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The complexation of an adamantyl-phosphate derivative with oneâ-cyclodextrin, with twoâ-cyclodextrins,
and with twoâ-cyclodextrins dimerized with a disulfide bridge was studied by computational methods
(MD, MM/PBSA, and MM/GBSA) to analyze and rationalize the chelate effect. Although this effect is
usually explained by invoking favorable entropy contribution due to the preorganization of the ligand, it
has been determined experimentally that in this case it is enthalpy-driven. The computational results are
in accord with this finding, although the entropy contribution due to the solvent structural organization
around the complex is crucial for the final estimates of the free energy of complexation.

Introduction

The chelate effect, invoked to justify that bidentate ligands
give values of formation constants much larger than those of
monodentate ligands, is classically explained by the entropy
contribution to the free energy of the process produced by the
preceding arrangement of the ligand.1 The chelate effect is of
essential importance in inorganic chemistry2 where metallic
cations are normally surrounded by various ligands. Neverthe-
less, recent developments in supramolecular chemistry (more
precisely, in host/guest chemistry) revealed the importance of
the chelate effect in organic chemistry as well.3,4 Among the
systems studied are those having cyclodextrin dimers as a host.5

The thermodynamics of the complexation of several guests
with cyclodextrin dimers (linked with different spacers) were
studied experimentally in aqueous solution.6 The chelate effect

† Universitat Autònoma de Barcelona.
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(the strong binding of ditopic substrates) was assigned to be
entirely due to an improved enthalpy of binding in these cases.
Moreover, the entropy of ditopic binding was determined less
favorable than for the monodentate binding.3,6 The complexation
of di-2-(1-adamantyl)ethyl hydrogenophosphate (ADA ) at pH
) 7.0, with eitherâ-cyclodextrin,BCD, or a â-cyclodextrin
dimer linked by an S-S bridge,BCDS (Figure 1), was among
the cases considered. The results of the experimental study,
Table 1, show that the formation constant for the first cyclo-
dextrin (ADA /BCD) is 50 times bigger than that for the second
cyclodextrin (ADA /(BCD + BCD)). It was proposed6 that the
first cyclodextrin interferes geometrically with the binding of
the second cyclodextrin. The enthalpy of binding forADA/
BCDS is ca. 5 kcal/mol more favorable than for the binding of
ADA with two BCD (ADA/2BCD). However, the free energy
for the complexation with the two independentBCD units is
higher than for the complexation with theBCDS.This originates
from the decrease of the entropy for the chelate binding, in
contradiction with the classical perception of the chelate effect.
The effect of the solvent has been invoked in order to explain
the observation (enthalpy/entropy compensation): improved
solvation lowers enthalpy and lessens∆G at the expense of
entropy (diminished solvation provides entropy advantages).

Computational studies aimed at the modeling of such com-
plexations are scarce,7 and the reason seems to be the inherent
difficulty for computing entropy. Moreover, the solvent that
should favor the fragments to approach each other also
introduces complexity to the system. Solvation effects can be
nowadays reasonably well studied by computational methods,8

thus allowing the elucidation of the factors responsible for the
unexpected observation.6 Another aspect of the usefulness of

performing modeling studies on the chelate binding of a doubly
bound guest to a relatively rigidly linked cyclodextrin dimer is
the potential ability of the linker to act on the guest when a
catalytic group is present in the bridge fragment;3 catalysts were
reported for ester hydrolysis based on cyclodextrin dimers.9,10

The well-defined geometries of these systems provide appropri-
ate conditions to direct chemical reactions to particular parts of
the substrate. The understanding of the chelate effect is of
practical significance also for designing effective medicinal
compounds. Not only cyclodextrin dimers but also cyclodextrin
trimers and tetramers are expected to appear suitable for the
purpose.3,11 A promising approach has been devised by using a
cyclodextrin dimer to assist cancer treatment by photodynamic
therapy.12 Thus using computational methods to elucidate the
structure and the energetics of these interesting systems can
assist in devising useful applications.

