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Discrimination of chral amines by dimethyldiketopy- 
ridino-18-crown-6 (1) is studied by free energy pertur- 
bation (FEP) and molecular dynamics (MD) methods. 
1 has two (S)-chiral centers and discriminates chiral 
amines through host-guest interactions. The optically 
active amines in this study are a-(1-naphthy1)ethyl- 
amine, methylbenzylamine, cyclohexylethylamine, 
and sec-butylamine. The trends in binding free energy 
differences obtained from FEP calculations were in 
excellent agreement with experimental results 
obtained in the gas phase. In order to explain the 
enantioselectivity of the host in terms of the host-guest 
interactions at the molecular level, we analyzed the 
structures generated by 10-ns MD simulations of 
host-guest complexes. The suggested chiral discrimi- 
nation mechanism, the n-n interaction and the steric 
repulsion between the guest and the host, was verified 
by our MD simulation analysis. 

Keywords: Free Energy Perturbation (FEP), Molecular 
Dynamics (MD), pyridino-18-crown-6, c h i d  separation, gas 
phase 

I. INTRODUCTION 

The differing reactivities of enantiomers toward 
asymmetric compounds are strongly manifested 
in biological systems.' Often one enantiomer of a 

pharmaceutical, herbicide, or pesticide is respon- 
sible for the desired activity, while its mirror 
image is inactive or even exhibits side effects.* 
Thus chiral discrimination has been a longstand- 
ing problem in various fields. One of the most 
successful protocols for the resolution of enanti- 
omers is based on host-guest chemistry. During 
the last few decades, extensive experimental 
studies on various chiral hosts including cyclo- 
d e ~ t r i n , ~  bile salts: and crown  ether^^^^ have 
been carried out. In particular, crown ethers 
have elicited much interest because of their 
potential importance in elucidating the mecha- 
nism responsible for enzyme action and mem- 
brane transport proce~ses.~ They bind guests 
such as alkali metal ions and protonated amines 
selectively,sB and serve as simple models for 
selective host-guest binding". It has been deter- 
mined by various experimental methods that 
chirally substituted crown ethers differentiate 
amine enantiomers very successfu1ly.l1J2 HOW- 

ever, nearly all of these studies have been carried 
out in condensed media, and thus the results are 
subject to influences exerted by solvent and 
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256 ONE-SUN LEE et uI.  

counterion molecules. In many cases, these com- 
plicating effects can obscure the fundamental 
components underlying and controlling the 
enantioselection. 

Recently, Dearden et al. reported enantiomeric 
discrimination of dimethyldiketoyyrid- 
ino-18-crown-6 (1) toward various protonated 
amines by using Fourier transform ion cyclotron 
resonance (FTICR) mass spectrometry in the gas 
phase13. The gas phase experiments and theoret- 
ical investigations in vacuo can provide insights 
to probe the fundamentals of enantiomeric rec- 
ognition, since they are not affected by solvent or 
counterion molecules. In the I-chiral amine com- 
plex system, TI-TI and steric interactions are sug- 
gested to be responsible for enantiomeric 

However, only a handful of 
theoretical investigations have been reported on 
this subject. Bradshaw et al. calculated the bind- 
ing energy difference between 1 and 
(R)-a-(l-naphthy1)ethylamine complex and 1 
and (S)-a-( l-naphthy1)ethylamine complex by an 
empirical forcefield technique.16 The calculated 
binding energy difference was about 2.9 kJ/mol 
and was comparable with experimental results. 
However, they ignored the entropic contribution 
and thus the reported energy was enthalpic 
energy rather than free energy. 

