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Predicting Enantioselectivity: Computation as an Efficient “Experimental”
Tool for Probing Enantioselectivity
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As a result of the accurate agreement between computation
and experiment obtained using default forcefield param-
eters, the MMFFs forcefield together with a Monte Carlo
conformational search method (MCMM/LMCS) and the
MINTA free-energy calculation algorithm has been used to

probe the enantioselective potential of a new macrocyclic re-
ceptor, hence saving time and money on costly experimental
procedures.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The development of effective experimental protocols for
the rapid and efficient prediction of new candidate synthetic
receptors for enantioselective discrimination has long been
a major topic in supramolecular chemistry. Computational
chemistry in the past has served mostly as a useful tool for
the study of binding modes, and has helped in the rational
design of new chiral receptors.['l However, there are few ex-
amples of computations performed able to reproduce exper-
imental binding results accurately, and consistently without
either extensive forcefield reparametrisation3 and/or
highly demanding computational calculations;¥ even fewer
which use computation as a successful prediction tool fol-
lowing computational/experimental cross validation of re-
sults. Still and co-workers succeeded in calculating the selec-
tivity of a podand ionophore for enantiomeric a-amino acid
derived substrates.*8! However, the accurate prediction of
the binding free energy differences (AAG™P) using free en-
ergy perturbation (FEP) was a demanding task requiring
time-consuming calculations and high-level computational
power. Recently, the much faster MINTA (mode integra-
tion) algorithmB! has given impressive results for the predic-
tion of relative binding free energies in chiral separation
studies.>%71 Furthermore, application of MINTA to calcu-
late the 4 value of methylcyclohexane was at least 43 times
faster than FEP.D!

MINTA involves the direct computation of the configu-
ration integral as a sum of the contributions from low en-
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ergy conformational states.l’! In contrast to the “mining mi-
nima” algorithm which just uses the torsion angles,®
MINTA calculates the configuration integral over all de-
grees of freedom using an effective Hessian to integrate in
normal mode space for each single conformer. Free energy
calculations using MINTA are ideally necessarily preceded
by an exhaustive conformation search to locate all low en-
ergy conformations, which is best achieved using a Monte
Carlo (MC) algorithm. Success of MINTA is therefore lim-
ited by the success of the conformational search but also by
the quality of the forcefield parameters used.’l MINTA’s
neglect of rotational and translational contributions to the
configuration integral has been criticised,!>>!% but has not
been a problem in all chiral separation studies with MINTA
reported to date.[>%71 Nevertheless, it remains to be seen
how MINTA will perform when the binding of sterically
more diverse ligands than enantiomers are investigated.
Here we present a combined computational and experi-
mental study on the structural and enantiodiscrimination
properties of the new rigid macrocyclic receptor 1 with
amino acid guests, showing unusually accurate agreement
between the two methods. Supported by crystallographic
data and NMR titration experiment data, the computa-
tional procedures employed were able to reproduce with
high accuracy the experimental data using default MMFFs
forcefield parameters,['!:!?] conformational searches and the
MINTA free energy calculation algorithm. The rigidity and
simplicity of the system minimises potential errors due to
the forcefield or due to inadequate sampling of the confor-
mational space for the subsequent free energy simulations
using MINTA. 314 The MMFFs forcefield was chosen due
to its success in modelling the more flexible dimer analogue
of receptor 1 where other forcefields (AMBER* and OPLS-
AA) were also tested for their suitability.!! Put simply, the
systems we choose to model should in theory pose few com-
putational problems — a rigid macrocycle containing well-
parameterised subunits and functional groups, and simi-
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larly, well-parameterised simple amino acids. Significantly,
the computational/experimental comparison of initial data
was so impressive, that the demanding experimental pro-
cedures were abandoned in favour of screening receptor 1
with a series of amino acids using time-efficient MC confor-
mational searches and MINTA free energy calculations of
AAGYP. Computation was hence employed as the screen-
ing tool for enantioselectivity saving significant experimen-
tal time and reducing laboratory costs.

Results and Discussion

Macrocycle 1 represents the monomer analogue of an
already reported receptor.!’-!] It possesses a thiourea moi-
ety as the main carboxylate binding site, and additional hy-
drogen bonding is provided by two amide groups. The
bulky phenyl rings should allow enantioselective discrimi-
nation. In Figure 1 the proposed/expected mode of binding
is presented.

Figure 1. Macrocyclic receptor 1 and the proposed mode of bind-
ing. PG = protecting group.

