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Abstract Molecular mechanics (MM) and Molecular
dynamics (MD) calculations were applied to study the
complexation of 2-Methyl naphthalenecarboxylate
(2MN) and 2-hydroxypropyl -a-, --, and y-cyclodext-
rins (HPCDs) in the presence of water. Results showed
that 1:1 complexes of 2MN with modified cyclodextrins
are stable and that the non-bonded van der Waals
interactions are mainly responsible for the complexa-
tion. Theoretical results are in good agreement with
fluoresence results and they permit us to explain the
signs and quantitative differences of AH” and AS® on
the basis of the different cavity sizes and the movement
of the guest inside the HPCD cavity. Results also
reveal a more favorable complexation when 2MN
approaches on its polar side.

Keywords Cyclodextrins - 2-methyl
naphthalenecarboxylate - Molecular mechanics -
Molecular dynamics

Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides com-
posed of a few D-(+)-glucopyranose units joined by a-
(1,4)-linkages. CDs have the ability to form inclusion
complexes by non-covalent binding with a variety of
guest molecules in their internal cavities, which
apparently exhibit more hydrophobic character than
the surrounding aqueous environment. The complex-
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ation process in solution seems to depend mainly on
the size, shape and hydrophobicity of the guest mole-
cule relative to the host cavity. Several types of inter-
actions are proposed as driving forces for the inclusion
process, such as van der Waals between guest and host,
hydrogen bonding between the guest and the hydroxyl
groups of CDs, the release of strain energy in the
macromolecular ring of the CD, dipole-dipole and/or
electric charge interaction, the release of enthalpy-rich
water inside the cavity, etc. [1-5]. Chemical modifica-
tion of a natural unsubstituted CD alters its properties
and subsequently the thermodynamics of the associa-
tion with a specific guest.

The application of Molecular Mechanics (MM) and
Molecular Dynamics (MD) techniques to CD com-
plexation with small and large molecules can provide
valuable information about the stoichiometry, complex
geometry and the driving forces responsible for such
processes, thus strengthening the thermodynamics
accompanying such processes [6-39]. Our group has
also contributed to this kind of studies [40-48].

In a previous experimental work [49], different flu-
orescence techniques were used to study inclusion
complexes of 2-methyl naphthalenecarboxylate (2MN)
with 2-hydroxypropyl-a-, -f-, and y-cyclodextrins
(HPCDs) (molar substitution, MS = 0.6 and mostly
substituted at position 2 of the glucopyranose unit
according to Aldrich specifications). The formation
constant, the stoichiometry and the thermodynamic
parameters AH” and AS accompanying the complex-
ation processes were investigated by obtaining the
variation of the intensity ratios of two fluorescence
emission bands (R), which were very sensitive to
the medium polarity, with [HPCD] and temperature.
Experiments showed that 2MN formed
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thermodynamically stable complexes of 1/1 stoichi-
ometry with o-, -, and y-HPCDs. Formation constants
at 25°C were 780, 2,700, and 165 (M), respectively [49].
Constants for the complexes with a- and p-HPCDs
were larger than those ones for complexes formed with
their unsubstituted naturally occurring counterparts o-
and f-CDs [50]. However, similar values were obtained
for both complexes of 2MN with y-HPCD and y-CD
[42, 49]. As with the unsubstituted CDs, enthalpy
variation upon complexation was more favorable as
the HPCD size decreased. They were -24.7, -7.6, and
+6.3 kJ/mol for 2MN complexation with o-, -, and y-
HPCD, respectively. These values were also less
favorable than the ones obtained for 2MN complexa-
tion with their unsubstituted CDs counterparts [42, 50].
Entropy changes reported for 2MN complexation with
o-, -, and p-HPCDs were -28.3, +39.8, and +63.3 J k/
mol, respectively. With the same signs, however, en-
tropy variations were more favorable or less unfavor-
able to complexation than with unmodified «-, -, and
y-CDs [42, 50]. These quantitative differences in ther-
modynamics parameters of o-, -, and y-HPCD and
with respect to the natural CDs seem to be due to the
different cavity sizes [49].