We present in this report the results from molecular dynamics
simulations on the complexation process ofADA with one and
two BCD and with theBCDS dimer in the presence of explicit
water as solvent. Relative binding free energies∆G, different
contributions to∆G, and the effect of the solvent on the
energetics of the process were obtained from MM/PBSA13aand
MM/GBSA13b analyses of the MD trajectories. The results
helped to understand the complexation process and to evaluate
the relative importance of the enthalpy and the entropy in this
particular case.

Computational Methodology

The AMBER program14 and the parm9415 and parm9915b force
fields were used throughout all of this work. Atomic charges for
the guest molecule (ADA ) were obtained by the RESP methodol-
ogy.16,17 The anionic form (deprotonated) was only considered, as
the phosphate is supposed to prefer the anionic form in water. The
charges forBCD and forBCDSwere taken from a previous study.18
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(18) (a) Bea`, I.; Cervelló, E.; Kollman, P. A.; Jaime, C.Comb. Chem.
High Throughput Screening2001, 4 (8), 605-611. (b) Bea`, I.; Jaime, C.;
Kollman, P. A.Theor. Chem. Acc.2002, 108, 286-292.

FIGURE 1. Structures of the di-2-(1-adamantyl)ethyl hydrogenophos-
phate molecule in anionic (ADA ) form, â-cyclodextrin (BCD), and
S-S linkedâ-cyclodextrin dimer (BCDS).

TABLE 1. Experimental6 Formation Constants, Kf (M-1), and
Thermodynamic Data (kcal/mol) for the Complexation of ADA with
BCDS (ADA/BCDS), with One BCD (ADA/BCD), with the Second
BCD (ADA/(BCD+BCD)), and for the Total Complexation with
Two BCDs (ADA/2BCD)

complex Kf ∆G ∆H T∆S

ADA/BCDS 1.8× 107 -9.89 -16.15 -6.26
ADA/BCD 2.3× 105 -7.30 -7.00 0.30
ADA/(BCD+BCD) 4.4× 103 -4.97 -3.84 1.13
ADA/2BCD -12.27 -10.84 1.43
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Some additional molecular mechanics force field parameters were
derived from ab initio MO calculations or by a comparison with
similar parameters in the parm94 force field (O2-P,Kr ) 525.0,
req ) 1.566; OS-P,Kr ) 230.0,req ) 1.670; OH-P,Kr ) 230.0,req

) 1.670; OS-CT-OS,Kθ ) 80.0,θeq ) 126.0; HC-CT-OS,Kθ )
50.0,θeq ) 109.5; OS-CT-HC,Kθ ) 50.0,θeq ) 109.5; units are
Å (req), kcal/(mol Å2) (Kr), degrees (θeq), and kcal/(mol radian2)
(Kθ)). All molecules were solvated by a cubic box of TIP3P
waters.19 Different simulation protocols were executed with the two
force fields used.

In the 500 ps simulations with parm94, periodic boundary
conditions, 8.0 Å primary cutoff, and 13.0 Å for a secondary cutoff
for nonbonded interactions were applied.20 Starting from energy
minimized structures, the systems were heated to 300 K in three
intervals of 50 ps, followed by 50 ps simulations for achieving
equilibration. Production runs of 500 ps were executed with
structures sampled every 1.0 ps. A time step of 2.0 fs was used in
the simulation at constant temperature and pressure, employing
separate temperature scaling factors for the solute atoms and for
the solvent, as well as molecule scaling for pressure.