Conformational organisation of the macrocycle was de-
termined in the solid state by X-ray crystallography, show-
ing that the receptor possesses a very rigid structure. In Fig-
ure 2 the X-ray crystal structure of the macrocycle is shown
(sample recrystallised from DMSO), which includes a single
DMSO molecule in order to maximise hydrogen-bonding
interactions between the DMSO oxygen atom and the four
macrocycle NH units (2.03-2.37 A).['! Intramolecular hy-
drogen bonds between the four NH units and the pyridine
nitrogen atoms are also observed. '"H NMR analysis agrees
with the conformation in the solid state. No substantial
changes to the 'H NMR spectrum were observed moving
from the apolar CDCl; to the more competitive [Dg]DMSO
except for the thiourea NH signal, which shifts considerably
downfield (from & = 7.5 ppm in CDCl; to & = 8.72 ppm in
[D]DMSO) as a consequence of hydrogen bonding to the
solvent molecule.

Experimental evaluation of the binding properties of ace-
tyl (Ac) or tert-butoxycarbonyl (Boc) protected amino acids
to macrocycle 1 using NMR titration experiments in CDCls
showed that the receptor binds them strongly, forming the
expected 1:1 host—guest complex with all guests tested
(Table 1). Association constants range from 4.9-10% to
1.9-103 m!, indicating strong interaction between the recep-
3546
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Figure 2. X-ray crystal structure of macrocycle 1 in DMSO show-
ing complexation of a solvent molecule.

tor and the guest, and in all cases a considerable downfield
shift of the thiourea NH proton signal was observed in
the '"H NMR spectra. However, the enantioselectivity
(AAG™P) observed using these amino acids was not sub-
stantial. NMR titration experiments were also attempted in
the more competitive [Dg]DMSO, but no binding was no-
ticed in this solvent.

Table 1. Experimental binding constants (K,) and free energies of
complexation (-AG) for the 1:1 complexes formed between macro-
cycle 1 and tetrabutylammonium salts of N-protected amino acids
in CDCl; at 298 K.

Guest K,[M'] -AG[kImol''] AAG“P [kImol!]
N-Boc-L-Phe  8.87-102 16.8

N-Boc-D-Phe  7.96+102 16.5 0.3
N-Ac-L-Phe  7.74-102 16.5

N-Ac-D-Phe 486102 153 12
N-Ac-L-Gln  1.47-10° 18.1

N-Ac-p-Gln  1.94-10° 18.7 +0.6

Molecular dynamics (MD) simulations (300 K) in ex-
plicit DMSO were performed, using MacroModel 8.1,[!7 to
investigate the conformational preferences of macrocycle 1.
The calculations revealed the macrocycle to be a highly ri-
gid structure with a preference for binding of a single
DMSO molecule through hydrogen bonding to the oxygen
atom, in agreement with the solid-state structure (Figure 2).
Furthermore, the RMS distance between heavy atoms for
the average minimised trajectory conformation from the
MD simulations and the X-ray crystal conformation is just
0.5 A. This reduced to ca. 0.3 A on excluding the phenyl
ring heavy atoms. Superimposition of the DMSO X-ray
crystal structure and average minimised MD conformation
are shown in Figure 3. The MD simulations also revealed
that the average enthalpy with a receptor-bound amino acid
(N-Ac-alanine) in DMSO is much higher (46 kJmol!) than
when a DMSO molecule itself is coordinated. Computation
therefore suggests that the energetic cost of breaking the
hydrogen bonds with the solvent molecule is not compen-
sated for by the binding of a guest amino acid, which ex-
plains why no binding in DMSO was experimentally ob-
served. Instead the small DMSO molecule fits particularly
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well inside the cavity of the receptor with little steric clash
with the receptor’s backbone, as already observed in the
solid-state structure.

Figure 3. Superimposition of an average minimised macrocyclic
conformation from MD simulations in DMSO (light grey) and the
X-ray crystal structure in DMSO (dark grey).