The analysis of fluorescence quenching measure-
ments suggested a similar location the 2MN guest when
complexed with any of the HPCDs. The 2MN seems to
penetrate inside any of the three HPCD cavities [49].
These cavities, in contrast to the unsubstituted CDs
[42, 50], have similar polarities (¢ =~ 50) [49]. The
fluorescence anisotropy values when 2MN was
complexed were also considerably larger for the 2MN/
o-HPCD than for the complexes of 2MN with the other
two HPCDs. This, in agreement with the sign of en-
tropy changes, suggested that the movement of the
2MN guest when it was included in - and y-HPCD
cavities should only be moderately hindered, whereas
as 2MN should fit more tightly inside the «-HPCD,
such movements should be hindered. The possibility of
some kind of 2MN and «-HPCD interactions (hydro-
gen bond type), which should contribute in the same
way, was also proposed from these results and from the
analysis of fluorescence lifetimes. The 2MN when
complexed with «-HPCD, contrary to other complexes,
shows a shorter fluorescence lifetime than when it is
free [49]. Results also suggested that van der Waals
attractive interactions could be mainly responsible for
2MN complexation with any of the CDs studied, with
the the hydrophobic forces playing a minor role.

In the present work MM and MD studies on 2MN
and HPCDs inclusion complexes, mainly in the pres-
ence of water molecules were performed by using the
Tripos Force Field [51]. With this work we aim to give
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an explanation of the formation constants, the differ-
ences in thermodynamics parameters associated to the
complexations and their relationship with the geome-
try of complexes formed, as well as to obtain more
information on the possible driving forces behind such
inclusion processes.

Theoretical details

The 1/1 stoichiometry complexes studied were between
the HPCDs fully substituted at C2 of the glucopyra-
nose unit (MS = 1.0) and the 2MN guest. MM and MD
calculations were mainly performed in the presence of
water molecules to simulate aqueous medium. The
conformations generated by MM and the MD trajec-
tories were obtained by using Sybyl 6.9 from Tripos
Associates (St. Louis, MO, USA) [52]. The potential
energy of each system was evaluated as the sum of five
contributions: bond stretching, bond angle bending,
torsion potentials, van der Waals, and electrostatic
interactions and out of plane. Calculations were per-
formed at ¢ = 1 (relative permittivity) for the electro-
static interactions. Charges for the guests and water
used previously [40, 42] were obtained by MOPAC
(AM1) [53]. Charges for HPCD were also obtained by
same method, by separately obtaining charges for the
CD core [40-48] and for the 2-hydroxypropyl (HP)
substituent (in the all-trans conformation). HP sub-
stituent charges were rescaled before attaching them to
the CD to give HPCDs with zero net charge. Extended
non-bonded cut-off distances were set at 8 A for van
der Waals and electrostatic interactions. Minimization
of the potential energy of the system was performed by
the simplex algorithm and the conjugate gradient was
used as termination method [54, 55]. In the presence of
water (in the vacuum) the termination gradients were
1 kecal/molA (0.2 kcal/molA) for MM calculations and
0.5 kcal/molA for the starting conformation used for
MD. Water molecules were added to the host-guest
systems with the Molecular Silverware algorithm (MS)
[56]. Periodic boundary conditions (PBC) were also
employed.

Binding guest-host energy (Epinqing) for a particular
system was obtained by subtracting the sum of the
potential energies of isolated guests and CD from the
potential energy of the guest/CD system. The water
solvent molecules were previously removed from the
box. Any host-guest interaction was obtained in a
similar manner. A measure of the loss or gain of the
HPCD ring strain energy upon complexation was
evaluated by taking into account bond stretching, bond
angle bending, and torsion energy terms. A hydrogen
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bond is assumed when the O--H-O angle is in the
range 120-180° and the O---H distance is between 0.8
and 2.8 A.

As previously, the initial structure of the 2MN guest
was built so that the ester and aromatic ring groups
were coplanar [40, 42]. The modified HPCD was ini-
tially built in the undistorted form [40-48] where the
glycosidic oxygen atoms were in the same plane, the
torsion angles ¢ and  were 0° and -3°, respectively,
the bond angles © for the 1,4 linkages were fixed at
130.3, 121.7, and 115.3° for «-, -, and y-HPCDs,
respectively, and y-side chain torsional angles were in
trans. HP substituents at glucopyranose C2 were also
placed in the most extended conformation.