In this study, we employed free energy 
perturbati~n'~ (FEP) and molecular dynamics'* 
(MD) simulations to explain the results of recent 
experiments on the enantioselectivity of the host 
(1) toward chiral guests: a-( l-naphthy1)ethyl- 
amine (2), methylbenzylamine (3), cyclohexy- 
lethylamine (4), and sec-butyl amine (5) 
(Figure 1) in vacuo. 1 has two (S)-chiral centers 
and discriminates chiral amines through 
host-guest interactions. The host-guest com- 
plexes are formed by three hydrogen bonds." It 
was speculated that the chiral discrimination 
occurred by n-x and steric interactions between 1 
and the protonated amine guest. Even though 
this idea was supported by a number of experi- 
ments,'4J6f20 it is important to carry out theoreti- 
cal investigations to verify these suggested 

mechanisms. Theoretical methods that repro- 
duce the experimental findings can be systemati- 
cally applied to a series of hosts, and can help us 
to understand the features essential for the 
desired function of the host.21 We were able with 
our theoretical results to reproduce the observed 
trends in selectivity as well as the structural 
issues. The deeper understanding of the enanti- 
oselectivity mechanism of crown ethers obtained 
in this study will be of great assistance not only 
for the rational design of potent chiral selectors 
but also in developing enantiomeric separation 
methods such as liquid chromatography and 
capillary ele~trophoresis.~'~~~~~~ 

11. COMPUTATIONAL DETAILS 

Choice of Starting Geometry 

X-ray data available from the literature were 
used as the starting geometry for the (S,S)-1 and 
(R, or S)-2 complex structure.19 Similarly, the 
starting geometry of the complex structure 
between (S,S)-1 and (R, or S)-3 was obtained by 
modification of the X-ray structure between 
(S,S)-1 and PhCH(CH20H)NH3f.20 Since the 
X-ray data of all other host-guest complex struc- 
ture sets have not been reported so far, these 
structures were obtained from modification of 
the above data. All simulations were done with 
the AMBER* forcefield implemented in the Mac- 
roModel 5.5 package.24 To obtain the minimum 
energy structure, MD and molecular mechanics 
calculations were carried out. The Monte 
Carlo /Stochastic Dynamics25 (MC / SD) algo- 
rithm was adapted for the dynamics simula- 
tions. MD simulations were performed at 800 K 
for 2 ns with a l-fs time step. Samples during the 
dynamics simulation were obtained every 100 fs, 
and then an energy minimization with a conju- 
gate gradient algorithm was performed on every 
sampled structure to a gradient norm of less 
than 0.001 kJ/mol A. All of the minimum energy 
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ENANTIOSELECTIVITY OF PYRIDINO-CROWN 251 

1 

2 3 4 5 
FIGURE 1 Structures of chiral host (1) and chiral protonated amine guests (2-5) 

structures obtained by this procedure were used 
in the calculations including FEP and MD. 

R,R)-l:(R or S)-Guest denotes the complex struc- 
ture of 1 and one of the enantiomeric guests. 

FEP Calculation 

Since the Helmholtz free energy is a state func- 
tion, the difference in binding Helmholtz free 
energies, AA4 - AA,, is the same as AA2 - MI, 

In order to compute the difference in binding 
energies between the two enantiomers of 2-5 
with (S,S)-l, the thermodynamic cycle described 
in Scheme1 was used. In this cycle, (S,S or 

i.e., 

AAA G AAq - AAg = AAz - AAl. (1) 

(S,S)-1 + (/?)-Guest M3 > (S,S)-l:(R)-Guest 

(R,R)-l + (R)-Guest LsA, > (R,R)-l:(R)-Guest > (S,S)-l:(S)-Guest 
SCHEME 1 
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258 ONE-SUN LEE et al. 

Usually the binding free energies &I3 and AA4 
are measured by experiment, while AAl and &I2 
could be calculated by FEP simulations with rel- 
ative ease. Since (S,S)-1 and (R,R)-l have the 
same energy, AAl is zero. Thus only the AA2 
term is needed where the enantioselectivity is 
concerned. Even though the experiments were 
performed between (S,S)-l:(R)-Guest and 
(X,X)-l:(R)-Guest complexes (AA2),13 our theo- 
retical investigations were performed between 
(S,S)-l:(R)-Guest and (S,S)-l:(S)-Guest com- 
plexes (Mi)  since (R,R)-l:(R)-Guest and 
(S,S)-l:(S)-Guest have the same energy due to 
the symmetry ( A A S  = 0): 

1-42 = 1-42' - 1-45 = A*&'. ( 2 )  