The AMBER program (version 7)14b was used for the 5.0 ns
simulations with the most recent parametrization of the AMBER-
related additive force fields, parm99.15b The molecular dynamics
simulations were run for water solution (a box with TIP3P19 water
molecules) using the particle mesh Ewald (PME) method21 for the
treatment of the long-range electrostatics. A 9.0 Å distance cutoff
was used for direct space nonbonded calculations and a 0.00001
Ewald convergence tolerance for the inclusion of long-range
electrostatic contributions. The SHAKE option (tolerance 0.00005
Å) was activated for constraining bonds involving hydrogen atoms.
The “solvateBox” command of LEaP was utilized to create a cubic
solvent box around the solutes with buffer distances of 10.0 Å
between the walls of the box and the closest atoms of the solute.
The dimensions of the periodic TIP3P water boxes and the number
of water molecules were as follows:ADN/BCDS (36.9 Å; 1541);
ADN/2BCD (head) (40.1 Å; 2023);ADN/2BCD (tail) (39.2 Å;
1892);ADN/2BCD (crossed) (37.5 Å; 1637);ADN/BCD (down)
(39.8 Å; 2018);ADN/BCD (central) (36.5 Å; 1497);ADN/BCD
(up) (39.1 Å; 1926);ADN (37.2 Å; 1675);BCDS (36.4 Å; 1496);
BCD (36.1 Å; 1529).

We followed practically the same protocol for equilibration tested
recently in simulations on large-ring cyclodextrins.22 The prepara-
tion of solvated molecules for the simulations comprised several
stages: (i) 50000 steps steepest descent minimization with holding
the solute fixed with positional restraints; (ii) 25.0 ps unrestrained
MD were run at 100 K on the water alone while holding the solutes
constrained (this is the stage of the equilibration process where the
bulk of the water relaxation takes place); (iii) gradual release of
the restraints on the solutes in a series of minimizations and MD
steps: 1000 steps minimization and 3.0 ps MD with 25.0 kcal mol-1

Å position restraints, followed by five rounds of 600 steps
minimization, reducing the positional restraints by 5.0 kcal mol-1

Å each run; (iv) 50.0 ps MD simulation after heating the system
from 100 to 300 K using the default value for the time constant
for heat bath coupling; (v) the equilibration process was completed
with an additional 500 ps simulation at 300 K. The productive runs

were performed with a 1.0 fs time step, at 300 K and a constant
pressure of 1.0 bar with isotropic position scaling. The simulation
time was 5.0 ns. Samplings were taken every 1.0 ps. The
computations were performed using the Compaq AlphaSever HPC
of the LSF cluster of CESCA and on a dual Xeon 3.06 GHz
platform at IOC-BAS.

The energy for each complex was computed also by the MM/
PBSA (Poisson-Boltzmann/Surface Area23a) and the MM/GBSA
(Generalized Born13b/Surface Area (LCPO)24) methodology imple-
mented in AMBER; 500 structures from the whole MD trajectories
were utilized to estimate the MM/GBSA energies in each case.

The relative free energies of binding were computed as
follows:13

The free energies for each species [the complexes, the guest
(bisadamantyl-phosphate in its anionic form), and the host (one or
two â-cyclodextrins and the S-S linked dimer)],∆Gwater, were
evaluated by the following scheme:

whereEgas is the total energy in the gas phase,GPB(GB) + Gnonpolar

- solvation free energies of the complexes.
An estimation of the entropy term (∆S) was obtained using the

NMODE module of AMBER.14 Sampled structures were extracted
from the MD trajectory files (6 structures from each 500 ps
simulation and 51 structures from each 5.0 ns simulation; the water
molecules were removed). The structures were energy-minimized
prior to the normal-mode analysis using distance-dependent di-
electric constant of 4rij (whererij is the distance between atomi
and atomj). The final entropy estimates for each system (the
complex and the individual molecules) were obtained after averag-
ing the computed values for all snapshots.

Results

All complexes and orientations were studied with the anionic
form of the phosphate molecule as a guest (designated asADA ).
Most probably, only the anionic form should exist in aqueous
solution owing to the acidity of the phosphate. Counterions were
not used in the MD simulations of the anionic complexes,
because the proton will preferentially exchange rapidly with
water rather than remain near the complex.