Molecular mechanics

For 1/1guest inclusion processes, each HPCD was ini-
tially placed so that the center of mass of the glycosidic
oxygen atoms (denoted by o in Fig. 1) was located at
the origin of a coordinate system with its axis oriented
as depicted in Fig. 1. The host-guest distance was
measured as the 0o’ projection on the y coordinate.
The inclusion torsion angle 6 was measured between
the yz and 00’C9 (C9 from naphthalene group) planes.
The 00’C9 angle, ¢, also defines the orientation of 2MN
relative to the y-axis.

All the MM calculations reported below were per-
formed where 2MN approached the HPCD by the
polar (P) (as depicted in Fig. 1) and non-polar (NP)
sides. In order to obtain the most favorable approach
of the guest, binding energies of all the optimized
structures in the vacuum obtained by scanning ¢ and 6
angles, in the 10-100° and 0-55° ranges, respectively,
both at 10° intervals and the coordinate y (oo’ dis-
tance) from +10 to -6 A at 2 A intervals were
achieved. Critical analysis revealed optima ¢ and 0

Fig. 1 Coordinate system used to simulate the complexation
process of the host (HPCD) and the guest (2MN) molecules

pairs of angles of approximately: 70°; 5° (90°; 55°), 60°;
5° (90°; 46°), and 50° 0° (90°; 40°) for P (NP) 2MN
approaching to a-, -, and y-HPCDs, respectively.

With fixed ¢ and 0 angles, the 1:1 complexation was
emulated by approaching the guest to the HPCD by
the wider HP group side in small steps of 1 A along the
y coordinate from 20 up to -20 A. Water molecules
were added to each of the structures generated. These
were optimized (PBC, gradient 1 kcal/molA) and
saved for further analysis. Henceforth, we will refer to
the guest with a-, -, and y-HPCD complexation by the
2MN polar (non-polar) side as AP (ANP), BP (BNP),
and GP (GNP), respectively.

Molecular dynamics

Molecular dynamics trajectories in the presence of
water were performed starting from the structures of
minimal binding energy (MBE) obtained in the previ-
ous MM calculations, which were minimized once
again before starting MD (gradient of 0.5 kcal/molA).
PBC conditions were also used. Bonds where H atoms
were involved were constrained from vibrating; other
conformational parameters were variable. MD trajec-
tories of the systems were performed at 300 K. Starting
from 1K, the temperature was increased by 20°
intervals and the whole system equilibrated at each
temperature for 500 fs up to reaching 300 K. This
heating/equilibration period was discharged from the
analysis. From this point, a short trajectory of 250 ps
(integration time step 2 fs) was simulated. The veloci-
ties were rescaled at 10 fs intervals. Conformations
were saved every 250 fs, yielding 1,000 images per
trajectory for subsequent analysis. The average of any
property obtained from the analysis of MD, was cal-
culated by equally weighing each image.

Results and discussion
Molecular mechanics

Figure 2 shows the variation of Ej;,4in,, van der Waals
and electrostatic contributions obtained by scanning y
from 20 to —-10 A at 1A intervals when 2MN
approaches HPCDs by the polar and non-polar sides,
respectively. Calculations suggest that the complexa-
tion processes are favorable. Structures of MBE
were reached at approximately y (in A) = +3.0 (+4.1),
+2.5 (-1.0), and + 1.8 (0.3) for AP (ANP), BP (BNP),
and GP (GNP) systems, respectively. Epnqin, values
at the coordinate of MBE, which were also collected
in Tables 1 and 2, were —-94.0 (—-63.5), -65.2 (—67.2), and
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Fig. 2 Variation of Ep;qing
(squares), van der Waals
(triangles), and electrostatic
(circles) contributions
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-57.2 (46.5) kJ/mol, respectively. When 2MN ap-
proaches on the polar side, Ep;;,qing values at the MBE
become more negative as the HPCD macroring size
decreases, following the same trend as the experi-
mental AH, which becomes more negative when going
from 7- to - and a-HPCDs. This behavior, due to the
fact that a good portion of 2MN is outside the a-HPCD
cavity at the MBE, is not observed for the NP guest
approach. Generally, the results are more favorable for
the formation of the complex upon approaching on the
polar side. Exceptions are BP and BNP systems, whose
MBE are very similar. Most of the Ej;,,4ing is due to van
der Waals host—guest interactions at any y coordinate
for any guest-host complexation processes. The elec-
trostatic interactions hardly change upon complexation
and they are only slightly significant at the MBE for
AP (13% of MBE), ANP (6%), and BNP (8%).