We used the following standard FEP 

AA4?' = -kBTln (exp- l j  - I k ) / k R T ] ) 5 ,  (3)  

where ksT is the Boltzmann constant times the 
absolute temperature, and VR and VS are the 
potential energy functions of l:(R)-Guest and 
l:(S)-Guest complexes, respectively. Since all the 
configurations of host 1 in this paper are (S,S)-1, 
hereafter the notation 1 will be used for (S,S)-1 
for clarity. The symbol < >s refers to an ensemble 
average over a reference state represented by Vs. 
The perturbation we used mutates the (S)-Guest 
into the @)-Guest by interchanging guest mole- 
cule residues (i.e., CH3 -+ HDu3 and HDu3 -+ 
CH,, where Du is a dummy atom) over 40 stages 
with double-wide sampling at each stage. A time 
step of 1 fs, an equilibration period of 100 ps, and 
a temperature of 300 K were used. 500 ps of sam- 
pling time was applied to all calculations. Since 
the configuration sampling was performed in a 
canonical ensemble at 300 K, the calculated free 
energy corresponds to the Helmholtz free 
energy. Although the difference between the 
Helmholtz free energy and the Gibbs free 
energy, PAV (= (AM)RT,  where P is pressure, V 
volume, n number of moles, R the gas constant, 
and T temperature), is not negligible, the relative 
difference between them (PMV) is negligible, 
even in the gas phase. 

formula 17,26,27 for the calculation of AA;: 

FEP simulation has been proved to be a useful 
tool in studying various host-guest ~ y s t e m s z ~ , ~ ~  
It allows calculation of free energy differences 
that can be directly compared with experimental 
results. Since FEP simulation calculates the 
energy difference between the two states (see 
Eq. 3), the error in the free energy difference is 
smaller than that from other methods which cal- 
culate the free energies of the two states sepa- 
rately and then obtain the difference by 
subtracting one from the other.30 

Dynamics Analysis 

Another computational method can be used to 
obtain the free energy d i f f e ren~e .~~  The free 
energy difference AA; can be written as 

ZS 
Z R  

11-42' = - ~ B T  In -, (4) 

where Zs/ZR is the ratio of the canonical parti- 
tion functions for the states S and R, and is given 
by 

(5) 
71 

The energies Esi and E h  can be obtained from 
an adequate sampling of the phase space during 
the molecular dynamics and subsequent minimi- 
zation of each structure. MD simulations of com- 
plex molecular systems have been shown to give 
not only the relative free energies of chemical 
states, but also important structural information. 
However, this is valid only when the phase 
space is covered adequately. We used the 
MC / SD algorithm, which generates a canonical 
ensemble and samples the phase space of the 
system more effectively than do stochastic 
dynamics or Monte Carlo simulation alone.25 Of 
course, the total energies are much greater in 
magnitude and thus it is anticipated that the free 
energy difference in this simulation may suffer 
from larger uncertainties than that from the FEP 
calculation for a given period of computation 
time. However, MD at the two end points (which 
correspond to h = 0 and h = 1 in FEP) is useful 
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1 :( R)-4 1 :( S)-4 1 :( R)-5 1 :( S)-5 
FIGURE 2 Global minimum structures of 1:Guest complexes obtained from high-temperature (800 K) dynamics 

for comparing the structures of the two states and 
to reveal the structural features crucial for the 
enantioselection. MC /SD runs were performed at 
300 K for 10 ns with a 1-fs time step. Samples dur- 
ing the dynamics simulation were obtained every 
500 fs. Energy minimization with the conjugate 
gradient algorithm was then performed on every 
sampled structure to a gradient norm of less than 
0.001 kJ/mol.A. All the calculations above were 
performed in vacuo to allow comparison with the 
experiments in the gas phase. 

rII. RESULTS AND DISCUSSIONS 

FEP Study 

In order to obtain a starting geometry conforma- 
tion, a high-temperature (800 K) MD was used. 

