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Abstract The work involves an experimental (‘"H NMR) and
theoretical (MD, MM-PBSA and DFT) investigation of the
molecular recognition and discrimination properties of a chiral
aza-15-crown-5 against methyl esters of alanine, phenylalanine
and valine hydrochloride salts. The results indicate that
the receptor binds enantiomers with moderate binding
constants (88—1,389 M '), with phenylalanine being
more discriminated. The difference in experimental
binding free energies (AG® — AG®) for alanine, phenyl-
alanine and valine enantiomers were calculated as —0.36,
—1.58 and 0.80 kcal mol ', respectively. The differences in
theoretical binding energies were calculated by MM-PBSA
(AERpg — AESp=) as —0.30, —1.45 and 0.88, by B3LYP/6-
31+G(d)as—1.17,—0.84 and 0.74 and by M06-2X/6-31+G(d)
as —1.40, —3.26 and 1.66 kcal mol '. The data obtained give
valuable information regarding the molecular recognition
mode of the organoammonium complexes of chiral aza-
crown ether with C; symmetry, which may be relevant to
biological systems.
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Introduction

Molecular recognition, including chiral discrimination, is one
of the greatest challenges presented to science by nature. In-
deed, chirality itself still represents a puzzle to science [1, 2].
Therefore, studying this phenomenon remains an outstanding
subject of current research. The significance of studies on
chiral discrimination and their application has been repeatedly
honored, for example with Nobel prizes being awarded to W.
S. Knowles, R. Noyori, and K. B. Sharpless in 2001 [3-5].
However, given the challenges of studying the main forces
behind this process in nature, there are still many questions
to be answered in this field. Scientists employ models to gain
insight into this subject [6—10]. Chiral recognition is one of the
most important issues in the field and many models have been
developed [11-15]. Crown ethers, synthesized by Cram et al.
[16], were the first enantioselective receptors identified for pri-
mary organoammonium salts. Since then, a great number of
artificial chiral receptors have been developed and studied
[17-36]. Presently, crown ether derivatives 1-4 showing C,
and C, symmetry act as receptors for primary organoammonium
salts (Scheme 1) [37-39]. The current macrocycle 5 with C,
symmetry also forms stable complexes with organoammonium
salts [39].

However, despite significant advances in modeling
techniques and the comparative simplicity of host-guest
systems, there is still a need to understand molecular rec-
ognition at the atomic level and to interpret experimental
data using computational tools. Ultimately, such studies
will aid the design of new hosts for targeted molecular
guests. Molecular dynamics (MD) is one of the methods
currently used in the understanding of molecular recogni-
tion processes occurring in organisms at the atomic level
and, consequently, free energy calculations have became a
powerful tool in estimating the quantitative degree of
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Scheme 1 Crown ether
derivatives1-4 showing C | and
C , symmetry act as receptors for
primary organoammonium salts.
Macrocycle 5 with C; symmetry
also forms stable complexes with
organoammonium salts

3 (R=Ph, CH,OPh)

molecular interactions in host-guest chemistry. The meth-
od has been developed for biological systems but has also
been used in supramolecular systems of organic structures
[40, 41], even in predicting chiral discrimination [42, 43].
The MM-PB(GB)SA method [44], which has been ap-
plied successfully to estimate the binding free energies
of different biological systems [45-56], is one of the most
valuable methods.
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The present study investigated the complexation and dis-
crimination ability of chiral crown ether 5 with C; symmetry
with methyl esters of alanine, phenylalanine and valine hydro-
chloride salts. A "H NMR titration technique was used to
calculate the binding constants and thus the enantiomeric dis-
crimination of this receptor against the enantiomeric pairs
since this is known as one of the most effective tools in study-
ing host-guest supramolecular chemistry [57, 58]. MD
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computation was also employed to predict the mode of com-
plexation as well as to estimate the binding energy of the
complexes of the receptor with the enantiomer salts using
MM-PBSA. Quantum mechanical computation was also ap-
plied to calculate the binding free energies of the complexes
by the density functional theory (DFT) method at B3LYP/6-
13+g(d) and M062X/6-31+g(d) levels of theory. It was inter-
esting to note that theoretical data produced results compara-
ble with those obtained from experimental observations.