As shown in a schematic way in Fig. 2, the 2MN
guest penetrates inside most of the HPCD cavities. The
exception is ANP where the 2MN naphthalene is close
to the rim of C atoms from the terminal methyl of HP
group and the ester group mostly outside the cavity. It
is, however, relevant that when the guest approaches
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on the polar side, the naphthalene ring and ester group
of 2MN are placed at similar y coordinate. Both are
close to the y coordinate of the glucopyranose sec-
ondary OH(3) and to the primary OH groups (at C6)
rims, respectively. This fact should agree with the
experimental quenching [49] measurements that poin-
ted out similar media surrounding the 2MN guests,
with comparable polarities (¢ ~ 50), when they com-
plex with any of the HPCDs.

&min, Omin angle pairs at the MBE were 71.6°,1°
(90.0°,55.8°); 57.9°,8.9° (77.5°,55.1°), and 43.2°,11.0°
(119.8°, 32.3°) for AP (ANP), BP (BNP), and GP
(GNP) systems, respectively. They did not vary much
from the initial values. The total potential energy E,,,
of the complexes as a function of the y coordinate, as
well as several contributions, electrostatics, van der
Waals, and strain energy are depicted in Fig. 3 for P
systems. Similar plots, not shown here, were obtained
for NP ones.

Complexation causes a slight decrease in the total
potential energy for the systems studied. Mainly
responsible for such decreases are the non-bonded van
der Waals interactions, although they are not the
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Table 1 Binding energy and selected components (kJ/mol) at the minimum energy (MBE), subscript 0, and at the largest separation
(v = +20) of guest and host, subscript «, for AP, BP, and GP systems

Energy (kJ/mol) AP, AP.. BP, BP.. GP, GP.,
Ebpinding -94.1 -0.2 -65.2 -0.1 -57.2 -0.1
Electrostatic part -12.2 -0.0 -33 -0.1 -1.9 -0.1
van der Waals part -81.8 -0.2 -62.0 -0.0 -55.3 -0.0
Eim‘ HPCD-2MN naphthalene -60.1 0 —49.0 0 -39.4 0
Electrostatic part -5.8 0 -14 0.0 0.6 0.0
van der Waals part -54.3 0 —47.6 0 —40.0 -0.0
Eint HPCD-2MN ester group -33.9 -0.0 -16.2 -0.1 -17.8 -0.1
Electrostatic part -6.4 0.1 -1.9 -0.1 -2.5 -0.1
van der Waals part 274 -0.1 -14.3 -0.0 -15.4 -0.0
E,. guest : host 442.5 5234 584.9 625.9 673.0 717.5
Electrostatic part 922 102.8 117.0 126.2 148.2 134.6
van der Waals part -76.9 4.0 -17.3 42.3 -3.9 56.7
Strain energy 427.6 416.1 482.3 4559 526.1 522.6
E/» host 462.2 456.6 570.6 554.3 654.6 643.9
Electrostatic part 67.4 66.1 82.3 88.1 113.2 97.3
van der Waals part -9.7 -8.6 30.0 29.5 35.1 43.0
Strain energy 404.5 399.0 458.2 436.7 506.3 503.6
E,»: guest 74.4 66.9 79.6 71.7 75.6 73.7
Electrostatic part 37.1 36.7 38.0 38.1 36.9 37.4
van der Waals part 14.6 12.8 14.5 12.8 16.3 13.8
Strain energy 21.2 17.1 24.1 19.2 19.8 19.0