MD on Guest and Hosts. The MD simulations for the
solvated guest,ADA , produced structures that are folded or
extended at different stages of the simulation, with the V-shape
(folded) however more frequently appearing (Figure 2). The
distance between the adamantyl groups (measured between the
carbon atoms linked to the spacer) vary from 6.8 Å (folded) to
9.1 Å (extended). WhereasBCD does not deform strongly in
solution,BCDS is quite tensioned. The S-S linkage forces the
two BCD units to approach each other (Figure 3, 2.0 ns, 4.0
ns). Extended conformations ofBCDS are also present (Figure
3, 1.0 ns, 5.0 ns). Both structures have very similar total energies
(1587.0 (2.0 ns) and 1587.3 (4.0 ns) kcal/mol vs 1586.8 (1.0
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Solution; Pratt, L. R., Hummer, G., Eds.; American Institute of Physics:
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ns) and 1587.0 (5.0 ns) kcal/mol). The extended conformation
presents a better solvation (due to more accessible hydroxyl
groups) and a lower internal energy (less tensioned). The
preorganized structures (Figure 3, 2.0 ns, 4.0 ns) appear more
frequently during the simulation and they can easily develop
into a capsule after the substrate enters into the cavity of one
of the macro-rings. The S-S linkage provides enough freedom
to the two lids to rotate appropriately in order to adjust the
substrate. The simulations suggest also a two-stage mechanism
for the complex formation, namely, entery of the substrate in
the cavity of one of the CDs and subsequent rotation and closure
of one of the lids (in addition to the complex formation by the
substrate entering simultaneously into the cavities of the two
CDs from the side of one of them).

MD Simulations of 1:1 Complexes.25 The complexation of
the guest with oneBCD was studied considering three initial
guest orientations, “down” (D), “central” (C), and “up” (U)
(Figure 4).

The 500 ps MD simulations with these three orientations
afforded preferentially structures presented in Figure 5a. The
guest is folded when theD and theC orientations are used, but
not so forU (Figure 5a). One adamantyl group in the latter
case is included in the cyclodextrin cavity, while the phosphate
oxygens interact with the primary hydroxyl rim. The other
adamantyl group remains outside the cyclodextrin. The energy
analysis indicates that the complex is stabilized by electrostatic
and by van der Waals interactions, with the latter interactions
more heavily weighted. The prevalence of the complex stabi-
lization by the van der Waals interactions remains even for a
valueε ) 1.0 of the dielectric parameter (Table 2).

The preferred orientation in the 500 ps simulations isC
(ADA/BCD-C ), whereas lower energies were obtained with the
parm99 force field and longer simulations (5.0 ns) when starting
the simulations from the other two orientations. The results are
strongly dependent on the value used for the dielectric param-
eter. Larger values, e.g.,ε ) 4.0, produce higher stabilization
again for theC orientation in the 5.0 ns simulations. The overall
initial geometry (down, central, and up) can also serve as a
designation of the shape of the structures of the complexes

(25) The complexes were designated by using the guest and host names
separated by a slash.ADA /BCD means the complex formed between the
anionic form of the phosphate and oneâ-cyclodextrin, whereasADA/2BCD
is the complex with twoâ-cyclodextrin units andADA/BCDS is the
complex between the anionic form and the S-S linked dimer.

FIGURE 2. Representative conformations of the solvatedADA as
obtained from the MD simulations. Hydrogen atoms have been removed
for clarity.

FIGURE 3. Representative structures obtained in the 5.0 ns MD
simulations of solvatedBCDS. Hydrogen atoms have been removed
for clarity.

FIGURE 4. Schematic representation of the three initial orientations
(down, D; central, C; and up, U) considered for theADA/BCD
complex.

FIGURE 5. (a) Representative conformations obtained in the 500 ps
MD simulations of the solvatedADA/BCD in the down (D), central
(C), and up (U) orientations, respectively. (b) Snapshots from the 5.0
ns simulation with the central orientation.