All conformations of host-guest complexes gen- 
erated from MD were energy-minimized. The 
global minimum energy structures obtained in 
this process are shown in Figure 2. After analyz- 
ing the structure of every minimum, we con- 
cluded that the crown ring structure of host 1 
remains roughly planar in every host-guest com- 
plex regardless of the structure and chirality of 
the guest. Thus we can characterize the struc- 
tures of host-guest complexes by two angles: As 
depicted in Figure 3, the tilt angle 8 is defined by 
the atoms Cl-Nl-N2, and the dihedral angle cp 
by the atoms Cl-C2-Nl-N2. Table I lists the val- 
ues of 8 and cp of global minimum structures. 
The (+) sign is used for counterclockwise rota- 
tion of cp while the (-) sign is used for clockwise 
rotation. The values of 8 and (p in the X-ray crys- 
tal structure of 1:(S)-2 are 76" and 4 2 " ,  respec- 
tively, and 75" for 8 and 42" for cp in 1:(R)-2 
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ONE-SUN LEE et al. 260 

crystal structure. Even though the values of cp in 
the calculated structures are different from those 
in the crystal structures, the energy difference of 
3.2 kJ/mol between 1:(S)-2 and 1:(R)-2 is compa- 
rable to the result of Bradshaw et The struc- 
tures obtained from molecular simulation in the 
gas phase and X-ray crystallography can differ 
slightly due to the constraints imposed by the 
crystal packing and the presence of counter-ani- 
ons in the crystal structure. The pyridine group 
of 1 and the naphthyl group of 2 (or the phenyl 
group of 3) are almost parallel as in the crystal 
structures, roughly corresponding to the range 
70" < 0 < 80" in 1:2 and 1:3 complexes. 

The FEP-calculated and experimentally deter- 
mined values for the enantioselectivities of 1 
toward 2-5 are given in Table 11. The calculated 
values are in excellent agreement with the exper- 
imental results. Only in the case of 1:3 complex 
the error bar of the experimental value lies out- 
side the standard deviation of the computed 
result, and even in this case these error intervals 
are separated by only 0.4 kJ / mol. Moreover, the 
simulations can reproduce the relative enanti- 
oselectivities of 1 toward the guests. l:(R)-Guest 
is always more stable than l:(S)-Guest in every 
1:Guest complex as in the experiments. Figure 4 
shows the free energy profiles for the conversion 
of the (S)-Guest into the @)-Guest of each com- 
plex. In each case, the free energy profile shows a 
smooth transition as the ($Guest mutates into 
the @)-Guest, and this is consistent with good 
convergence. To confirm the convergence, we 
performed a more elaborate FEP calculation 
with a 100-ps run for equilibration and a 1000-ps 
run for sampling each window, and the results 
are listed in Table 11. The other conditions are the 
same as described in part 11. The results of this 
calculation are almost identical to those given by 
the case of the 100-ps equilibrium and 500-ps 
sampling simulation. This shows that values of 
100 ps for equilibration and 500 ps for sampling 
per window are adequate for these systems. 

The directions of the naphthyl rings of 1:(R)-2 
and 1:(S)-2 obtained from a high-temperature 

dihedral angle m 
tilt angle 

FIGURE 3 The tilt angle (0) and the dihedral angle (cp)  used in 
describing the host-guest complexes. 6 is defined by the 
atoms C1-Nl-N2 and cp by the atoms Cl-C2-Nl-N2 

global minimum search are opposite to those 
observed in X-ray experiments." As a conse- 
quence of the difference in orientation of the 
naphthyl group, different steric interactions 
between 1:(R)-2 and 1:(S)-2 were reported.32 This 
is reflected in a shorter contact distance between 
the methyl carbon attached to the chiral carbon 
of 1 and the nearest naphthyl hydrogen in (S)-2 
than in (X)-2. To obtain a reliable result, this ring 
rotation should be included in the phase sam- 
pling during the FEP calculation. However, this 
ring rotation is hardly sampled by traditional 
molecular dynamics simulations since the 
energy barrier of the ring rotation is quite high. 
In our preliminary work,33 the ring rotation was 
not properly sampled by traditional molecular 
dynamics simulations. The torsional energy bar- 
riers for the naphthyl ring rotation of (X or s)-2 
are depicted in Figure5. In these calculations, 
the torsional angle connecting the naphthyl 
group and the chiral carbon was used as the var- 
iable, and it is denoted as w hereafter. When ( R  
or $2 is not bound to 1, the energy barrier is 
about 60 kJ/mol (Figure5(a)), and when it is 
bound to 1 the energy barrier is about 90 kJ /mol 
(Figure 5(b)). To take the ring rotation into 
account, 0 was used as a degree of freedom in 
Monte Carlo moves in MC/SD. The naphthyl 
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10 
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0 0.2 0.4 0.6 0.8 1 