The mixed mode Monte Carlo Multiple Minima/Low-
Mode Conformational Search (MCMM/LMCS) algo-
rithm!'#-2% was used to study the binding of macrocycle 1
and N-protected a-amino acids in CHCI; solvent, and to
generate the conformations for calculation of the free ener-
gies using MINTA. The solvent effects were included using
the implicit GB/SA continuum model.?!! Excellent agree-
ment with experiment for the enantioselectivity was ob-
served in all cases (Table 2). The direction of enantio-
selectivity is predicted correctly in each case, but more im-
pressive is the accuracy of the relative ordering of the com-
putational AAG™P value compared to experiment. We note
that the errors for the computed AAGYP values are not
small (£1.2-1.4kJmol™") and could be reduced by em-
ploying a greater number of sampling points per block (see
Experimental Section).l”?l However, within the bounds of
the current errors the experimental AAGY P trend is still
followed and reducing the AAG™ P errors would not change
this key result or lead to new information. A different mode
of binding was obtained compared to that proposed ini-
tially (Figure 1). The modelling results indicate that the car-
boxylate group is bound by four hydrogen bonds, one from
each NH group of the macrocycle to just one of the carbox-
ylate oxygen atoms, with additional interactions in most
cases between the amino acid NH group and a macrocycle
pyridine nitrogen atom (Figure 4). An intramolecular hy-
drogen bond from the amino acid NH group to the bound
carboxylate oxygen atom is also often present. So even for
amino acids, as was the case for binding of a DMSO mole-
cule, the receptor shows a preference for binding of just one
oxygen atom deep within the macrocycle cavity to maximise
the hydrogen bond contacts. With the exception of N-Ac-
glutamine, the binding of the D-enantiomer is less favour-
able, as the host-guest complex does not have the ad-
ditional interaction between the amino acid NH group and
the pyridine nitrogen atom. It is also clear that in all cases
the main enthalpic contribution to chiral discrimination is
limited to steric hindrance of entry of the carboxylate group
into the macrocyclic cavity. However, as seen by the com-
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puted large entropic contribution to the enantioselectivity
for binding of N-Ac-phenylalanine, entropic effects appear
to often play a major role in the overall selectivity obtained.
These entropic effects are well accounted for using MINTA.

Table 2. Comparison between computational and experimental re-
sults for enantioselectivity predictions in CHClj.[#]

Guest Experiment Computation

AAGEP  AAHEPPBI AAGLPEL AASL-DU
N-Ac-Phe -1.3 -1.4 4.7 -33
N-Boc-Phe -0.2 -1.3 -1.4 -0.1
N-Ac-Gln +0.4 +2.7 +2.3 -0.4

[a] In kJmol '. [b] At 0 K. Calculated from difference in energies
between global energy L- and D-bound complexes from the
MCMM/LMCS conformational searches. [c] As calculated using
MINTA at 300 K. Error in AAG~P values is+1.2-1.4 kJmol .
[d] Entropy estimates calculated as the difference between AAHY P
(0 K) and AAG™P (300 K).

a) b)

A

Figure 4. Molecular modelling global minimum conformations ob-
tained for (a) the L- and (b) the p-bound complexes of N-Ac-gluta-
mine with macrocycle 1 in CHCl;.

On the basis of the excellent results obtained using com-
putation, the experimental procedures were abandoned, and
we proceeded to screen macrocycle 1 with further N-Ac-
and N-Boc-protected amino acids for better enantio-
selectivity using the conformational search — MINTA ap-
proach. The results of the screening are shown in Table 3.
Our calculations determined N-Ac-alanine (4.9 kJmol ™)
and N-Ac-asparagine (—4.8 kJmol ') to have similar selec-

Table 3. Computational screening of a series of amino acids for
enantioselectivity on binding to macrocycle 1 in CHCl5.[4]

Guest Computation
AA HL—D[b] A AGL—D[c] AA SL—D[d]

N-Ac-Ala -4.6 -4.9 -0.3
N-Boc-Ala -3.0 -1.4 +1.6
N-Ac-Ser -0.3 -0.7 -0.4
N-Boc-Ser -0.9 -2.0 -1.1
N-Ac-Val -0.8 -0.6 +0.2
N-Boc-Val +0.3 +0.3 0.0
N-Ac-Asp 4.1 4.8 -0.7
N-Boc-Asp -2.8 -1.9 +0.9
N-Ac-Tyr -2.0 -1.4 +0.6
N-Ac-Try +1.2 -1.2 2.4

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] All values are in kJmol . [b] At 0 K. Calculated from difference
in energies between global energy L- and D-bound complexes from
the MCMM/LMCS conformational searches. [c] As calculated
using MINTA at 300 K. Error in AAG“P values is+1.2-
1.4 kJmol . [d] Entropy estimates calculated as the difference be-
tween AAHYP (0 K) and AAG“P (300 K).
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tivity to N-Ac-phenylalanine (-4.7 kJmol™!), but no amino
acid was found to have greater enantioselectivity with
macrocycle 1. So, although computational time was lost in
the screening process of the amino acids in Table 3, it was
a considerable saving compared to alternatively pursuing
the financially and time-costly experimental procedures. In-
deed, based on this study, this approach to determining
enantioselectivity is now a very attractive option for us
which may in the future lead to a more satisfying result.

