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Unraveling the Source of Self-Induced Diastereomeric
Anisochronism in Chiral Dipeptides

Fabio Spiaggia,”” Federica Aiello,*®™ Luca Sementa,” Jean-Marc Campagne,

Renata Marcia de Figueiredo,"” Gloria Uccello Barretta,

Mastering of analytical methods for accurate quantitative
determinations of enantiomeric excess is a crucial aspect in
asymmetric catalysis, chiral synthesis, and pharmaceutical
applications. In this context, the phenomenon of Self-Induced
Diastereomeric Anisochronism (SIDA) can be exploited in NMR
spectroscopy for accurate determinations of enantiomeric
composition, without using a chiral auxiliary that could interfere
with the spectroscopic investigation. This phenomenon can be
particularly useful for improving the quantitative analysis of
mixtures with low enantiomeric excesses, where direct integra-
tion of signals can be tricky. Here, we describe a novel analysis
protocol to correctly determine the enantiomeric composition
of scalemic mixtures and investigate the thermodynamic and

Introduction

Self-Induced Diastereomeric Anisochronism (SIDA) constitutes
one of the most intriguing phenomena among detectable chiral
recognition processes in NMR spectroscopy, relying on the
ability of enantiomers to self-assemble in solution and to form
diastereomeric adducts.” Due to the presence of functional
groups that can promote self-aggregation through intermolec-
ular interactions like m-m stacking and, more importantly,
hydrogen bonding, homochiral and heterochiral species can
associate to originate dimers, which behave in all respects as
diastereomers." ¥ In that way, anisochronism is induced in the
NMR spectra of intrinsically isochronous enantiomers, thus
avoiding the use of an external chiral auxiliary™® that could
create interferences, such as unwanted signal superimpositions,
in the quantitative analysis of the enantiomeric mixtures.
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stereochemical features at the basis of SIDA. Dipeptide
derivatives were chosen as substrates for this study, given their
central role in drug design. By integrating the experiments with
a conformational stochastic search that includes entropic
contributions, we provide valuable information on the dimeriza-
tion thermodynamics, the nature of non-covalent interactions
leading to self-association, and the differences in the chemical
environment responsible for the anisochronism, highlighting
the importance of different stereochemical arrangement and
tight association for the distinction between homochiral and
heterochiral adducts. An important role played by the counter-
ion was pointed out by computational studies.

In spite of the enormous potentiality of SIDA, in most cases
this phenomenon has been neglected, albeit it could be related
to the occurrence of nonlinear effects in catalytic asymmetric
synthesis, chiral separations and in the optical properties of
chiral substrates.*® As a matter of fact, a full rationalization of
SIDA is still far from the current state of knowledge: sometimes
it has been accidentally encountered and recognized,” " some-
times it constituted the way to explain the presence of
unexpected species in investigations dealing with chirality.">'¥

In general, a confirmation of the occurrence of SIDA can be
obtained by comparing the NMR spectra of enantiomerically
pure and racemic compounds, for which NMR signals are
unexpectedly detected at different chemical shifts.

The first case of SIDA was recognized in dihydroquinine
derivatives in 1969, when Williams et al."® found out that the 'H
NMR spectrum of enantiomerically pure sample of dihydroqui-
nine is significantly different from the 'H NMR spectrum of the
racemic mixture when both are recorded at the same exper-
imental conditions (concentration, temperature, and solvent).
Additionally, the authors discovered that when a scalemic
mixture is prepared and the 'H NMR spectrum is recorded,
some signals can undergo splitting, and the split signals areas
correspond to the enantiomeric composition of the mixture.

Since the mid-70's, several articles were published where
SIDA was observed in structurally different compounds. Differ-
ent combinations of functional groups can favor the occurrence
of SIDA, such as amide,"® carboxylic'” and hydroxy groups.™
Among the compounds that are capable of giving SIDA, many
of them are amino acid derivatives'®*® and peptide-like
molecules.

These systems are of particular relevance: besides being the
building block of proteins, peptides are involved in many



physiological processes, and for this reason, they have a wide
application as therapeutic agents in various areas. Nanotubes or
hydrogels can be obtained by self-assembling of oligopeptides
containing two or three amino acids,”"*" and structures like
micelles, vesicles, 2D-sheets, 3D networks, can be obtained
from amphiphilic peptides* They constitute the starting
material for the design of biocompatible and low toxic drug-
delivery systems'® to apply in nanobiotechnology and
nanomedicine.” Even dipeptides can be used for the develop-
ment of drug delivery systems and therapeutic agents thanks to
their low molecular weight, the relatively low costs related to
their synthesis, and the possibility of being administered
orally.?” These features favor the preparation of derivatives
endowed with  pharmacological properties and of
supramolecular structures that can be exploited in multiple
ways by fine-tuning their aggregation mechanism.

A clear understanding of the phenomenon of self-assembly
in peptide-based systems, therefore, allows a better compre-
hension of the behavior of the related supramolecular systems.
The investigation of the thermodynamics and the kinetics
controlling the process, hence, is paramount. Thermodynamics
is dependent on non-covalent interactions (n-m stacking,
intermolecular hydrogen bonding and electrostatic interac-
tions), and factors influencing the kinetic include pH, temper-
ature, concentration, and solvent”® In general, the propensity
of peptides to self-aggregate is related to several factors, such
as the constituent amino acids, pH, ionic strength, concen-
tration, and the nature (polarity) of the solvent, that can deeply
influence the intermolecular peptide-peptide interactions and
hence favor different supramolecular architectures.?**

With the aim of shedding some light on the peculiar self-
assembly phenomenon known as SIDA, in the present work an
intertwined (synthesis - physicochemical characterization -
computational investigation) study has been undertaken to
understand the origins of SIDA in chiral dipeptides. LL- and DD-
valine-leucine (Val-Leu) dipeptides (Figure 1) were synthesized,
and their homochiral (LL/LL and DD/DD) and heterochiral (LL/DD)
mixtures were analyzed via NMR.

This pair of amino acids was chosen in consideration of their
peculiarities. Leucine administration is related to important anti-
catabolic actions”" and valine is one of the essential amino
acids responsible for growth and development,* known for its
pharmaceutical, cosmetics, and nutritional properties.”® More-
over, the wide applications of valine in chiral stationary phases
for gas chromatography are well-known. As an example, the
chiral column Chirasil-Val® is largely used for the chiral analysis
of amino acids, hydroxy acids, alcohols, amines, and biphenyl
derivatives.*
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Figure 1. Chemical structures of the TFAeH,N-Val-Leu-OR dipeptides 1-3.