Chelate Effect in Cyclodextrin Dimers
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during the individual three 5.0 ns simulations (Figures 1S, 2S,
and 3S in Supporting Information). The overall appearance of
the structures from the three 5.0 ns simulations manifest some
specificities: one of the adamantyl groups is inside the cavity,
while the other end of the substrate is bent over the macroring
(down orientation); the macroring is significantly more distorted
in the central orientation than in the other two orientations; one
of the adamantyl groups in the up orientation is inside the cavity
and the other adamantyl group is above the smaller rim of the
macroring but more distant from an average plane of the torus
than in the down case (completely extended conformation of
the substrate (Figure 3S, 5.0 ns)). An average value of the total
energies for the three orientations in Table 2, which are in a
dynamical equilibrium in water solution, can be considered as
an estimate for the energy of complex formation ofADA/BCD
(about 27 or 36 kcal/mol forε ) 1.0 or 4.0, respectively).

MD Simulations on 2:1 and S-S Dimer Complexes.The
complexation of the guest with two cyclodextrins was also
studied with 500 ps simulations for three orientations of the
two host units: head (H), tail (T), and crossed (X) (Figure 6).
Representative structures from the 500 ps MD simulations are
presented in Figure 7a.

All structures have the phosphate molecule unfolded and
interlinking the two host units of the complex. The complexes
with the three orientations were further subjected to the longer
5.0 ns simulation. The van der Waals interactions again present
the decisive factor for the complex formation (Table 3). The
shape of the suprastructureADA/2BCD vary significantly
during the long 5.0 ns simulation: from the normal “cylindrical”
form of the cavity enclosed by the two macrorings to signifi-
cantly displaced and tilted with respect to each other CDs
(Figure 7b). Figures 3S, 5S, and 6S in Supporting Information
displays snapshots from different stages of the 5.0 ns simulations
with the three orientations.

Only one orientation was studied for the complexation of the
disulfide-bridged cyclodextrin dimer (Figure 6). Representative
structures are displayed in Figure 8. In disagreement with the

experimentally determined enthalpy estimate,6 the binding
energy withBCDS is smaller than that for the case with two
cyclodextrins when only 500 ps simulation is executed. How-
ever, the average estimates forADA/2BCD (Table 3;-50.7
and-59.8 kcal/mol forε ) 1.0 and 4.0, respectively) from the
longer 5.0 ns simulation match the experimental observations:
the ADA/BCDS complex is characterized with the larger
binding energy. This is valid also for a comparison with the
binding energies of theADA/2BCD complex in the tail
orientation (the two CDs inBCDSare in tail orientation to each
other). The distance between the two adamantyl groups of the
substrate increases to 9.5 Å when it is complexed with the
BCDS. Figure 7S in Supporting Information displays snapshots
from different stages of the 5.0 ns simulation of theADA/BCDS
complex.

The comparison of the energy data forADA/BCDS and
ADA/2BCD-T (5.0 ns simulation) indicates that all energy
contributions are similar for the two suprastructures. The S-S
linkage forces the twoBCD units to be positioned closer to
each other and to deform. The complexation ofBCDS with the
guest does not alter significantly this molecular geometry.

The binding energy for the complexation of the secondBCD
unit can be also deduced from the binding energies for the 1:1
(Table 2,C (central)) and 2:1 (Table 3) complexes. Values of

TABLE 2. Energies of Complexation (kcal/mol) of ADA with BCD

MM/PBSA; parm94a; 500 psb MM/GBSA; parm99a; 5.0 nsb

down central up down central up

ε ) 1.0 ε ) 1.0 ε ) 1.0 ε ) 1.0 ε ) 4.0 ε ) 1.0 ε ) 4.0 ε ) 1.0 ε ) 4.0

Eelec -25.7 -6.4 -11.2 -25.5 -6.4 -23.9 -6.0 -11.4 -2.8
EvdW -33.6 -33.7 -32.0 -36.2 -36.2 -37.7 -37.7 -34.6 -34.6
Egas) Eelec+ EvdW -59.3 -40.1 -43.2 -61.8 -42.6 -61.7 -43.8 -46.1 -37.5
Enonpolar -4.4 -4.1 -4.1 -2.7 -2.7 -2.8 -2.8 -2.6 -2.6
EPB/GB 43.9 23.8 28.6 35.4 8.7 38.2 9.4 19.9 4.9
Esolvation 39.5 19.7 24.5 32.7 6.0 35.4 6.7 17.3 2.4
EPB/GB+elect 18.2 17.4 17.4 9.9 2.4 14.3 3.5 8.5 2.1
Etotal,PB/GB -19.8 -20.4 -18.7 -29.1 -36.6 -26.3 -37.1 -28.8 -35.2

a Force field.b Simulation time.