largest contributions to E,,. The electrostatics inter-
actions hardly change upon complexation. The strain
energy is the main contribution to E,,, and it slightly
increases (decreases) upon the P (NP) approaching of
the guest. These results contrast with the ones
previously obtained for complexation of 2MN with the
unsubstituted natural occurring «- and f-CDs. Never-
theless, these results were only performed on the basis

of the NP guest to host approaching [40, 42]. The 2MN
complexation with natural non-substituted o- and
p-CDs makes E,,, increase, becoming larger as the CD
macroring size decreases. Strain term contributes
most to this increase and there is only a little contri-
bution to it from van der Waals and electrostatics [40].
Complexation of 2MN with unsubstituted y-CD, how-
ever, behaved like 2MN with HPCDs, whose results

Table 2 Binding energy, and selected components (kJ/mol) at the minimum energy (MBE), subscript 0, and at the largest separation
(v = +20) of guest and host, subscript e, for ANP, BNP, and GNP systems

Energy (kJ/mol) ANP, ANP., BNP, BNP.. GNP, GNP.,
Epinding -63.5 0.0 -67.2 0 —46.5 0
Electrostatic part -3.8 0 -5.6 0 2.2 0
van der Waals part -59.7 0.0 -61.7 -0.0 —44.3 0
Eint HPCD-2MN naphthalene -52.8 0 -49.4 0 -34.5 0
Electrostatic part 1.5 0.0 -39 0 1.2 0
van der Waals part -54.3 0 —45.6 -0.0 -35.7 0
Eim‘ HPCD-2MN ester group -10.7 0 -17.8 0 -12.0 0
Electrostatic part =53 0.0 -1.7 0 -3.4 0
van der Waals part 5.4 0 -16.1 0 -8.6 0
E,»: guest : host 507.6 560.1 571.8 627.4 672.1 745.0
Electrostatic part 102.3 112.9 126.5 130.7 158.4 149.3
van der Waals part -19.6 18.3 -17.4 20.1 1.6 522
Strain energy 424.0 427.5 467.7 475.0 510.7 542.5
E,,: host 492.1 477.9 570.0 543.9 649.1 659.9
Electrostatic part 68.3 76.1 95.1 94.4 122.7 111.8
van der Waals part 25.1 4.1 30.9 7.9 353 40.7
Strain energy 398.7 397.8 444.0 441.6 491.1 507.4
E,,r guest 79.0 82.2 75.0 83.5 69.6 87.1
Electrostatic part 37.8 36.8 36.9 36.3 37.9 37.5
van der Waals part 15.0 14.2 13.3 12.6 10.7 11.5
Strain energy 25.3 29.7 23.7 33.4 19.6 35.1
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Fig. 3 Total potential energy (open squares), van der Waals (filled circles) and electrostatics (filled squares), and strain energy (filled
triangles) contributions versus the y coordinate for AP, BP, and GP systems

are probably derived from the flexibility and the
repulsion of HP groups. This makes the entrance into
the cavity a little wider on this side and slightly nar-
rower on the opposite one when compared to their
natural counterparts. The analysis of MD calculations
on «-, -, y-HPCDs in the vacuo with different molar
substitutions reaches similar conclusions (F. Mendicuti,
unpublished data).

Figure 4 shows the interactions between the naph-
thalene (N) and ester (E) groups of the guest and
HPCDs as a function of the host/guest distance along
the y coordinate for polar approaching systems. Both
interactions were found to be negative and they con-
tributed to the stabilization of the systems, the N/host
always being the stronger one. The same observations
can be extended to NP systems. The exception is AP
where the N/a-HPCD interactions have a relatively
wide unfavorable gap around y = 0, which is also ob-
served to a smaller extent for ANP. The AP system
also presents some additional characteristics that do
not appear in the other P and NP systems: (1) both E/o-
HPCD and N/o-HPCD interactions simultaneously
show the minimum values at the y coordinates of the
MBE and (2) the contribution due to E/host interac-
tion, although smaller than the N/host one, represents
more than one-third of the total binding energy.