-5 ' 
it 

FIGURE 4 Free energy profiles for FEP calculations of 1:Guest complexes: filled circle 1:2; open square 1:3; filled square 1:4; and _. - 
open circle 1:5 

ring rotation was observed in the FEP calcula- 
tion when h > 0.5. This shows that the ring rota- 
tion motion was properly sampled in our FEP 
simulation. 

MD Simulation 

As shown in experimental and FEP results, the 
degree of enantioselectivity of host 1 toward chi- 
ral guests depends on the properties of the larg- 
est substituent of the guest. 1 revealed higher 
enantioselectivity toward the guest with a more 
rigid and more aromatic substituent. For deeper 
understanding of the role of the substituent of 
the guest in enantioselection, MD simulations 
were performed for every host-guest complex. 
Even though FEP calculation is suitable for 
reproducing experimental free energy differ- 
ences, the structural information of molecules 

can be obtained more successfully through anal- 
ysis of the MD trajectories. 

The calculated results for A A A D ~ ~  are listed in 
Table 11. Three independent simulations were 
performed and average values with standard 
deviations are reported. As in the FEP calcula- 
tion, the relative enantioselectivities, A M D y n ,  
were well reproduced. However, the free energy 
differences obtained in this calculation are less 
satisfactory than the results of the FEP calcula- 
tion. According to Figure 5(b), the equilibrium 
values of o in 1:(R)-2 and 1:(5)-2 are 70" and 
-90", repectively. The populations of the Boltz- 
man distribution around these minima at 300 K 
are about 97% for 1:(R)-2 and 99% for l:(S)-2, and 
thus we did not take o as a variable in the 
MC/SD si~nulations?~ The error from the omis- 
sion of this degree of freedom is expected to be 
less than 3%. 
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CI) 
FIGURE 5 Torsional energy profiles for the naphthyl ring rotation of ( R  or 3-2, (a) when it is not bound to 1 and (b) bound to 1. 
o is the torsional angle connecting the naphthyl group and the chiral carbon. The lines in (b) are the fits to the Fourier series of 
CObO 
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TABLE I The Values of cp and tl of Global Minimum 
Structures of I:(R or S)-Guest Complexes Obtained by High 
Temperature (800 K) Dynamics Simulation 

Guest (St2 (R)-2 (S)- (R)-3 (Sk4 fR)-4 (5)-5 (R)-5 

tl 74" 73" 78" 73" 88" 78" 130" 86" 

cp -14" 35" 30" 38" 38" 43" -163" 74" 

TABLE I1 Calculated and Experimentally Determined 
Enantioselectivity of 1 toward 2-5 (All Units are in kJ/mol) 

Guest MGE~; AAAFE: MFEP' AAA,,,d 

2 3.5+0.6 3.110.3 3.0+0.3 3.8k0.1 

3 2.4k0.5 1.3k0.2 1.5k0.1 3.6k0.5 

4 0.9k0.2 0.6k0.3 0.5+0.2 3.4k0.9 

5 0.3k0.4 0.2k0.2 0.3k0.2 0.8 k0.7 
~ _ _ _  ~ 

a. 
b. 
window. 
c. 
window. 
d. 

Experimental values. See Reference 13. 
Free energy obtained by FEE' with 500-ps sampling per 

Free energy obtained by FEP with 1000-ps sampling per 

Free energy obtained by MD. 