Materials and methods

All substrates and deuterated NMR solvents were obtained
from commercial suppliers and used without further purifica-
tion. The synthesis of the host was reported previously [39].
Spectra were recorded on BRUKER 400 MHz NMR spec-
trometer at 300 K at ambient probe temperature and calibrated
using tetramethylsilane (TMS) as an internal reference.
Graphpad PRISM software 4 version (GraphPad Software,
La Jolla, CA, http://www.graphpad.com) was used for non-
linear curve fitting to obtain binding constants.

Experimental methods
NMR titration

A range of stock solution of the ligands (0~10"* M) containing
a constant amount of the receptor (107> M) in choloroform-d1
was prepared and their "H NMR spectra (16 scans, sweep
width 20.7 ppm, digital resolution 18, pulse angle 30°, delay
time 1 s) were collected at 300 K at ambient probe temperature
and calibrated using TMS as an internal reference. The chang-
es in chemical shift of the methyl group of the isopropyl
moeity in the host against the concentration of guests were
fitted to Eq. 4 derived from Egs. 1-3 and thus the non-linear
curve fitting the binding constants for each enantiomer was
calculated.

R+LII;—IRL (1)
Kaiss = k1 /k-1 = [R][L]/[R.L] (2)
(L) = [Llpee + [Llcomptex (3)
Sobs = (00K diss + Smarl L) / (Katiss + [L]1or) (4)

where 8, is the observed chemical shift in "H NMR of any
specific hydrogen in a receptor or ligand upon complexation,

o is the corresponding chemical shift in the absence of the
added ligand, while 0, is the maximum chemical shift
achieved in the same 'H NMR signal. [L] is the total con-
centration of ligand and K is the dissociation constant be-
tween receptor and ligand.

Computational methods
Molecular dynamics simulations

MD calculations were carried out in a Linux-Cluster system.
All simulations were run by using the AMBER (version 9.0)
suite of programs [59]. The host and ligands were designed by
GaussView 3.09 and optimized with Gaussian 03 [60] using
the semi-empirical AM1 method [61]. AM1-Bec (Austian
model with Bond and charge correction) [62, 63] atomic par-
tial charges for the receptor were determined by the antecham-
ber module of the AMBER (v9) package. The charges and
parameters for amino acid esters were obtained from the
ff99SB library [64]. The general AMBER force field
(GAFF) [65] was used for the receptor.

The receptor molecule was minimized with a total of 5,000
steps, 2,500 of steepest descent followed by 2,500 of conju-
gate gradient (maxcyc-ncyc), using a nonbonded cutoff of
999 A and a generalized Born solvent model (ighb=0). The
system was then heated from 0 to 700 K in 14 steps for a
period of 350 ps and further simulated at 700 K for a period
of 20,000 ps (igb=0). A cluster analysis was performed with
67 intervals out of 20,000 frames to obtain a conformer with a
larger population to represent the lower energy conformer.
The complexes were prepared by locating each ligand on the
surface of the crown ring so that maximum contact points
through hydrogen bonds between ammonium and crown do-
nors were achieved. The complexes were minimized with a
total of 5,000 steps, 2,500 of steepest descent, followed by 2,
500 of conjugate gradient, using a nonbonded cutoff of 999 A
and a generalized Born solvent model (igb=0). The system
was then heated from 0 to 700 K in 14 steps for a period of
350 ps and further simulated at 700 K for a period of 20,000 ps
(igb=0). A cluster analysis was performed with 67 intervals
out 0f 20,000 frames and the coordinates of the structure with
the largest population was recorded. This conformer was min-
imized followed by cooling from 700 to 300 K in eight steps
for a period 200 ps and further computed at 300 K for a period
of 20,000 ps. MD coordinates were recorded with 1.0 ps in-
tervals. A cluster analysis was used to obtain the conformer
with the largest population for each complex.