Conclusions

Concluding, a new macrocyclic receptor has been synthe-
sised and its enantioselective properties investigated by
NMR titration experiments. Default MMFFs forcefield pa-
rameters together with conformational search methods
(MCMM/LMCS and MD) and the MINTA free-energy al-
gorithm were particular efficient in reproducing experimen-
tal results. The agreement was so impressive that standard
experimental protocols were abandoned in favour of com-
putation for further screening of the macrocycle’s enantio-
selective potential. We believe that the rigidity of the macro-
cycle was crucial in such agreement being obtained. Sys-
tems that are more flexible have greater sensitivity to accu-
rate forcefield parameters and conformational search proto-
cols employed. Nevertheless, with the release of the highly
awaited polarisable forcefields on the horizon,?3! these re-
sults would indicate that such accuracy in enantioselective
predictions in the future will not be so rare. Indeed, substi-
tuting demanding experimental procedures with computa-
tion as a tool for predicting enantioselectivities with algo-
rithms such as MINTA could yet become more common-
place in chiral separation studies.

The macrocyclic behaviour (conformational and binding
properties) in other solvents is being studied, as are further
computational studies with other amino acid derivatives.
These results will be reported in due course.

Experimental Section

Molecular Modeling: For the MCMM/LMCS conformational se-
arches, global ligand translations were included in the binding
pocket of the receptor. In total, 2-5 torsions were randomly se-
lected and adjusted each MCMM step, with a 1:1 ratio of MC
torsional moves and/or ligand translation to the LMCS low mode
moves. 3000 steps were performed for each receptor-enantiomer
complex with an energy window of 50 kImol! above the global
minimum used for saving conformations. For the MINTA free en-
ergy calculation, binding conformations generated from the confor-
mational searches were first reminimised using the MacroModel
“multiple minimisation” algorithm. The resulting conformations
were used in separate free energy calculations of GR't and GR-P at
300 K for receptor-bound L (R-L) and D (R-D) complexes, respec-
tively. MINTA integrals were calculated as block averages with
10 x 1000 energy evaluations per conformation. Numerical integra-
tion in all degrees of freedom was used throughout, with hard and
soft limits of 1 A and 3 units of standard deviation used, respec-
tively, for sampling along the normal modes. Finally, as the isolated
enantiomeric free energies are the same (G~ = GP), the binding free
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energy difference AAG-P was calculated simply as AAGY P =
GR-L—GR-D, MD simulations in explicit DMSO were performed at
300 K using the standard constant 7T velocity Verlet algorithm and
MacroModel “substructures” (shells). Two different starting con-
formations were used: (a) macrocycle and unbound N-Ac-L-alanine
enantiomer system (bound DMSO molecule) and (b) macrocycle
with bound N-Ac-L-alanine. Systems (a) and (b) were prepared by
introducing the macrocycle and enantiomer to a previously equili-
brated DMSO system at experimental density (1.096 gcm3).[1:24
Overlapping solvent molecules and those giving rise to repulsive
interactions were then deleted. Systems (a) and (b) contained 3
substructures (shells): unconstrained inner shell (macrocycle, N-Ac-
L-alanine and 65 DMSO molecules); semi-frozen middle solvation
shell (32 DMSO molecules); and frozen outer solvation shell (277
DMSO molecules). The semi- and fully frozen shells were identical
for both systems so that the thermodynamic (enthalpy) data from
the MD simulations (a) and (b) could be directly compared. Short
minimisations (5000 steps, PRCG algorithm) were performed fol-
lowed by full MD simulations (2 ns equilibration; 30 ns data collec-
tion) using a timestep of 1 fs. Conformations from MD trajectory
(a) with bound DMSO were clustered into groups of similar con-
formation. The representative conformation from the largest clus-
ter was minimised (1000 steps, TNCG algorithm) and compared
with the DMSO crystal structure. Clustering calculations were per-
formed using NMRclust 1.2.2° All other calculations were per-
formed using MacroModel 8.1171 and the default MMFFs
forcefield.l'1121
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