NMR spectroscopy was chosen in this work as analytical
technique thanks to the possibility of delving into the
phenomenon for obtaining both thermodynamic and kinetic
information. The substrates analyzed are characterized as
trifluoroacetate salts at the N-terminus of the valine residue and
by an ester derivatization at the C-terminus of the leucine
fragment (TFA-H,N-Val-Leu-OR). Three different types of ester
derivatives were investigated, namely ethyl (Et), benzyl (Bn) and
tert-butyl (tBu) (1-3, Figure 1), so that the effect of the
derivatization could be evaluated as well.

NMR DOSY (Diffusion Ordered SpectroscopY) and ROESY
(Rotating-frame Overhauser Enhancement SpectroscopY) tech-
niques were exploited for evaluating the occurrence of
aggregation in solution, and hence determining whether dimers
or higher-order structures were formed, and the conformational
features of the aggregates. The thermodynamic parameters
(dimerization constants, Gibbs free energy, enthalpy and
entropy) were determined for both the homo- and heterochiral
dipeptide aggregates for all the three substrates analyzed by
applying the dilution method.

A computational investigation has been conducted on
derivative 1 to predict the thermodynamics of self-aggregation.
This analysis provided atomistic insight into the equilibrium
conformations and the nature of the interactions promoting
stable adducts, supporting the data obtained from NMR
spectroscopy.

Results and Discussion
Synthesis of Dipeptides 1-3

LL- and DD-valine-leucine tert-butoxycarbonyl (Boc)-dipeptides
bearing different ester groups were synthesized via a solution-
phase strategy using activated a-amino esters (Scheme 51).%°
This method relies on the alternative amine activation instead
of traditional carboxylic acid activation.”**” Boc-dipeptides with
Et and Bn ester groups were transformed into the correspond-
ing TFA salts 1 and 2 through treatment with TFA, whereas Boc-
dipeptides bearing a tBu ester group required a two-step
procedure (Scheme S1). For this particular case (absence of
orthogonal protecting groups), methanesulfonic acid was used
in combination with tBuOAc in CH,Cl, to selectively remove the
N-urethane Boc protecting group in the presence of a tert-butyl
ester.”® Then, after basic workup, the free amines so obtained
were transformed into TFA salts 3 by treatment with TFA
(1 equiv) in cold Et,0.

NMR Investigation of TFAeH,N-Val-Leu-OEt (1)

The self-aggregation propensity of the ethyl derivative was
investigated by comparing the NMR spectra of enantiomerically
pure LL-1 at different concentrations. This process, in fact,
should determine a shift of the resonances, enhanced for the
nuclei more involved in the intermolecular interaction proc-
esses. Indeed, the comparison of the proton ("H) NMR spectra



of LL-1 in a range of concentration between 0.5 mM and 15 mM
showed a significant variation in the chemical shift of the amide
protons (3y) from 7.14 ppm to 7.72 ppm (Figure 2). This trend
suggested the occurrence of self-aggregation in solution and
supported the hypothesis of hydrogen bonding between the
monomeric species of 1.

To further verify the supramolecular aggregation, the
diffusion coefficient (D) of LL-1 was measured (Table S1). This
parameter can be obtained by exploiting the NMR DOSY
technique,”* and is related to the molecular sizes by the
Stokes-Einstein equation (Eq. (1)), strictly holding in the spher-
ical approximation:

ksT
b= 63R,

M

where kg is the Boltzmann constant, T is the absolute temper-
ature, 1 is the solution viscosity that, in diluted solutions, can be
approximated to that of the solvent, and Ry is the hydro-
dynamic radius. As Eq. (1) highlights, the higher the molecular
sizes of a species, the lower is its diffusion coefficient.

In the most diluted solution (0.5 mM), where the dipeptide
can be assumed to be present mainly as a monomer, a D of
(6.5+£0.8)x10 " m’~ ' was measured, to be compared to a
value of (4.5+0.3)x107'° m*s~' measured in the most concen-
trated solution (15 mM, Figure S1).

The decrease of the diffusion parameter with increasing of
the concentration confirmed the supramolecular aggregation
already hypothesized based on the chemical shift variations
reported in Figure 2. The ratio between the highest and the
lowest diffusion coefficient, equal to 1.44, suggested the
presence in the most concentrated solution of dimeric species
at the most. The diffusion coefficient of the counterion,
measured by means of "F NMR DOSY, indicated that the ionic
couple is tight, as a good correspondence between the 'H and
the "F diffusion coefficients was found (Table S1).

Solutions at different concentrations of racemic 1 were then
prepared, and a variation in chemical shift of the amide proton
was observed also in this set of samples (Figure S2). More

M

notably, a different value of &, was measured in the proton
spectra of LL-1 and its racemate at the same concentration. As
an example, at 10 mM 3§, was equal to 7.65ppm for LL-1
(Figure 3a) but shifted to 7.56 ppm in racemic 1 (Figure 3b).
This feature is a distinctive and one of the first ever described
traits of SIDA® referred as deviation in early theoretical
treatments™" and attributable to the formation of homospecies
or of both homo- and heteroaggregates.

Briefly, SIDA occurs when enantiomeric substrates self-
associate in solution and give origin to homo- and
heteroaggregates."” In fast-exchange conditions with respect
to the NMR timescale, the chemical shifts observed are a
weighted average of the monomer and the homo- and
heteroaggregates. If the self-assembly determines the formation
of dimers and no higher order species are present, as in the
case of 1, the chemical shifts observed for each enantiomer (3,
and &) can be expressed according to Eq. (2) and Eq. (3):

(SL = XLméLm + Xubhoma + X!L-D rﬁherem (2)
§ D
()D - XD.m()Lm + XDD()homD T XLD()he!?m (3)

where 8., 6home aNd 8.0 are the chemical shifts of the
monomer (L or D), the homo- (LL or DD), and the heterodimers
(LD/DL), respectively; X,/Xo, X, /Xy, and X',/x°, are the fractions of
the enantiomer in the monomer, in the homodimer and in the
heterodimer with respect to the total enantiomer concentra-
tion.

When suitable experimental conditions for favoring SIDA
(e.g., solvent, temperature, total concentration) are chosen, the
NMR spectrum of an enantiopure substrate will differ from that
of the corresponding racemate because, in the latter case, the
solute-solute interactions involve not only species with the
same chirality, but also species with the opposite configuration,
thus determining the formation of both homo- and hetero-
dimers. Due to the additional contribution of &,.., to the
observed §, the chemical shifts of the two samples (enantiopure
vs. racemate) will not be coincident.
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Figure 2. 'H NMR (600 MHz, CDCl,, 25 °C) spectral region of the amide proton
of LL-1 at: 15 mM (a), 10 mM (b), 7.5 mM (c), 5 mM (d), 2 mM (e), 1 mM (f),
0.5 mM (g). * indicates the amide signal in 0.5 mM sample.
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Figure 3. 'H NMR (600 MHz, CDCl,, 25°C, 10 mM) spectral region of the
amide proton of LL-1 (a), racemic 1 (b) and enantiomerically enriched (70%
LL - 30% DD) 1 (c).