The ptraj module of AMBER was used to analyze energy
changes and root-mean-square displacement (RMSD) for the
hosts and complexes as well as the average bond distances
(contact point analysis) between atoms in the receptor and in
the ligands. Chimera (UCSF) [66] was employed to display
3D structures and cluster analyses and the programme
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GraphPad Pris 4 pocket was used in generating energy and
RMSD graphics.

Molecular mechanics-Poisson-Boltzmann surface area

The molecular mechanics-Poisson-Boltzmann surface ar-
ea (MM-PBSA) module of AMBER (v11) was applied
to compute the binding free energy (AGyinging) 0Of each
complex [67, 68]. For each complex, a total number of
200 snapshots were extracted from the last 10 ns of the
complex trajectories. In the MM-PBSA, the binding free
energy of a ligand (L) to a receptor (R) to form the
complex (RL) is described by Eq. 5.

AGbinding = G(RL) 7G(L) 7G<R) (5)

The free energies of individual species in Eq. 5 are given by
Eq.6.

G(X) = H(X)-TS(X), and henceG(X) = U(X) + PV(X)-TS(X)

(6)

The effects on binding free energy due to small volume
changes on conversion from a canonical to an isothermal-
isobaric ensemble are neglected and thus Eq. 6 takes the form:

G(X) = EMM(X) + Gsolv(X) _TS(X) (7)

Where U(X) = Enim(X) + Go1y(X) and the Eypyy term refers
to the total molecular mechanics energy of molecular system
X in the gas phase, which is the sum of the bonded (internal),
and non-bonded electrostatic and van der Waals energies as
defined by Eq. 8. Gy corresponds to a correction term (sol-
vation free energy), meaning that X is surrounded by solvent,
and S is the entropy of X.

EvyM = Evonded + Eelec + Evaw (8)

Changes (A) in the individual terms (AEym, AGgolys
—TAS) of Eq. 7 between the unbound states and the bound
(complex) state were calculated, and contributed to the bind-
ing free energies according to Eq. 5.

These energy contributions were calculated from the
atomic coordinates of the receptor, ligand and complex
using the (gas phase) molecular mechanics energy func-
tion (force field) using the force field of Cornell et al.
[69] with no cutoff. The solvation free energy term Gy
involves both polar and non-polar contributions where
the former contributions are accounted for by the gener-
alized Born, Poisson, or Poisson-Boltzmann model, and
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the latter are assumed to be proportional to the solvent-
accessible surface area (SASA).

Gsonw = Gpp(op) + Gsas4 )

Theoretically, most implicit solvent models break up the
solvation process into three sequential steps [70]: (1) creation
of a cavity in solution to accommodate the receptor; (2)
switching on dispersion interactions between the biomolecule
and surrounding medium, while all atomic charges are set to
zero; and (3) switching on the biomolecular charges. The first
two steps are normally assumed to be proportional to the
SASA of the receptor and they (1 and 2) stand for the non-
polar contributions (Gsasa) to Gy in Eq. 9. The last step (3)
computes the contribution to solvation free energy due to the
charge/electrostatic interactions of the solute with the sur-
rounding solvent, namely the polar contributions (GpgGn))
to Gy in Eq. 9. The values for the two parameters (y and
() depend on the method and solvation model (PBSA or
GBSA) employed.

Gnonpolar = VSASA + ﬁ (10)

where ~ is the surface tension proportionality constant (the
value is 0.00542 kcal mol ' A™2). The free energy of nonpolar
solvation for a point solute () was set to 0.92 kcal mol .

In continuum-electrostatics models such as PB and GB, the
solute is considered as a low-dielectric cavity surrounded in a
high dielectric medium where the solute charges are centered
on the individual atoms. The resulting solvation free energy of
a molecule X is expressed as [71]:

1 PB(GB
Gpp(cB) = EZ 919,91, o (11)

I.jeX

where the summation is over all the atomic charges {g;}. The
quantity gijP BGB) is estimated using the PB model by numer-
ical solution of the Poisson or Poisson-Boltzmann equation
(depending on the existence of salt), or using the GB model

by an analytical expression with the functional form [71, 72].