Although enantioselectivity from MD is less 
satisfactory than that from FEP, the mechanism 
of enantioselection can be more clearly eluci- 
dated by analysis of the MD trajectories. To ana- 
lyze the dynamics simulation results more 
efficiently, we plot the relative occurrence of the 
configurations on the potential energy surface. 
The potential energy surface was obtained by the 
relaxed scan method.24 The relative angles-0 and 
cp in Figure3-between the host and the guest 
were used as variables in this relaxed scan calcu- 
lation. We performed energy minimization cal- 
culations in the range 50" < 0 < 150" and -180" < 
cp < 180". The variation interval was 5" for both 0 
and cp. The global minima found in this calcula- 
tion almost coincide with the high-temperature 
global minimum search results. Only the regions 
of the potential energy surface with energy up to 
20 kJ/mol are presented for clarity, and isoen- 
ergy surfaces are represented by contours with 
an interval of 5 kJ/mol. 

The potential energy surfaces of l:(R or S)-2 
are shown in Figure 6. As expected from experi- 

mental results, most thermally accessible config- 
urations of 1:(A)-2 are located in the range 15" < 
cp < 65", while those of 1:(S)-2 are mainly located 
in the range 4 5 "  < cp < 15". In both systems, the 
values of Bare around 75", indicating that the 
pyridine group of 1 and the naphthyl group of 2 
are almost parallel in every local minimum 
structure. The relative populations found in the 
MD simulation are also presented in Figure6 
(c)and (d) after analyzing every structure of the 
MD simulation. As expected from the potential 
energy surface, structures are located around the 
region 15" < cp < 65" for l:(R)-2, and in the region 
-40" < cp < 15" for 1:(S)-2. This result implies that 
the characterization of host-guest complex struc- 
ture by 0 and cp describes the MD trajectories 
quite well. As shown in 1:(S)-2 complex, the 
shape of the 8-9 potential energy surface is 
almost the same as that from dynamics simula- 
tion results. For clarity and efficiency, the 0-cp 
potential energy surface will be used in the sub- 
sequent discussion for elucidating the results of 
dynamics simulations instead of plotting the 
structural results in terms of 0 and cp.35 

In order to estimate the contribution of the 
naphthyl and the methyl groups in 1:2 complex 
to the enantioselection, potential energy surfaces 
of 1:Achiral guest were also studied. The achiral 
guests were constructed by replacing the methyl 
group attached to the chiral carbon with a 
hydrogen atom. In these potential energy sur- 
faces, the role of the naphthyl group of 2 in enan- 
tiomeric discrimination will be more clearly 
elucidated. The range and interval of this calcu- 
lation were the same as above. To understand 
the role of the direction of the naphthyl ring, we 
constructed two configurations of 1:AchiraI-2 
complexes. One configuration, denoted by 
1 : 2:, was constructed from 1:(X)-2, and the 

other, 1 : 2;, was constructed from l:(S)-2, and 
the structures are shown in Figure 7. These two 
1:Achiral-2 complexes are actually just different 
conformers of the same complex with a large 
barrier between them. The structures of these 
complexes are the same except for the direction 
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FIGURE 6 (a) and (b): Potential energy surfaces for 1:(R)-2 and 1:(S)-2 complexes, respectively. (c) and (d): Relative populations 
(" i ,)  of the conformations in an area element of 5" in 0 and cp generated from MD simulations of 1:(R)-2 and l:(S)-2, respectively. 
(c) and (f):  Potential energy surfaces for 1 : 2;. and 1 : 2; complexes, respectively. See Figure 3 for the definition of the angles 
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1 :2; 1 :2; 
FIGURE 7 The minimum energy structures of (a) 1 : 2; and (b) 1 : 22 complexes 

of the naphthyl ring. In principle, an achiral 
guest cannot be discriminated by a chiral host. 
Actually, however, in 1 : 2; and 1 : 22 systems, 
the achiral guests can be discriminated by a chi- 
ral host since the directions of the naphthyl rings 
are opposite. In these complexes, 1 feels these 
rings differently since the energy barrier for 
naphthyl ring rotation is as high as 50- 
60 kJ / mol. 