When instead an enantiomerically enriched mixture is
analyzed, the main enantiomer will show propensity toward
homo-aggregation, whereas the minor one will associate mainly
to give heterochiral species. Therefore, 3, # 6, and the NMR
spectrum will be characterized by split signals, with their
integrated areas directly representing the enantiomeric excess
(ee =9%L — %D, with %L and %D being the percentages of the L
and D enantiomers, respectively) of the mixture. The difference
between the chemical shift of the split signals will give the
nonequivalence (A5=6, — §,), which will depend on both
stereochemical (the chemical shifts of the dimeric species) and
thermodynamic factors (the molar fractions of the species and,
consequently, the dimerization constants).

Indeed, the analysis of an enantiomerically enriched sample
of 1 revealed the presence of two split signals for the amide
proton (Figure 3¢), and their integrated area reflected the
enantiomeric composition of the mixture.

With the aim of evaluating the feasibility of the NMR
analytical method in determining the enantiomeric purity and
in investigating the SIDA phenomenon, a deep investigation
was carried out by performing an enantiomeric titration, i.e., by
recording proton spectra of solutions of 1 at different ee, in
which the total concentration was kept constant (10 mM).
Starting from a nominal ee of +10%, splitting of signal was
observed for the amide proton (Figure 4). The magnitude of the
nonequivalence (Adyy,) increased with the increasing of ee, by
reaching a significant value of 0.187 ppm for the nominal ee of
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Figure 4. 'H NMR (600 MHz, CDCl,, 25°C, 10 mM) spectral region of the
amide proton of 1 at different nominal ee: —98% (a), —90% (b), —80% (c),
—60% (d), —40% (e), —20% (f), —10% (g), 0% (h), 10% (i), 20% (j), 40% (k),
60% (1), 80% (m), 90% (n), 98% (o). * indicate the amide signal belonging to
the minor enantiomer in the most enantiomerically enriched samples.

98% (Table S2). A linear relationship was found between ee
determined by NMR integration, for all the cases with baseline
separation, and nominal ee (Figure S3) with an excellent
correlation coefficient (0.9999). The absolute errors were all
within 1% (Table S2). For the mixtures with nominal ee of
+10%, for which no separation at the baseline was observed,
no accurate integration was possible.

Figure 5 depicts the trend of ee vs. Ad, (in absolute value)
obtained by applying least-square fitting. The presence of a
linear relationship prompted us to investigate whether the
enantiomeric composition could be alternatively calculated by
measuring the nonequivalence.

As detailed in Section2 of Supporting Information, a
calibration curve can be constructed by plotting Ady, vs.
enantiomer percentage (for instance %LL) for all enantiomeri-
cally enriched mixtures with baseline separation observed in
the proton spectrum. Based on the linear relationship reported
in Figure 519, the two mixtures with nominal ee of +20%,
where integration is still possible, were used as validation
points, obtaining a calculated content of LL-1 with an error of
0.5%. Therefore, the enantiomeric composition could be
obtained for mixtures with significantly overlapped signals,
such as in those with a nominal ee of +10%, for which
integration is challenging. As reported in Table S9, a content of
LL-1 of 44.8% (nominal ee = —10%) and of 54.4% (nominal ee =
10%) were calculated, within 1% error with respect to data
from deconvolution.

The strong agreement between values calculated from the
calibration curve and those determined via integration or
deconvolution procedures suggests that this novel approach is
effective for analyzing enantiomeric mixtures with overlapped
signals, to determine the enantiomeric composition directly
from chemical shift data.

Having delved into the analytical application of SIDA
phenomena, the attention focused on the determination of the
thermodynamic parameters of the self-assembly processes of 1
in solution: dimerization constants, Gibbs free energy (AG®),
enthalpy (AH°) and entropy (AS°).

The preference toward formation of either homo- or
heterodimer was investigated by analyzing the relationship
between the percentage of LL-1 enantiomer in solution and the
corresponding chemical shift of its amide proton. The plot

1007 @ LLinexcess
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Figure 5. ee vs. Ad,, for 1.



reported in Figure S4 shows a linear relationship between the
two parameters that, according to the literature,”' reflects the
absence of thermodynamic preference toward one of the two
dimeric aggregates. Moreover, it allows connecting the two
dimerization constants as reported in Eq. (4):

chhetem_) = 2Kdthumm (4)

where Ky eier) and Kypome are the dimerization constants for the
heterodimer and the homodimer, respectively.”

Enantiomerically pure samples of 1 were then exploited to
determine Kgpomo, from which Ky can be directly obtained
(Eq. (4)).

An alternative approach to the determination of Kyjetero)
required the analysis of racemic mixtures to determine a
“mean” dimerization constant (Kye.nr EQ. (5), from which
Kaghetero) €aN be extracted (Eq. (6))."**

K dipetero) + 2K anomo
thnmn) = dperere) 4 i I (5)

K atherero) = HKatmean) — 2K dihomo) (6)

For determining Kypome. @ dilution curve was built for LL-1: 8y,
was plotted against the total concentration C, (Figure S5 and
Table S3) and Eq. (7) was used to fit the data:"*

(1 + BchhomoJCO) -1
a = ()m + (dhomo - bm) (7)
(14 8K gypome) Co) + 1

A Kinome Of (16418) M™" at 25°C was calculated by feeding
the data into the “NMR Dimer Aggregation” model (see
Experimental Section). From this value, a Ky of 328 M~ was
obtained from Eq. (4).

The enthalpy and the entropy of dimerization were
determined by building a van't Hoff plot. The dilution curve
was built for LL-1 at 25°C, 30°C, 35°C, 40°C, and 45°C, and
Kyphomey Was calculated for each temperature (Table S4). The
van't Hoff plot was obtained by reporting the natural logarithm
of Kgnomey @gainst the inverse of the absolute temperature
(Figure S6); the data was fitted based on Eq. (8) via linear least
squares:

AH® AS® 28309
and(hcmo) = - W + T = T — 4.4 8)

The van't Hoff plot was consistent with the case of an
exothermic process like self-aggregation, in which the enthalpy
is negative. Furthermore, the negative intercept of the equation
was consistent with a process related to a reduction of entropy
in the system, like in the case of a dimerization process of the
type2 A = A,

From the slope and intercept of Eq.(8), an enthalpy of
dimerization equal to (—23.5+1.0) kJmol™' and an entropy of
dimerization equal to (—36.6 +3.3) JK 'mol ™' were obtained for
LL-1. It is important to underline that the calculated value of

self-association enthalpy fits with the typical value of one
NH:--0=C hydrogen bond in nonpolar solvents, which usually
falls in the range of —20 to —35 kJmol~".*¥

Following the same approach used for calculating Kypome: @
Kaimeary Of (168+23) M™" was calculated from racemic samples
of 1. From this value, @ Kypeeo equal to (344+99) M™" was
calculated based on Eq. (6), comparable to the expected value
of 328 M™' obtained from Eq. (4), thus confirming the absence
of a thermodynamic preference toward the formation of
homodimers or heterodimers.