GB 1 1 S
o = (g—l) [rljB,jexp (_ABI_]>:| (12)

The parameters Bj; depend on the position (distance from
the solute-solvent dielectric boundary) of atoms 7 and j, and
the shape of the entire biomolecule; ¢ is the solvent dielectric
constant, and 7; is the distance between / and j. The constants
n and A were set to n=2 and A=4 in the original formulation
described by Still and coworkers [72]. The dielectric boundary
was defined using a 1.4-A probe on the atomic surface. The
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values of the interior dielectric constant and the exterior di-
electric constant were set to 1 and 80, respectively.

During conformational searching and the evaluation
of configuration integrals, the electrostatic free energy
(Waee) was computed with a simplified but fast gener-
alized Born model [72]. The electrostatic solvation en-
ergy of each energy-well was then corrected toward a
more accurate but time-consuming finite-difference solu-
tion of the Poisson equation. The dielectric cavity radius
of each atom was set to the mean of the solvent probe
radius 1.4 A for water and the atom’s van der Waals
radius, and the dielectric boundary between the mole-
cule and the solvent was the solvent-accessible molecu-
lar surface. The solvation calculations use a water di-
electric constant of 80. The method produces the final
estimated binding free energy using both Poisson-
Boltzmann and Generalized Born solvation models.

Classical statistical thermodynamics [73] was applied
to calculate entropy contributions arising from changes
in the degrees of freedom (translational, rotational, and
vibrational) of the solute molecules. The normal mode
analysis (NMODE) was used to obtain contributions to
vibrational entropy [74]. After minimization of each snap-
shot in the gas phase using the conjugate gradient method
with a distancedependent dielectric of 47 (with » being the
distance between two atoms) until the root-mean-square
of the elements of the gradient vector was less than
10 keal mol™" A™', the computation of frequencies of
the vibrational modes were carried at 300 K for these
minimized structures, including all snapshot atoms and
using a harmonic approximation of the energies.

Quantum mechanical calculations

The structure with the highest population for each complex
extracted from MD simulations was used for quantum chem-
ical calculations. The calculations were first performed with
PMB6 [75] and then with B3LYP [76-79] or M062X [80-83]
with 6-31+g(d) basis sets without any restriction using Gauss-
ian 09 [84] on Linux with quadro intel process. The calcula-
tions using B3LYP/6-31+g(3d) were employed for complexes
of the receptor with phenylalanine enantiomers. Calculations
at the same levels were also performed in chloroform with the
polarizable continuum model (PCM) using the default SCRF
method. The discrimination of enantiomer pairs by the
receptor was calculated from Eq. 13.

AE = (Ex-Es) x 627.5 (13)

where ER and Eg are the energy of the complex of each enan-
tiomer in Hartree and 1 Hartree = 627.5 kcal mol .

Results and discussion
NMR titration

The standard titration of receptor 5 by methyl esters of (R/S)-
alanine, phenylalanine and valine hydrochloride salts demon-
strated complex formation between receptor and ligand. Nine
samples were prepared with different receptor/ligand ratios for
each ligand, as indicated in the Materials and methods and
their NMR spectra were recorded. The data showed that re-
ceptor 5 forms 1:1 complexes with the ligands as proved by
Job’s plots (Fig. 1). A graphical representation of the depen-
dency of "H NMR shifts on the salt added is represented in
Fig. 2 for the enantiomers of alanine and valine ester salts. The
data produced a non-linear curve (Fig. 3), which was fitted to
Eq. 4 to calculate the dissociation constants for each enantio-
mer as listed in Table 1. The results show that the receptor
forms complexes with methyl ester salts of amino acids with a
moderate stability (282—1,515 M"). The binding constants
are smaller than previously reported [37] for the same receptor
with organic ammonium salts. This difference in the binding
energies of amino acid ester and organoammonium salts may
be attributed to the counter ion effect of perchloride and chlo-
ride, where the latter has better competing ability with the
donors of the receptor compared to the former. However, the
difference for the same ligands with different receptors 1-4
[37, 38] may be ascribed to the difference in the size of the
crown rings, as it is known that a crown with six donors forms
better complexes with ammonium salts compared to those
with 5 donors [7, 11].

