favor hydrogen bonding-type forces,

whereas it was detrimental to dispersive forces.

This study reporting on concomitant significant differences observed in the isotope
effect and enantioseparation based on the structure of the chiral selector, mobile phase and the
structure of analytes may provide important material for better understanding of

enantioselective recognition mechanisms.
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Legends:

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Structure of AMP and MET isotopologues part of this study.

Separation of AMP and AMP-ds on a Lux AMP (250 x 4.6 mm) column with the
mobile phases made of MeOH with 0.1 % (v/v) ammonium hydroxide (a), 5 mM
ammonium bicarbonate in H>O (pH-11.0) and MeOH in the ratio (v/v) 10 : 90 (b) and

40 : 60 (c). Flow rate: 1 ml/min. MS-detection conditions were as described in Table 1.

Separations of MET and MET-ds on a Lux AMP (250 x 4.6 mm) column with the
mobile phases made of MeOH with 0.1% (v/v) ammonium hydroxide (a), 5 mM
ammonium bicarbonate in H20 (pH-11.0) and MeOH in the ratio (v/v) 10 : 90 (b) and

40 : 60 (c). Flow rate: 1 ml/min. MS-detection conditions were as described in Table 1.

Separation of AMP and AMP-ds on a Lux i-Amylose-3 (250 x 4.6 mm) column with
the mobile phases made of MeOH with 0.1 % (v/v) ammonium hydroxide (a), 5 mM
ammonium bicarbonate in H20 (pH-11.0) and MeOH in the ratio (v/v) 5 : 95 (b) and

50 : 50 (c). Flow rate: 1 ml/min. MS-detection conditions were as described in Table 1.

Separation of AMP, AMP-ds (a), MET and MET-ds (b) on a Biphenyl (100 x 2.1mm)
column with the mobile phase acetonitrile + 0.1% NH4OH. Flow rate: 0.4 ml/min (a).

MS-detection conditions were as described in Table 1.

Separation of AMP, AMP-ds (a), MET and MET-ds (b) on a Lux i-Amylose-3 (250 x
4.6 mm) column with the mobile phase acetonitrile + 0.1% NH4OH. Flow rate: 0.4

ml/min (a). MS-detection conditions were as described in Table 1.

Separation of AMP and its isotopologues with various degree of deuteration on a Lux
AMP (250 x 4.6 mm) column in the mobile phase: SmM ammonium bicarbonate in
H>0 (pH-11.0)/MeOH 40:60, Flow rate: 1ml/min. MS-detection conditions were as

described in Table 1.
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Fig. 8 DFT optimized structures for complexes between MET conformer b and benzene (A),
1,3-dimethylbenzene (B) and 1-chloro-3-methylbenzene (C). Legend colour: C, grey;

Cl, green; H, pale grey; N, blue.

Fig. 9 Representative correlation between retention times of AMP isotopologues on the
achiral Biphenyl column [MeOH/water 90:10 (A) and 20:80 (B)], quantum mechanics
calculated vibrational frequencies (v, cm™), and zero-point vibrational energy (ZPVE,
Hartree/particle): AMP conformer a; SMD, MeOH (A), AMP_conformer b; SMD,

water (B).

Fig. 10 Representative correlation between retention times of AMP isotopologues on the
achiral Biphenyl column (MeOH/water 70:30), quantum mechanics calculated
vibrational frequencies (v, cm™) and zero-point vibrational energy (ZPVE,

Hartree/particle): AMP_conformer a; SMD, MeOH.
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Table 1 Mass spectrometry parameters for analytes and internal standards in the positive

ionization mode.

] Product ion, CE,
Analvies Molecular mass, | Precursor ion,
y g/mol m/z m/z eV
119.1 5
AMPHETAMINE 135.1 136.1
91.1 13
124.1 8
AMPH ETAMINE'd5(3|de cham) 1402 14125 931 24
AMPHETAMINE-dsring) 96.1 16
140.2 141.25 681 24
AMPHETAMINE-ds 141.2 142.25 1251 8
93.1 16
127.1 8
AMPHETAMINE-dg 143.2 144.25 97 1 16
130.1 8
AMPHETAMINE-d11 146.28 147.28
98.1 24
119.1 8
METHAMPHETAMINE 149.2 150.2
91.1 20
121.1 8
METHAMPHETAMINE-ds 154.1 155.1
92.1 20

*
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