FIGURE 6. Schematic representation of the three initial orientations
(head,H; tail, T; and crossed,X) considered for theADA/2BCD
complexes, and the orientation for the complex withBCDS.

FIGURE 7. (a) Representative conformations in the 500 ps simulations
for the solvatedADA/2BCD complexes in theH, T, andX orientations,
respectively. (b) Snapshots from the 5.0 ns simulation with the head
orientation.
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-22.3,-24.3, and-26.8 kcal/mol (ε ) 1.0) for theH, T, and
X ADA 2:1 complexes were obtained from the 5.0 ns simula-
tions, respectively. These estimates are of the same magnitude
as for the complexation with the firstBCD (Table 2,C (-26.3
kcal/mol)) and do not match the experimental observation that
the enthalpy for the complexation of the secondBCD is about
half of the energy of binding of the firstBCD.

Analysis of Entropy Contributions. Our efforts were further
devoted to assess the entropy factors in these complexations.
Unfavorable entropy contributions resulted in all cases (Table
4, Part I). The entropy favors the complexation with oneBCD
more than the complexation with twoBCDs. Concerning the
chelate effect, the entropy disfavors the complexation with two
BCDs more than the complexation with the S-S linked dimer,

as expected from the classical interpretation of the chelate effect
but in contradiction with the experimental results.6

A cautionary note has to be made here regarding the
evaluation of the entropy contribution. It was computed
exclusively for the molecules forming the complexes. The effect
of the ordering or disordering of the water molecules around
the complexes was not considered. Water molecules are
intentionally removed whenever the MM/PBSA or MM/GBSA
analyses are made. Consequently, this computational methodol-
ogy reproduces the “classical” chelate effect but it is unlikely
to be applicable in cases where changes in solvation apparently
dominate the thermodynamics of the system.6 For now it is
extremely difficult to evaluate by computation the entropy

TABLE 3. Computed Results (kcal/mol) for Energies of Complexation of ADA/2BCD and ADA/BCDS

ADA/2BCD ADA/BCDS

MM/PBSA
AMBER (parm94)a

500 psb

MM/GBSA
AMBER (parm99)a

5.0 nsb

MM/PBSA
AMBER (parm94)a

500 psb

MM/GBSA
AMBER (parm99)a

5.0 nsb

Hc Tc Hc Tc Xc

ε ) 1.0 ε ) 1.0 ε ) 1.0 ε ) 4.0 ε ) 1.0 ε ) 4.0 ε ) 1.0 ε ) 4.0 ε ) 1.0 ε ) 1.0 ε ) 4.0

Eelec -77.3 -13.4 -56.3 -14.1 -24.0 -6.0 -48.2 -12.1 -25.4 -20.2 -5.0
EvdW -56.5 -58.0 -57.4 -57.4 -58.2 -58.2 -59.8 -59.8 -60.1 -60.5 -60.5
Egas -133.8 -71.4 -113.7 -71.5 -82.3 -64.3 -108.2 -72.0 -85.5 -80.8 -65.7
Enonpolar -5.6 -5.8 -4.0 -4.0 -4.0 -4.0 -4.1 -4.1 -5.6 -3.9 -3.9
EPB/GB 99.1 41.8 69.2 17.1 35.7 8.8 59.2 14.6 57.8 32.4 8.0
Esolvation 93.5 35.9 65.2 13.1 31.7 4.8 55.1 10.5 52.3 28.5 4.1
EPB/GB+elect 21.8 28.4 12.9 3.0 11.8 2.8 11.0 2.6 32.5 12.2 3.0
Etotal,PB/GB -40.3 -35.4 -48.6 -58.5 -50.6 -59.5 -53.1 -61.5 -33.2 -52.4 -61.6

a Force field.b Simulation time.c Orientation.