The results also show that the receptor binds preferentially
R-enantiomers of alanine and phenylalanine salts but S enan-
tiomer of valine (Table 1). The results also demonstrate a
better capacity to discriminate between the enantiomers of
phenylalanine and valine salts compared to those of alanine
(Table 1). The enantiomeric discrimination (ED) of the recep-
tor against the enantiomer pairs of methyl ester salts of ala-
nine, phenylalanine and valine was calculated as 65, 83.1 and
79.4, respectively, which correspond to enantiomeric discrim-
ination factors (EDF) of 30.0, 66.2 and 58.8, respectively. ED
values were obtained from the ratio of binding constants of
enantiomers (S/R) by assuming R+S=100. A model may be
sketched to rationalize the mode of recognition between re-
ceptor and ligand that explains the ED (Fig. 4). The model
postulates that the methyl and benzyl groups in alanine and
phenylalanine enantiomers with R configuration have a more
favorable conformational orientation to interact with the ben-
zyl group in the receptor compared to enantiomers with S
configuration. In contrast, the enantiomer of valine with S
configuration is preferred to form a more stable complex with
the receptor. In this case, it is likely that the isopropyl group in
valine with the S configuration has a more favorable interac-
tion with the benzene unit in the crown ring.
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Fig. 1 Job’s diagrams for the complex of receptor 5 with methyl esters of R-alanine salt (ight) and R-valine (leff)

Molecular dynamics

MD calculations were performed to understand the mode of
the complex formed between the receptor and the ligands and
thus the driving forces behind ED at the atomic level. Starting
with the correct conformation of the receptor is a crucial step
in MD calculations in this type of complex. In this study, the

1.2 1.1 1.0 0.9 0.8

receptor was computed over a period of 20 ns at 700 K, a
conformer with a higher population was subsequently cooled
down back to 300 K for a period of 20 ns, thereby obtaining
the conformer with the highest population from the cluster
analysis as shown in Fig. 5a. This conformer indicates that
the crown ring remains relatively static and the benzyl group
and benzene ring flap during the MD simulation and that the

1.2 1.1 1.0 0.9 0.8

Fig.2 Dependence on the concentration of the guests of "H NMR chemical shifts of methyl groups of isopropyl in receptor 5. Upper line: Left R-alanine
methyl ester salt, right S-alanine methyl ester salt. Lower line: Lefi R-valine methyl ester salt, right S-valine methyl ester salt
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Fig.3 Non-linear dependence on the concentration of the enantiomers of
valine ester salts fitted to Eq. 4 of "H NMR chemical shifts of the methyl
groups of isopropyl in receptor 5

former group constitutes the dynamic part of the molecule.
Potential energy changes and the RMSD obtained for the re-
ceptor compared to its lowest energy conformation as a func-
tion of time during the MD is presented in the Supplementary
Material (Fig. S1). RMSD changes show that the major con-
formational fluctuation occurs in the N-benzyl group, caused
by rotation around the N-C bond. The conformer with higher
population (Fig. 5a) was used to accommodate ligands as
described in the Computational methods. All the complexes
were computed for MD calculations over a period of 20 ns at

Table 1 Experimental binding constants calculated by 'H NMR
titration and enantiomeric discrimination (ED) properties of receptor 5
for amino acid ester and organoammonium salts at 300 K

Ligand  Kgx10,M°® K, M'° K[FKSc EDY  EDF®
R-ALA  1.13£043 885 1.85 65R 30
S-ALA  2.09+0.27 478

R-PHE 0724013 1,389 4.93 83.1R 662
S-PHE  3.54+0.92 282

R-VAL  2.52+0.37 397 0.26 79.4S 588
S-VAL  0.660+0.087 1,515

“ Dissociation constants calculated by non-linear curve fitting of depen-
dency of chemical shifts on the concentration of ligands

® Association constants calculated by K,=1/Ky
¢ Ratio of the binding constants for each enantiomer
4ED calculated from KR/KS and assuming R+S =100

¢ ED factor calculated by the difference in ED for each enantiomer (EDg -
EDs)