The 8-(p potential energy surfaces of 1:2k 
and 1 : 2e complexes are in Figure 6 (e) and (f). 
They differ markedly from each other and ther- 
mally accessible configurations are mainly 
located around -5" < cp < 60" for 1 : 22 and -50" 
< cp < 40" for 1:2$. The localized position of 
1:2;(or 1:2;) is almost the same as that of 
1:(R)-2 (or 1:(S)-2). However, the chiral guest is 
localized to a smaller region on the 8-(p potential 
energy surfaces. This suggests that the role of the 
naphthyl ring is to restrict the configuration of 
the guest relative to the host, even when an achi- 
ral guest is docked in a chiral host 1. When the 
chiral guest is docked with the host, the methyl 
group of the guest restricts the complex struc- 
ture to a more rigid one. This agrees well with 
the experimental results of Dearden et al., sug- 

gesting that the role of the naphthyl ring is more 
important in enantioselection. 

To quantify the role of the naphthyl ring in 
enantioselection, the MD simulations of 1 : 2; 
and 1:2g were performed and analyzed. The 
MD conditions were the same as those for the 
l:(X or S)-2 complex. The free energy difference 
in this calculation was 3.6 f 1.0 kJ/mol. As 
shown in Figure 6(e) and (f), the potential energy 
surfaces of 1 : 2; and 1 : 2; are relatively flat 
and the thermally accessible areas are broader. 
The error in the free energy difference for the 
achiral guest is larger than that for the chiral 
guest. Even though this calculation is relatively 
rough, it can be concluded that the free energy 
difference (3.8 f 0.1 kJ/mol in Table I) in 1:2 
mainly comes from the effect of the different ring 
directions of the naphthyl group. 

The 8-9 potential energy surfaces of l:(R or 
S)-3, l:(R or S)-4, and l:(R or S)-5 are shown in 
Figure8. As in l:(X or S)-2, the location of the 
global minimum is different between 
l:(R)-Guest and l:(S)-Guest in all complexes, but 
the difference between them is less than that 
between l:(X)-2 and l:(S)-2. The shapes of the 
potential energy surfaces of 1:(R)-5 and 1:(S)-5 
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Figure 3 for the definition of the angles 
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are almost the same, and the location of the 
minima are distributed almost evenly in the 
range -180" < cp < 180°, unlike in the other cases. 
Thus the thermally accessible conformations are 
spread almost over the full range of the 8-(p 
potential energy surface. The barriers between 
them are at most 10 kJ/mol. Moreover, the 
energy difference between 1:(R)-5 and l:(S)-5at a 
corresponding position on the 8-9 potential sur- 
face is small. Thus the free energy difference 
between 1:(R)-5 and l:(S)Sis small, indicating 
that host 1 does not discriminate well between 
(R)-5 and ($5. The 8-lp potential energy surfaces 
of l:(R or S)-3 and l:(R or S)-4 complexes show a 
relatively moderate tendency toward enantiose- 
lection compared with the above two extreme 
cases, l:(R or S)-2 and l:(R or 5)-5. However, in 
l:(R or S)-3 complex, the thermally accessible 
configurations are restricted to a smaller region 
than in l : (R  or 5)-4, due to the more rigid and the 
largest aromatic substituent (phenyl group) of 3. 

In summary, we performed FEP and MD sim- 
ulations on enantiomeric complexes of dimethyl- 
diketopyridino-18-crown-6 (1) and chiral 
protonated amines (2-5) to obtain the free energy 
differences, and to elucidate the mechanism for 
enantioselectivity. The FEP calculation repro- 
duced the experimental enantioselectivity quite 
well, and the inclusion of the ring rotation in the 
FEP simulation was an important factor in repro- 
ducing the enantioselectivity in 1:2 complex. In 
MD simulations, the detailed motion of 
host-guest complexes was monitored and the 
role of the substituent of the guest was analyzed. 
The role of the largest substituent of the guest is 
to orient the guest to a more stable position rela- 
tive to the host molecule. When the largest sub- 
stituent group of the guest is more rigid and 
more aromatic, the thermally accessible configu- 
rations on the 8-9 potential energy surface are 
restricted to a smaller region, indicating that the 
more rigid host-guest complex shows a higher 
enantioselectivity. The methyl group in the guest 
contributes additional enantioselection by 
restricting the complex structure to a more rigid 
one. 
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