FIGURE 8. Representative conformations (a side view in stereo and a top view) obtained in the 5.0 MD simulations of the solvatedADA/BCDS
complex. Hydrogen atoms were removed for clarity.
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changes for the whole system (complexed molecules and
surrounding waters), and only a hypothesis can be formulated.

There should be diminished solvation in the dimer (ADA/
2BCD-H) (recall that head orientation is proposed in this case
and there are 28 hydroxyl groups unable to interact with water
molecules) producing an entropy increase (higher disorder of
the water arrangement). The corresponding difference between
the complexed and the uncomplexed species for the chelate
(ADA/BCDS) should not exist, and consequently its loss in
solvation would likely be insignificant. It is seen from the
comparison between the structures of the isolatedBCDS
molecule (Figure 3) and the complexed formADA/BCDS
(Figure 8) that theBCDSmoiety is more compact. The isolated
BCDS has some primary hydroxyl groups pointing toward the
cavity and forming hydrogen bonds with other hydroxyl groups
or even with the sulfur atoms. In contrast, most of these primary
hydroxyl groups in theADA/BCDS complex point toward the
exterior and form hydrogen bonds with the water molecules.
They should produce better solvation, thus lowering the entropy
of the system. There are indications both from MD simulations
and from PGSE NMR experiments that an increase of the
rigidity of the macrocyclic structure strongly affects the sur-
rounding water ordering,26-28 and as a consequence, the
configurational entropy of the water molecules decreases. The
overall effect is decrease of the entropy of the total system
(solute plus water molecules). The complexesADA/BCD , ADA/
2BCD, and ADA/BCDS present an analogous situation with
an expected decrease of entropy of water in the last case where
the disulfide bridge significantly affects the freedom for motion
whenBCDS is complexed withADA .

An alternative estimate of the free energies of the complex-
ation was also made (Table 4, Part II). The energy minimized

structures with the lowest energies were only considered,
selected among the extracted 6 or 51 structures from the 500
ps and the 5 ns MD trajectory files, respectively. The enthalpy
differences were estimated by adding vibrational enthalpy
corrections and zero-point energies. Vibrational contributions
were only considered for∆S. Indeed, in a qualitative agreement
with experiment, the entropy of ditopic binding was determined
in this case to be less favorable than for the monodentate
binding. Moreover, in accord with experiment the entropy favors
now the complexation with two BCDs more than the complex-
ation with one BCD.

Part III of Table 4 presents results for the same approach but
estimating the steric energy after minimization with accounting
for the effect of the solvent (GBSA). The computed free energies
for the complexation ofADA/BCDS are significantly less
affected by the solvent than forADA/BCD andADA/2BCD.
In qualitative agreement with the experimental data, theADA/
BCDScomplex has less favorable free energies of complexation
thanADA/2BCD when higher value is given (ε ) 4.0) of the
dielectric parameter for estimating electrostatic interactions.

Conclusions

The results from the computational study (MM/PBSA and
MM/GBSA) of the complexation between the adamantyl-
phosphate andâ-cyclodextrins revealed a clear preference for
the binding with theBCDS in agreement with the experimental
determinations.6 The guest has the central orientation (C) when
complexed with oneBCD.

We gained insight also into the relative importance of the
enthalpy and the entropy contributions to the free energy of
the complexation process. Experimental results6 (Table 1)
indicate that the enthalpy favors the chelate effect by ca. 5 kcal/

(26) Naidoo, K. J.; Chen, J. Y.; Jansson, J. L. M.; Widmalm, G.;
Maliniak, A. J. Phys. Chem. B2004, 108, 4236-4238.

(27) Harano, Y.; Kinoshita, M.Chem. Phys. Lett.2004, 399, 342-348. (28) Choi, Y.; Jung, S.Carbohydr. Res.2005, 340, 2550-2557.