300 K as described above. Potential energy changes and
RMSD compared to the lowest energy conformer as a func-
tion of time during the MD for each complex are presented in
the Supplementary Material (Fig. S1). These indicate that MD
calculations produced good results over the 20-ns period. Al-
though the ligands were placed on the surface of the crown
ring bearing the isopropyl group where ligands are allowed to
interact with isopropyl group, the MD calculations highlight
that the isopropyl group is flipped over so that the ligand is
sandwiched between the benzyl site arm and the benzene unit
in the crown ring. These two groups form a pseudo-chiral
binding site for ED where enantiomers are sandwiched be-
tween these two rings, hence the isopropyl group is not in-
volved in recognition or, consequently, in the discrimination
process. The conformers of the complexes of the receptor with
the enantiomers possessing the highest populations obtained
from MD calculations are illustrated in Fig. 5b—d. They dem-
onstrate that the receptor holds the ligands on the surface of
the crown cavity via hydrogen bonds. Nevertheless, in the
case of the receptor complex with the methyl ester of the
alanine salt, the benzyl group provides an interaction site for
the ammonium group through cation-7t interactions [85-93],
probably due to its smaller site compared with benzyl in phe-
nylalanine and isopropyl in valine.

The reason for the slightly better recognition of the R-ala-
nine salt by the receptor may be attributed to the fact that its
methyl site arm adopts a preferable orientation for interaction
with the benzyl group, and the CH group of the methyl site
arm also has a good contact point with the benzene ring
(Fig. 5b). As for the complexes of the receptor with the two
enantiomers of phenylalanine, a similar mode of action with
that of alanine is observed, with the phenyl group sandwiched
periplanarly between the two aromatic groups of the receptor
by interacting via 7t—7t contacts. Thus, this is the most likely
explanation for why these enantiomers are largely discrimi-
nated by the receptor. Unlike alanine and phenylalanine, the S
enantiomer of valine is preferably bound by the receptor. This
implies that the isopropyl group of valine has an unfavorable
interaction with the benzyl group of the receptor, and instead
has a favorable interaction with the benzene unit of the crown
ring as mentioned earlier.

Contact point analysis

Contact point analyses (intermolecular bond distances) were
performed to observe the dynamic changes in the ligands
complexed to the receptor during MD trajectories recorded
for 20 ns. Bond distances were selected between the HA
(the hydrogen attached to the stereogenic carbon of alanine)
and hetero atoms in the receptor. The changes in distance
during this period between HA and N1, O1, 02, O3, and O4
for R-alanine salt are presented in Supplementary Material
(Fig. S2). Average values of 4.753+0.220, 3.214+0.375,
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Fig. 4 A possible representative
interaction of receptor 5 with R
(left) and S (right) enantiomers of
amino acid ester salts

4.459+0.219, 3.317+0.427 and 2.249+0.248 A, respectively,
were found. The hydrogen bond analysis for one of ammoni-
um hydrogens of the ligand with N1 in the receptor was also
investigated and an average value of 2.795+0.248 A was
found for this bond. The results indicate that HA has rather a
close contact with O4 and that, during the MD calculations,
this atom spends a large fraction of time facing towards the
benzene ring. This is expected since the conformer with the

Fig. 5 a Structures
corresponding to the four lowest
conformers of receptor 5 obtained
from cluster analysis of
trajectories from molecular
dynamic (MD) simulations. Out
of 300 clusters: brown 127
clusters, blue 18 clusters, purple
and green 9 clusters. b—d The
superimposed lowest energy
conformers of the complexes of
enantiomers of alanine (b),
phenylalanine (c), valine (d)
obtained from the cluster analysis
of MD trajectories. Brown R
enantiomers, blue S enantiomers
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highest population demonstrates that HA orients towards the
benzene ring.