Once ascertained the thermodynamic parameters, the
stereochemistry of the self-assembly of the two aggregates
(homo- and heterodimer) was investigated by analyzing and
comparing the dipolar effects detected in ROESY experiments
for both the enantiomerically pure and the racemic sample of 1.
First, the conformation in solution of monomeric 1 was
ascertained by studying the dependance of the dihedral angles
on the vicinal coupling constant through the Karplus’
equation™ and by analyzing through-space dipolar interactions
by means of 1D ROESY experiments. Then, the supramolecular
self-assembly was investigated by focusing on ROE effects that
could not be ascribed solely to intramolecular dipolar effects.

The prevailing conformation of monomeric 1 in solution
was established by focusing on each fragment composing the
dipeptide (the valine and the leucine residues, and the ethyl
ester). The ROE effects observed between the NH proton of
leucine (H5) and methine protons on the stereocenter of
leucine (H6) and valine (H3) (Figure 6b) pointed out that H5 is
in a cisoid arrangement with H3 and transoid with respect to its
methine proton H6. The absence of dipolar interactions
between H5 and ethyl protons (H11/H11" and H12) supported a
conformational arrangement in which the amide proton H5 is
cisoid with respect to the carbonyl oxygen of the ester group,
thus favoring the occurrence of an intramolecular hydrogen
bond. Regarding the valine fragment, the comparable dipolar
effects observed for the proton on the chiral carbon (H3) with
its adjacent methine of isopropyl moiety (H2) and with H5
(Figure 6c) suggested that H2 and H5 are approximately at the
same distance with respect to H3. A similar analysis could not
be performed for the leucine fragment, due to partial super-
imposition of the resonances belonging to isobutyl moiety (H7/
H7" and H8) (Figure 6a). Finally, beside the main dipolar effect
observed for the methyl protons (H12) belonging to the ethyl
moiety on the adjacent methylene group H11/H11’, an effect
on the diastereotopic methyl protons H9/H9' of the leucine
moiety was detected, as expected, due to the spatial proximity
of the two fragments in the monomer (Figure 6d).

Interestingly, a ROE effect between methyl protons H12 and
the diastereotopic methyl protons H1/H1' of valine was
detected, more intense than that on methyl protons H9/H9" of
leucine (Figure 6d). Such a strong dipolar interaction cannot be
ascribed uniquely to an intramolecular ROE effect, but rather to
a combination of both intra- and intermolecular interaction. The
intensity of this effect, therefore, was attributed to the
occurrence of an intermolecular interaction between two
monomeric units, confirming once again the self-assembly of 1.
Considering that the self-association enthalpy of the homo-
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Figure 6. 'H NMR (600 MHz, CDCl,, 25°C) spectrum (a) and 1D ROESY
(600 MHz, CDCl,, 25°C, mixing time =300 ms) spectra of H5 (b), H3 (c), and
H12 (d) protons of enantiopure 1 (15 mM). The arrows highlight the most
significant intramolecular (red, plain) and intermolecular (blue, dashed)
effects observed.

dimer previously calculated was compatible with the formation
of one net intermolecular hydrogen bond, a conformation in
which the two dipeptide molecules are arranged in a parallel
way in f-sheet fashion could be ruled out, in favor of an
intermolecular interaction where the two units are almost
perpendicular.

The dipolar effects detected for the racemic mixture (Fig-
ure S7) were comparable to those observed for the enantio-
merically pure sample, thus suggesting that the interaction
model proposed for the homodimer could be also applied for
the heterodimer.

NMR Investigation of TFAeH,N-Val-Leu-OBn (2) and TFA-H,N-
Val-Leu-OtBu (3)

The occurrence of self-assembly was confirmed also for the
benzyl (2) and the tert-butyl (3) ester derivatives.

The comparison between the NMR spectra of the diluted
and the concentrated solution of 2 pointed out that the amide
moiety is, once again, the most involved in the formation of the
aggregates in solution since a significant variation in chemical
shift (from 7.12 ppm at 0.4 mM to 7.63 ppm at 13.3 mM) was
observed (Figure S8). Similarly, a shift from 6.90 ppm (0.5 mM)
to 7.56 ppm (15 mM) was observed for substrate 3 (Figure S8).

The trend of the diffusion coefficients measured for 2 and 3
at different concentrations was comparable to what observed
for the ethyl derivative 1 (Tables S5 and S6). Also in these cases,
hence, the self-assembly gave dimeric species.

The enantiomeric titrations performed (Figures S9 and S10)
indicated linearity between ee and Ady, (in absolute value) for
both 2 and 3 (Figures S11 and S12).

The thermodynamic parameters were then determined by
building up a dilution curve for the two dipeptides (Figure S5).
For 2, a Kypome Of (2214+26) M™' was calculated at 25°C
(Table S7). From the van't Hoff plot (Figure S6), an enthalpy of
(—19.740.6) kJmol ™', and an entropy of (—20.8+ 1.8) JK"mol "
were calculated. A Kypean Of (244+39) M™' was obtained for
racemic 2, comparable to Kypomo)-

For tert-butyl derivative 3, the fitting of the dilution curve
provided a value for Kypome) Of (154+24) M~ at 25°C (Table S8),
slightly lower with respect to 1 and 2. The dimerization
enthalpy and entropy obtained from the van't Hoff plot
(Figure S6) were equal to (—28.0+2.5) kimol™" and (—51.5+
8.2) JK "mol ™", respectively.

A value of (137+20) M was calculated for K., of 3,
superimposable to that of Ky, Therefore, the condition
Keimean = Kamomo) Was fulfilled for both derivatives 2 and 3.