TABLE 4. Computed Free Energies (∆G, in kcal/mol) for the Complexation of ADA with One BCD, Two BCD and with the Dimer BCDS

ADA

BCD 2BCD BCDS

AMBER
(parm94)a

500 psb

AMBER
(parm99)a

5.0 nsb

AMBER
(parm94)a

500 psb

AMBER
(parm99)a

5.0 nsb

AMBER
(parm94)a

500 psb

AMBER
(parm99)a

5.0 nsb

downc centralc upc downc centralc upc Hc Tc Hc Tc Xc

I. MM/PBSA or MM/GBSA with ∆SCorrection from AMBER(NMODE)
E (total,PB/GB)

ε ) 1.0 -19.8 -20.4 -18.7 -29.1 -26.3 -28.8 -40.3 -35.4 -48.6 -50.6 -53.1 -33.2 -52.4
ε ) 4.0 -36.6 -37.1 -35.2 -58.5 -59.5 -61.5 -61.6

T∆S -20.0 -16.7 -17.8 -19.1 -18.0 -17.5 -42.7 -37.0 -39.2 -35.3 -38.6 -21.2 -21.5
∆G

ε ) 1.0 0.2 -3.7 -0.9 -10.0 -8.3 -11.3 2.4 1.6 -9.4 -15.3 -14.5 -12.0 -30.9
ε ) 4.0 -17.5 -19.1 -17.7 -19.3 -24.2 -22.9 -40.1

II. Energy Minimized Structures with ZPE,∆Hvibr, and∆Svibr Corrections from AMBER(NMODE)
∆H -12.1 -1.9 -8.6 -20.1 -19.5 -15.9 -38.3 -17.7 -48.6 -39.1 -45.0 -24.0 -15.9
T∆S 4.1 7.6 4.7 4.4 5.5 6.0 9.1 12.8 9.5 13.4 10.1 3.6 2.5
∆G -16.3 -9.5 -13.3 -24.5 -25.0 -21.9 -47.4 -30.5 -58.1 -52.5 -55.1 -27.6 -18.4

III. Energy minimized structures in solution (GBSA) with ZPE,∆Hvibr and∆Svibr corrections from AMBER(NMODE)
∆H

ε ) 1.0 -6.6 -0.8 -4.6 15.8 -5.0 9.2 -25.0
ε ) 4.0 -11.2 -9.4 -11.0 -19.1 -25.2 -25.5 -12.1

T∆S 4.4 5.5 6.0 9.5 13.4 10.1 2.5
∆G

ε ) 1.0 -11.0 -6.3 -10.6 6.3 -18.4 -0.9 -27.5
ε ) 4.0 -15.6 -14.9 -17.0 -28.6 -38.6 -35.6 -14.6

a Force field.b Simulation time.c Orientation.
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mol, whereas entropy disfavors it by 8 kcal/mol. The computed
binding enthalpy does favor the chelate effect (Table 4) when
long enough simulations are executed. The entropy contribution
originating from the host and the guest molecules always
disfavors the complexation (Table 4, Part I). The binding with
two BCD is disfavored, however, by about 35-40 kcal/mol,
whereas that with theBCDS is disfavored only about 20 kcal/
mol. An alternative estimate of the entropy differences (Table
4, Part II) is in a qualitative agreement with the experimental
findings: the entropy favors more the formation of the complex
with 2BCD than with BCDS. Differences in the structural
organization of the solvent around the complexed and the
uncomplexed species must thus be crucial and very likely
produce higher disorder for the complexation with twoBCD
units than in the complexation with the cyclodextrins dimerized
with the S-S linker. Accordingly, the solvent effect on the
computed free energies for the complexation ofADA/2BCD is
higher than forADA/BCDS. It was recently shown from studies
on the influence of ligand, metal, and halogen nature on the
chelate effect for complexes of group 14 element tetrahalides
with monodentate and bidentate nitrogen-containing donors that

large reorganization energy shadows the chelate effect.29 Thus,
enthalpy contributions (from reorganization of the solvent
molecules around the different species) that cannot be precisely
estimated at present may have also influence on the final results.
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