MM-PBSA method
The binding free energies (kcal mol ') of the host to guests

estimated by MM-PBSA are shown in Table 2. The values are
quite large compared with experimental results. This may be
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Table 2 Binding energies calculated by experimental ("H NMR) and theoretical (MM-PBSA) methods for complexes of receptor 5 with ligands

Ligand AGeyy! AAGey” -AEpg ¢ AAEpg ¢ -TAS© -AGpg ' AAGps ®
R-ALA ~4.02 ~036 13.42+1.70 03 12.81+1.11 0.61 ~0.14
S-ALA -3.66 13.72+1.73 13.25+1.80 0.47

R-PHE ~4.29 -1.58 17.21%1.86 ~1.45 14.29+1.38 2.92 ~0.59
S-PHE -334 15.7622.12 13.43+1.33 233

R-VAL -3.54 0.80 40.47+2.84 0.88 13.63+1.40 26.84 1.55
S-VAL —4.34 41.35+221 12.9621.12 28.39

* Experimentally observed binding free energies (in kcal mol ') between the receptor and the ligands obtained from AGex,=—RTInK, taken from Table 1

® The difference between the experimental determined binding free energies (in keal mol ) for each enantiomer

°The estimated binding free energies (in kcal mol ") using both Poisson-Boltzmann solvation model for each enantiomer

9 The difference between the calculated binding energies (in kcal mol ") for each enantiomer

© Entropy changes (TAS, in kcal mol ') upon complexation calculated by nmode analyses

"The difference in the calculated binding free energies by MM-PBSA (in kcal mol ") for each enantiomer

€ The difference between the calculated binding free energies (in kcal mol ') for each enantiomer

attributed to the fact that the guest molecules are charged and
the MM-PBSA method utilizes the continuum solvation mod-
el, where solute—solvent interactions are ignored. Therefore, it
is expected that this method will overestimate the binding free
energies of such systems. However, it is interesting to note that
the estimated binding free energies calculated by MM-PBSA
are quite close to experimental values. This difference may be
attributed to the solvation energy since the MD calculations
are performed in implicit solvation.

Negative entropy values derived from NMODE calcula-
tions were obtained for all complexes, meaning that the con-
formational freedom of ligand and receptor were reduced up-
on complexation. This is expected since it is generally ac-
knowledged that there is entropy loss upon binding, due main-
ly to the translation entropy loss of receptor and ligand, al-
though some compensation is gained from the disorder of the
solvation of the solute (the ligand) and the release of bonded
solvent from the receptor to the bulk. This effect cannot be
calculated explicitly since the continuum solvation models
represent the solvent as a continuous medium instead of indi-
vidual “explicit” solvent molecules, and do not include any
bonding interactions.

Density functional theory

The computational description of noncovalent interactions be-
tween biomolecules that are important in the maintenance of
the 3D structures of DNA, RNA, and proteins [94-98] is
essential for the design and development of drug molecules
[99]. The CCSD(T) [coupled cluster with singles and doubles
including perturbative triples] method is the current standard
for accurately estimating the interaction energy of
noncovalently bound complexes in small systems [100].
Nonetheless, the formal O (N7) complexity of the method
hampers its applicability. Computationally less expensive

methods are required to describe such interactions in larger
systems. Approximate DFT is another current option for in-
vestigating a variety of chemical systems involving dozens of
atoms or more [101]. Nevertheless, the method is limited by
the failure of most density functional approximations to de-
scribe dispersion interactions, which can be essential in
noncovalent complexes. These interactions intrinsically in-
volve long-range electron correlation effects, which are not

Table 3  Energies calculated for each enantiomer by DFT (B3LYP and
M06-2X) methods using 6-31+G(d) basis sets. The values within
parenthesis involve calculations at the same levels in chloroform with
the polarizable continuum model (PCM)

Ligands E (B3LYP)*® AE®  E(M06-2X) ¢ AEY

R-ALA  —1,653.5449914  —1.17  —1,652.8457826  —0.42
(-1,653.5905668)  (=1.53) (~1,652.8924410) (—4.48)

S-ALA  —1,653.5431215 -1,652.8451179
(-1,653.5881256) (~1,652.8852865)

R-PHE —1,884.6001296  —0.84  —1883.8102166  —0.54
(—1,884.6447669)  (-0.27) (~1,883.8574072) (-2.15)

S-PHE  —1,884.59878640 —1,883.8093548
(—1,884.6443320) (-1,883. 8539815)

R-VAL —1,732.16960837 —0.74  —1,731.43892611 —1.66
(-1,732.21407490) (-0.52) (~1,731.4831505)  (~2.00)