The values of Ky,ome found for 1-3 at 25°C were similar, as
summarized in Table 1. This result reflected into a comparable
Gibbs free energy for the three systems; however, the self-
association enthalpies and entropies showed a marked en-
thalpy-entropy compensation behavior (Figure S13). By compar-
ing the dipeptides investigated, the magnitude of nonequiva-
lence can be correlated to the different enthalpy of self-
association. For 3, which showed the highest nonequivalences,
the highest value of enthalpy (in absolute value) was calculated
(—28.0 kJmol "), whereas the lowest value was found for 2
(=19.7 kJmol ') that also showed the lowest nonequivalence
(Table 1); the self-association entropy followed the same trend,

Table 1. Nonequivalences (total concentration 10 mM, ee =40%) and thermodynamic data for the TFA-H,N-Val-Leu-OR dipeptide 1-3.

Adyp Kathomay (M) AG AH AS

(ppm) (kJ mol™) (kJ mol™") (JK'mol™)
1 0.074 164+18 —126+0.3 —235+1.0 —36.6+3.3
2 0.058 221+26 —134+03 —19.7+0.6 —208+1.8
3 0.105 154424 -125+04 280+25 ~515+82




indicating a loss of freedom due to a higher association
propensity.

Regarding the dependence of the nonequivalence from the
ee, a direct proportionality was found when the total concen-
tration of the scalemic mixtures is kept constant. The depend-
ence of the nonequivalence from both thermodynamic (Kyjome)
and stereochemical (8jomo = Ohetero) factors is shown in Support-
ing Information (Section 3). In the cases where no thermody-
namic preference is detected, the differentiation of the chemical
shifts between homodimer and heterodimer (stereochemical
factor) plays a fundamental role for SIDA to occur, as in the
present case.

NMR Investigation of HCleH,N-Val-Leu-OEt (1b)

With the aim to investigate the role of the counterion in the
self-assembly of dipeptide salts and in SIDA, the corresponding
chloride derivative of substrate 1, here indicated as 1b, was
synthesized (Scheme S2) to be analyzed via NMR by adopting
the same protocol used for the analysis of the TFA derivatives.
Nevertheless, this substrate showed severe solubility issues that
prevented from carrying out an accurate spectroscopic inves-
tigation. Precipitation was observed for solutions of pure LL-
and pD-1b, even at 5 mM concentration. For this reason, the
preparation of enantiomerically enriched samples with known
total concentration and ee was not feasible, and the enantio-
meric titration could not be performed.

The comparison of the '"H NMR spectra of LL.-1 and LL-1b
(Figure S14), however, pointed out that the proton signals of
the chloride derivative are characterized by a significant
linewidth with respect to the TFA one, particularly enhanced for
the amide proton and the methine protons of valine and
leucine fragment. In contrast, a narrower signal is observed for
the proton resonance belonging to the NH; " group, suggesting
a minor involvement of the amino site (and its counterion) in
the intermolecular interaction. These differences could be
imputable to a different mechanism of self-assembly.

Moreover, a diffusion coefficient of (3.7+0.1)x107"° m?s~
was measured for this substrate (Figure S15) at 5 mM concen-
tration, to be compared to a value of (4.940.1)x107"° m?s™'
measured for LL-1 at the same concentration (Table S1). The
significant decrease of this parameter suggested the presence
in solution of higher order aggregates (trimers or even bigger
supramolecular adducts) already at low concentration. This
result was attributed to the nature of the counterion: chloride is
not endowed with the coordinating features of TFA and,
therefore, is not capable to play a role in the formation of
dimeric species. In these conditions, the dipeptides are likely
more prone to aggregate and form bigger adducts, thus
explaining the propensity for precipitation.

Computational Results on 1

To support the experimental findings, molecular simulations
were performed revealing the interactions leading to dimer

formation and elucidating the protons local chemical environ-
ment and the effects on the NMR response thereof.

Dimerization energies were estimated by identifying the
most stable conformational arrangements for the individual
monomer, the homodimer, and the heterodimer. A Basin
Hopping (BH) algorithm was employed on a system comprising
two monomers and the corresponding TFA ions, which
compensate for the positive charge of the protonated valine
amine moiety. The choice of tetra-molecular models was driven
by the experimental evidence (DOSY measurements) of a strong
interaction between the dipeptide and its TFA counterion. On
this basis, preliminary molecular dynamics lasting 0.5 ns yielded
a ratio between the hydrodynamic radii of dimer and monomer
of 1.40, which closely matches the experimental value of 1.44
calculated from NMR diffusion measurements.

Figure 7 depicts ball-and-stick models of the Global Mini-
mum (GM) for the monomer, homodimer, and heterodimer
identified by the sampling algorithm. For the monomer, the
predicted optimal TFA arrangement is in proximity to the valine
NH;" group and its nearest H3 proton. Interestingly, the
algorithm found a quasi-symmetric C2 conformation for the
homochiral model. Even though this symmetric conformation is
not possible when the dimer is formed by different stereo-
isomers, the energy difference between the GM diastereomers
is less than 2kJmol™'. Homodimer and heterodimer GM
structures revealed that the interaction between the monomers
is mediated by the TFA anions, which adopt a bridged
configuration in which both oxygen atoms connect the
positively charged NH;" groups of the protonated valine
residues of different monomers. There is a key difference in
how the leucine residues interact with the TFA anions. In the
homodimer, both leucine amide protons point toward the TFA
oxygens, while in the heterodimer, one of the leucine amide
protons is forced to point away and toward the solvent.

This difference in the local atomic environment is likely the
reason for the observed shift in the NMR signal measured for
the amide protons of Leu when the solution contains both
diastereomers. The simulations predicted chemical shift values
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Figure 7. Free Energy (pink circle) for the homodimer (a) and heterodimer
(b) system as a function of the GO iteration. The orange curve shows the
free-energy evolution for the transitory GM along the GO run. Ball and Stick
representation of the putative GM for the monomer (c), the homodimer (d)
and heterodimer (e); different colors are associated with different atomic
types: H/white, C/grey, N/light-blue, O/red, F/green.



of 7.74 ppm, 6.96 ppm and 5.93 ppm for the amide protons in
the homodimer, in the heterodimer and in the monomer,
respectively. For the two dimers, the reported values average
the simulated chemical shifts for these species. It is worth
noting that this trend is in agreement with the experimental
one, in which a higher chemical shift was observed for
enantiomerically pure LL-1 at the highest concentration with
respect to the most diluted solution (Figure S2), where mono-
mer contribution is preponderant, and an intermediate value
was measured in the racemate, where both homodimer and
heterodimer are present.

As for the dimerization free energy, the value calculated by
comparing the energy of the dimer to the GM of the individual
monomet/TFA pair was —46.1 kJmol . This value is significantly
higher in absolute value than the experimentally measured free
energy. This discrepancy likely arises because the computa-
tional approach does not account for the entropic contribution
coming from the existence of multiple conformations of the
chemical system considered.

Well-tempered metadynamics were then employed to
accurately evaluate all the entropic contributions to the
dimerization process.* The distance between the leucine N
atoms of different monomers served as the collective variable
describing adduct formation. Sampling times were accelerated
by constraining the centers of mass of the monomers within a
cylindrical space with a radius and height of 10 nm and 25 nm,
respectively. Figure S16 illustrates the metadynamics approach
that vyields a dimerization free energy of approximately
—23 klmol ™', which, although reduced compared to the
previous value, still overestimates experimental results. This
discrepancy might stem from the limited accuracy of both the
semiempirical method employed to describe the electronic
structure of our models and the implicit solvent model that
critically affects dipolar interactions and intermolecular forces
that hold the monomers together in the dimer models.

To further support the experimental findings, we analyzed
the trajectories generated by 10ns of dynamics within the
canonical ensemble at T 300 K starting from the GM dimer
structures. The reported values are collected after system
equilibration, i.e., along the last 7.5 ns of the simulations. The
angular distributions (Figure S17) revealed similar dynamics for
both the diastereomers with a preferred transoid conformation
for H6-H5, consistent with the observed dipolar effects
observed in ROESY experiments. Interestingly, the H3-H5
dihedral angle showed two peaks, indicating that thermal
energy allows rotation around the peptide bond enabling
sterecisomers to explore two different conformations during
the dynamics: the former with H5-H3 in cisoid arrangement
(angle of about 50°) and the latter with H3-H5 in a transoid
arrangement (angle of about 125°). The population of the
conformation with the cisoid arrangement, wherein H3 and H5
protons are in close proximity, likely accounts for the intense
signal in the ROE spectra (Figure 6b).

Figure 8 depicts the distribution, generated from the
dynamics, of the shortest distance between the methyl protons
H12 of OEt and the methyl groups H1/H1" of valine residues.
The analysis considered whether the residues are in the same
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Figure 8. Intermolecular (a) and intramolecular (b) distribution of the short-
est distance between the methyl protons H12 of ethyl moiety and the
methyl protons of valine (H1/H1°). Ball and stick representations of
configurations extracted from the MD with proton intermolecular (c) and
intramolecular distance (d) less than 5 A for the homodimer of 1.

monomer (intramolecular) or separate monomer (intermolecu-
lar) within the homochiral dimer model. In roughly 30% of the
configurations sampled during the simulation, protons H12-H1/
H1' belonging to the same monomer are closer than 5A,
potentially generating a signal detectable by ROE experiments
(red bars in Figure 8b). Similarly, approximately 25% of the
configurations exhibit protons with intermolecular distances
falling within 5 A (Figure 8a), supporting the concept that the
intense dipolar effects detected with ROESY were the results of
both intermolecular and intramolecular interactions. A similar
result was found for the heterodimer (Figure 518).

Conclusions

The combined spectroscopic and computational investigation
conducted in this study delves into the origins of self-
discrimination processes in chiral dipeptides. This approach
overcomes the limitations of chiral analysis that typically
requires the selection of an external chiral auxiliary to generate
anisochronism in the enantiomeric components.

The NMR data indicate that, when a linear dependency
between the observed chemical shift of a selected nucleus and
the enantiomeric fraction is found, the homodimer and the
heterodimer have the same thermodynamic (i.e., enthalpic)
preference for formation. The driving force of SIDA within the
three Val-Leu systems investigated, therefore, lies in the differ-
ent stereochemical arrangements characterizing the homo-
dimer and the heterodimer. This difference underlies the
variations in chemical shifts observed between 6;,., and Seero-
However, for these differences to manifest, a tight association is
necessary. If the dimers are mildly associated (more positive
values of enthalpy), their nuclei will not experience high
differences in their chemical environment. Therefore, a tight
association is a necessary condition for the nonequivalence to
arise. Nevertheless, it is not a sufficient condition: even tightly
associated homodimers and heterodimers may not exhibit
nonequivalence if their nuclei do not experience different



chemical environments. This can occur in scenarios such as a
hypothetical coplanar bidentate interaction where minimal
stereochemical differences exist between the homodimer and
the heterodimer.

By integrating stochastic sampling and accelerated dynam-
ics, we demonstrated that the tight association between the
monomers is mediated by TFA anions, which, being achiral,
keep pairs of similar or different enantiomers together with the
same strength, at a distance that allows for differentiation of
the protons chemical environments in the adducts due to the
stereochemical conformation assumed by the dipeptides.
Further studies using different counterions, capable of express-
ing less specific interactions with the amino acid moieties,
would help to strengthen our hypothesis on the importance of
NMR secondary species in SIDA.

Finally, from an analytical perspective, it has been shown
that a proper analysis of the dependence of the nonequivalence
on the enantiomeric composition can overcome the limitations
associated with the need to accurately integrate the signals
corresponding to the two enantiomers. This facilitates NMR
analysis in cases of partial signal superimposition, as the
enantiomeric composition can be directly obtained from
chemical shift detection (nonequivalence).

Experimental Section

Materials

CDI (>90%), copper (I} bromide (99%), hydroxybenzotriazole
hydrate (97%), HCl (ACS reagent 37%), MgSO, (Anhydrous,
ReagentPlus®, >99.5%), pentane (98%), Et,0 (ACS Reagent,
>99,8%), tBUOAc (>99%), and methanesulfonic acid (99%) were
purchased from Sigma-Aldrich. Boc-(L)-Val-OH (> 95 %), Boc-(D)-Val-
OH (98%), HCILH,N-(D)-Leu-OtBu (>95%), TosOH.H,N-(L)-Leu-OBn
(>97%), TosOH.H,N-(D)-Leu-OBn: (>95%), HCl.H, N-(L)-Leu-OEt (>
95%), and HCLH,N-(D)-Leu-OEt (>95%) were purchased from
Biosynth-Carbosynth. HCI.H,N-(L)-Leu-OtBu (>95%) was purchased
from Fluorochem. NaHCO; (99-100.5%) was purchased from Fluka.
Ethyl acetate (Emplura®, 99%) was purchased from Supelco. CH,Cl,
(pure, stabilized with amylene) was purchased from Carlo Erba. TFA
(99%) was purchased from ThermoFisher, Deuterated chloroform
(CDCl,) used for the NMR experiments was purchased from Deutero
GmbH.

General Procedures for Dipeptides 1-3 Synthesis

The synthetic schemes and the numbering schemes for proton and
carbon nuclei are reported in Supporting Information.