S-VAL  —1,732.16843283 —1,731.43628008

(-1,732.21325120) (—1,731.4799606)

*The total energy of the complexes calculated by B3LYP/6-31+G(d) in
Hartree

® The difference between the calculated total energy of each enantiomer
(in keal mol ") by B3LYP/6-31+G(d)

¢ The total energy of the complexes calculated by (M062X/6-31+G(d) in
Hartree

9The difference between the calculated total energy of each enantiomer
(in kcal mol ") by M062X/6-31+G(d)
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captured by the popular local or semilocal density functionals
[102—108]. Several approaches have been taken to improve
the density functionals currently used to handle dispersion
effects [109—119]. Alternatively, for noncovalent interactions,
Zhao and Truhlar have launched highly parametrized empiri-
cal M05-2X and M06-2X functionals with a good deal of
promise [80-83]. These functionals implicitly account for
medium-range electron correlations because they are parame-
trized in this respect, which is satisfactory to express the dis-
persion interactions within many complexes [88] but they
have still to be fully developed for noncovalent interactions
of biological relevance. Lorenzo and Grana have recently re-
ported stacking and hydrogen bond interactions between ade-
nine and gallic acid calculated by DFT and DFT-SAPT [120].

The present study employed two DFT methods (B3LYP
and M06-2X) using the same basis set, 6-31+g(d), in the in-
vestigation of noncovalent interactions for the molecular com-
plexes of the receptor with amino acid ester salts. These func-
tionals estimated the noncovalent interactions, composed
mainly of hydrogen bonds, involved in these molecular com-
plexes, which could establish a model for biological systems.
The two methods produced different results despite a similar
trend with the experimental data. Nevertheless, B3LYP
seemed to perform better compared to M062X (Table 3).
Complexes of the receptor with phenylalanine enantiomers
were calculated by B3LYP using 6-31+g(3d) basis sets. The
energies obtained for R and S enantiomers were —1,
884.67950885 and —1,884.67818497 Hartrees, respectively.
This corresponds to a difference of —0.88 kcal mol ™', com-
pared with —0.84 kcal mol ' found for the difference calculat-
ed using 6-31+g(d) basis sets. It appears that the calculations
in chloroform with PCM make no significant contribution to
the energy difference between the complexes of the receptor
with enantiomer pairs (Table 3).

Overestimation of the binding free energies for the com-
plexes by QM calculations might be associated with poor
handling of intermediate and long-range correlation and dis-
persion. Proper handling of hydrogen bonding using DFT
remains a concern. Sherrill [121] has reported a careful bench-
mark study using the potential energy curves for six dimer
combinations involving formic acid, formamide, and
formamidine.

Conclusions

Molecular recognition by synthetic models is of great practical
interest in many applications such as chemical detection, sep-
aration and encapsulation, and enantioselective synthesis.
These simplified models may be relevant for biological mo-
lecular recognition since the same physical principles are in-
volved in both processes. Therefore, modeling studies often
produce delicate and usually unpredictable results. These may

@ Springer

be used to further a detailed understanding of biomolecular
interactions, which is very difficult to achieve in living cells.
However, despite significant advances in molecular modeling
techniques and the relative simplicity of model systems, de-
velopment of a tractable and theoretically sound computation-
al method is still required to interpret experimental data, which
will finally be helpful for the design of new model hosts for
targeted molecular guests.

The current work represents an experimental ("H NMR
titration) and theoretical study of the molecular recognition
of the molecular complexes of chiral aza-15-crown-5 ether
with methyl esters of amino acid salts in order to understand
the mode of binding and the main forces driving ED. The
results obtained from NMR titration reveal that the receptor
binds enantiomers with moderate binding constants, with phe-
nylalanine being more largely discriminated with a difference
of —1.58 kcal mol ™ in binding free energy. The differences in
the theoretical binding energies were also calculated by MM-
PBSA and DFT [B3LYP/6-31+G(d) and M06-2X/6-31+
G(d)]. The data obtained give valuable information regarding
the molecular recognition mode of the organoammonium
complexes of chiral aza-crown ether with C; symmetry, which
may be relevant to biological systems.
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