Boc-dipeptides (.- and pp-Val-LeuOR (5).°* To a solution of in situ
prepared activated a-aminoesters Imi-Leu-OR (4) (1.0 equiv) in
CH,Cl, (1.0 M) were successively added copper bromide (10 mol %),
1-hydroxybenzotriazole hydrate (10 mol%), and Boc-Val-OH
(1.5 equiv) at 25°C. The obtained blue suspension was thus stirred
at this temperature for 20 h. After reaction completion (TLC
monitoring), the mixture was washed once with aqueous HCI 0.5 N.
Then, the aqueous phase was extracted with CH,Cl, (2x). The
organic layers were combined, washed with saturated aqueous
NaHCO, and brine. The organic phase was thus dried over MgSO,
and evaporated. Purification was performed by filtration through a

short pad of silica gel (eluent Pentane/EtOAc) to afford the Boc-
dipeptide products (5).

TFA salts of dipeptides (.- and pp-Val-LeuOEt (1) and TFA salts of
dipeptides .- and pD-Val-LeuOBn (2). To a solution of dipeptides
Boc-Val-Leu-OR (R=Et, Bn) in CH,Cl, at 0°C was added TFA
(20 equiv). The reaction was then stirred at this temperature for
30 minutes and at 25°C for 2 — 4 h. After reaction completion (TLC
monitoring), the solvents were removed in vacuum. The corre-
sponding TFA dipeptide salts 1 and 2 were precipitated in Et,0
(50-75% overall yields).

TEAeH,N-Val-Leu-OEt (1). 'H NMR (600 MHz, CDCl,, ppm) &= 7.78 (d,
o = 6.8 Hz, TH; HS), 4.37 (dt, *Jprr =8.2 Hz, s = 6.8 Hz, 1H;
H6), 4.16 (m, 2H; H11/H11"), 3.98 (d, )y, = 6.7 Hz, 1H; H3), 2.16 (m,
1H; H2), 1.65 (m, TH; H8), 1.60 (m, 2H; H7/H7"), 1.24 (t, *Jyramiomnr =
7.1 Hz, 3H; H12), 1.07 (d, *Jy,,p="6.7 Hz, 3H; H1), 1.02 (d, *Jyn=
6.7 Hz, 3H; H1), 0.88 (d, Juyps=6.3 Hz, 3H; H9), 0.86 (d, yyps=
6.3 Hz, 3H; H9').

C NMR (150 MHz, CDCl,, ppm) $=172.1 (C10), 168.7 (C4), 61.4
(C11), 58.6 (C3), 51.8 (C6), 40.2 (C7), 30.4 (C2), 24.6 (C8), 22.4 (C9),
21.5(C9'), 17,9 (C1), 17.8 (C1"), 14.0 (C12).

TFAsH,N-Val-Leu-OBn (2). 'H NMR (600 MHz, CDCl,, ppm) &= 7.63
(d, *Jyspe=6.7 Hz, TH; H5), 5.15 (d, 2150 =12.0 Hz, TH; H11), 5.09
(d, 2y =120 Hz, TH; H11), 444 (m, 1H; H6), 3.96 (d, =
6.2 Hz, TH; H3), 2.1 (m, 1H; H2), 1.61 (m, 3H; H7/H7", H8), 0.98 (d,
e =68 Hz, 3H; H1), 093 (d, )y, =6.8 Hz, 3H; H1), 0.87 (d,
*Joss = 5.7 Hz, 3H; HO), 0.85 (d, *Jye e = 5.7 Hz, 3H; HY).

C NMR (150 MHz, CDCl;, ppm) =172.0 (C10), 168.5 (C4), 135.1
(Ph), 128.7 (Ph), 128.5 (Ph), 128.4 (Ph), 128.3 (Ph), 128.2 (Ph), 67.2
(C11), 58.6 (C3), 40.2 (C7), 30.1 (C2), 24.5 (C8), 22.4 (C9), 21.6 (C9),
17.8 (C1), 17.7 (C1').

TFA salts of dipeptides LL- and pp-Val-LeuOtBu (3)."® Boc-dipeptides
tert-butyl esters (1.0 equiv) were dissolved in a mixture of tBuOAc/
CH.Cl, 4:1 (0.5 M) at 25°C. Then, methanesulfonic acid (1.5 equiv)
was added to this solution. After 2 h of stirring at 25°C, TLC
monitoring showed that the reaction was uncompleted. Then,
additional methanesulfonic acid (1.5 equiv) was added, and the
reaction was stirred until complete consumption of the starting
materials (additional 1 - 3 h). Afterwards, the reaction mixture was
neutralized by addition of an aqueous saturated solution of
NaHCO,, and the products were extracted with EtOAc (3x). The
solvents were removed in vacuum to provide the free amines (>
95% purity by 'H NMR), which were used without further
purification in the next step. Free amines were dissolved into Et,O
and placed at 0°C under strong stirring. Thus, TFA (1.0 equiv) was
added and the precipitation of the TFA salts 3 occurred instantly.
After filtration, the solids were vacuum dried to provide dipeptides
3 in good yields (68-75% overall yields).

'H NMR (600 MHz, CDCl,, ppm) 3=7.60 (d, 3J,56=6.9 Hz, 1H; H5),
4.28 (dt, *Jyeppnr = 8.5 Hz, *lyeps = 6.9 Hz, TH; H6), 3.98 (d, Jyspo=
6.5 Hz, 1H; H3), 2.19 (m, 1H; H2), 1.65 (m, TH; H8), 1.56 (m, 2H; H7/
H7), 1.44 (s, 9H; H12), 1.09 (d, ), =6.8 Hz, 3H; H1), 1.04 (d,
Jyr=6.8 Hz, 3H; H1’), 0.89 (d, *Jyons—6.6 Hz, 3H; H9), 0.87 (d,
*Jyg s =6.6 Hz, 3H; HY').

C NMR (150 MHz, CDCl,, ppm) 6=1714 (C10), 168.4 (C4), 82.0
(C11), 58.6 (C3), 52.6 (C6), 40.4 (C7), 30.3 (C2), 27.9 (C12), 24.6 (C8),
22.4(C9), 21.7 (C9),18.0 (C1), 17.9 (C1').

HCI salts of dipeptides Li- and pp-Val-LeuOEt (1b).*" A solution of
HCl in dioxane (14 mL, 4 M) was added to a 50 mL round-bottom
flask containing Boc-Val-Leu-OEt dipeptide (0.7 mmol) under argon
at 0°C. After stirring at this temperature for 5 min, the ice-bath was
removed and the mixture was stirred at room temperature for 1 h.



After reaction completion (TLC monitoring), CH,Cl, and Et,O were
added to the reaction mixture and the solvents were removed in
vacuum. The corresponding HCl dipeptide salts (1b) were precipi-
tated in Et,0 (88—98% overall yields).

'H NMR (600 MHz, CDCl,, ppm) §=8.29 (br s, 3H; NH;"), 7.90 (br s,
1H; H5), 4.43 (br s, TH; H6), 4.23 (br s, 1H; H3), 417 (m, 2H; H11/
H119), 238 (br s, 1H; H2), 1.79 (m, 1H; H8), 1.72 (m, 1H; H7), 1.66 (m,
TH; H7), 1.25 (t, *Jyiopanr = 7.1 Hz, 6H; H12), 1.15 (d, *)yy, = 6.3 Hz,
3H; H1), 1.09 (d, *Jyy = 6.2 Hz, 3H; H1), 0.94 (d, *Jyops =6.1 Hz, 3H;
H9); 0.92 (d, *J,i55 = 6.6 Hz, 3H; H9).

BC NMR (150 MHz, CDCl,, ppm) 8=172.5 (C10), 168.1 (C4), 61.4
(C11), 58.6 (C3), 52.1 (C6), 403 (C7), 30.4 (C2), 24.7 (C8), 22.7 (C9),
22.0 (C9Y), 185 (C1), 18.1 (C1), 14.1 (C12).

NMR Methods

'H, ™F and "C{'H} NMR measurements were carried out on a
spectrometer operating at 600 MHz, 564 MHz, and 150 MHz for 'H,
F and "C nuclei, respectively. 'H and "C chemical shifts are
referred to tetramethylsilane (TMS) as the secondary reference
standard, "F chemical shifts are referred to trifluorotoluene as the
external standard and the temperature was controlled (+0.1°C).
The proton spectra were recorded by using a n/2 pulse that was
calibrated for each investigated dipeptide system, a relaxation
delay of 55 and a number of scans sufficient to provide a signal to
noise (S/N) ratio of at least 150. For all the 2D NMR spectra
employed for the characterization of the substrates, the spectral
width was the minimum required in both dimensions. The gCOSY
(gradient COrrelation SpectroscopY) and TOCSY (TOtal Correlation
SpectroscopY) maps were recorded by using a relaxation delay of
1, 128 increments of 4 transients, each with 2 K data points, and a
mixing time of 80 ms (TOCSY). The 1D TOCSY spectra were
recorded using a selective pulse, transients ranging from 64 to 256,
a relaxation delay of 1 s, and a mixing time of 80 ms. The 1D ROESY
(Rotating-frame Overhauser Enhancement SpectroscopY) spectra
were recorded using a selective inversion pulse with transients
ranging from 1024 to 6144, a relaxation delay of 15 and a mixing
time of 300ms. The gHSQC (gradient Heteronuclear Single
Quantum Coherence) and gHMBC (gradient Heteronuclear Multiple
Bond Correlation) experiments were recorded with a relaxation
delay of 1.2s, 128 and 200 increments, respectively, with 4
transients, each of 2 K data points. The gHMBC experiments were
optimized for a long-range coupling constant of 8 Hz. DOSY
(Diffusion-Ordered SpectroscopY) experiments were carried out by
using a stimulated echo sequence with self-compensating gradient
schemes and with 60 K data points. Typically, g was varied in 15
steps (4-256 transients) and A and & were optimized to obtain an
approximately 85-90% decrease in the resonance intensity at the
largest gradient amplitude. The baselines of all arrayed spectra
were corrected prior to processing the data. After data acquisition,
each FID was apodised with 1.0 Hz line broadening and Fourier-
transformed. The data were processed with the DOSY macro
(involving the determination of the resonance heights of all the
signals above a pre-established threshold and the fitting of the
decay curve for each resonance to a Gaussian function) to obtain
pseudo two-dimensional spectra with NMR chemical shifts along
one axis and calculated diffusion coefficients along the other.

Sample Preparation for the NMR Analysis

The solutions used for the enantiomeric titration experiments were
prepared by mixing the proper volume of stock solutions of LL- and
po-enantiomer of dipeptides 1, 2 and 3; the final volume was
adjusted to 0.7 mL.

The samples used for the dilution experiments were prepared by
properly diluting a stock solution of dipeptide, either in enantio-
merically pure or in racemic form.

Determination of Dimerization and Mean Constants

Dimerization constants were obtained using Eq.(7) as the fitting
function and employing the curve_fit function of the scipy.optimize
module in Python to perform the non-linear least squares fitting.
The algorithm employed for fitting was the Levenberg-Marquardt
algorithm. The curve_fit function returned an array of the optimal
values for the function parameters (8,000 Shomo aNd Kypomo) and the
associated standard deviation errors. Mean constants and associ-
ated standard deviation errors were obtained using the same
equation as indicated by the literature."

Computational Methods

Electronic structures and atomic forces were generated at the semi-
empirical level by using the Extended Semiempirical Tight Binding
(GFN2-xTB) model proposed by Grimme's group.”**" We performed
the conformational stochastic sampling with our proprietary Python
code. The sampling algorithm proceeds by: i) generating new
conformers by stochastically varying the dihedral angles and the
positions of the center of mass of monomers and TFA ions, ii)
calculating the free energy (AF) of the relaxed conformer by
evaluating the entropic contribution from translational, rotational,
and vibrational degrees of freedom, and iii) accepting or rejecting
the new structure based on the Metropolis criterion,”* which is
determined by the probability min(1,exp(—AF/kBT)), where T
(3000 K in this work) represents a fictitious temperature heuristically
chosen. The sampling terminates if the algorithm does not identify
a new putative GM within a pre-defined number of iterations.

The NMR responses of the diastereomers, evaluated at the
equilibrium geometry predicted by xTB, were obtained using the
ORCA code” with the B3LYP functional and def2-TZV2P basis sets.
Solvent effects on both structural relaxation and NMR response
prediction were accounted for using the implicit models imple-
mented in XTB (ALPB)* and ORCA (CPCM)™® respectively. The
reported chemical shifts are referenced to the calculated NMR
response of TMS, whose structure was generated at the semi-
empirical GFN2-xTB level.

Molecular dynamics simulations were performed by using the ASE
library,*”*® within the canonical ensemble with the Langevin
algorithm.” Plumed software®? accelerated the Langevin simu-
lations according to the well-tempered metadynamics scheme.*
We sampled the systems’ dynamics at 300K, integrating the
equation of motion with a timestep of 0.5 fs. When performing the
metadynamics, the Gaussian terms added with a pace of 250 fs to
the GFN2-xTB potential energy surface had a width of 0.5 A and
starting height of 0.25 kJmol ™' regulated along the simulation by
using a biasfactor of 5. Simulations were analyzed using our
proprietary tools that employ some Python classes encoded in the
ASE library.

GM geometries of the monomer, homodimer, and heterodimer are
available in the Zenado repository.®"!
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