Tables 1 and 2 also collect data on interaction
energies between relevant groups of 2MN (N and E)
and HPCD hosts for the conformations of MBE and at
infinite host-guest distance. Results corroborate that
the largest contribution to MBE comes from the
interaction of the host with the N groups. However, it
is significant that for the AP system almost 36% of
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MBE is due to the E/a-HPCD interaction (44% of it is
due to the interaction with the tails substituted at C5).
This interaction involving the ester group, which is
relatively smaller for B and C (P as well as NP) sys-
tems, is generally larger for P approaching complexes.
The exception is for 2MN : f-HPCD whose results for
BP and BNP are very similar.

Figure 5 shows the structures for the MBE for AP,
BP, and GP complexes.

Molecular dynamics

Figure 6 depicts the y coordinate of the center of mass
of the naphthalene ring during the 250 ps MD trajec-
tories for P and NP systems, which were initially placed
at the conformations of MBE obtained by MM, with
the hosts centered at y = 0. Dotted lines in Fig. 6 show
the y coordinate of the planes that contain: (a) the C
atoms of methyl end groups of hydroxypropyl chains
(y = +6.3 A); (b) the bridging O atoms (y = 0); and
(c) the oxygens of primary OH at the opposite side
(y=-36 A) for the undistorted hosts.

With the exception of a few conformations of BP
and GP, and some more for GNP, the center of mass of
the naphthalene ring for the 2MN guests stay inside the
cavity throughout the whole MD trajectory. Results,
which are related to the differences of binding energies
upon complexation, show that the center of mass of the
2MN naphthalene ring prefers to locate very close to
the y coordinate of the initial conformation for AP and
ANP systems. However, with other systems, for which
the HPCD cavities are larger, the 2MN guest can move
a little more freely along this coordinate from the
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and ester (open circles) groups of 2MN and HPCDs versus y
coordinate for AP, BP, and GP systems

initial MBE structures. The 2MN almost leaves the
cavity during the last portion of the MD trajectories for
GNP and GP systems from opposite sides. When 2MN
approaches HPCD on the non-polar side, the ester
group is either placed near the entrance of the cavity
(BNP) or totally outside it (ANP and GNP) during
most of the MD trajectory.

Figure 7 shows the instantaneous xz plane projec-
tions, seen from the positive y coordinate side, of the
placement of carboxylic oxygen and H5 (bonded to C5
of naphthalene) atoms of the 2MN guest for all the
systems studied during MD. Dotted lines in Fig. 7
correspond to the location of the bridging oxygen
atoms rim for the non-distorted o-, -, and y-HPCDs
with radii of ~4.4, 5.2, and 5.9 A, respectively. These
projections are mainly affected by rotation of the 2MN
guest inside the HPCD cavity, but they also change by

the fluctuation of the bonds. The results apparently
indicate that the mobility of 2MN inside the cavity
becomes smaller as the cavity size decreases. Excep-
tions to such observed behavior are the increase in
mobility of HS for BP, and carboxylic oxygen for ANP,
BNP, and GNP. These exceptions are derived from the
placement of those atoms that are located outside the
CD during most of the trajectory. When such atoms are
placed outside the cavity the mobility, as expected,
noticeably increases. What is significant is the low
mobility for AP, where the ester group seems to be
located quite close to the primary hydroxyl groups rim
of o-HPCD during the whole MD trajectory.
The interaction involving the ester group pointed out
in the previous section contributes to this special
characteristic.

The movement of the guest inside the cavity was
also studied by analyzing the time evolution of x, y, and
z coordinates of heavy atoms of 2MN guest (excluding
hydrogen atoms) relative to the HPCD. y(t,j) denote
the instantaneous value at time ¢ of the y coordinate on
atom j. The instantaneous rate of change in the y
coordinate of each atom j was defined as the simple
average obtained from 1,000 MD structures separated
in time by At = 0.25 ps according to:

Ay; |y = Yo-ani])
At At @

A new average over all carbon and oxygen atoms of
2MN guest, ((Ay;)/Ar), gives the average of the
instantaneous rate of change of the y coordinate for
such atoms relative to the HPCD during the MD tra-
jectory. This rate is related to the translational motion
of the guest along the y coordinate. The average of the
instantaneous rates of variation of x and z coordinates,
which are associated to the 2MN rotation motion in-
side the cavity, were obtained in a similar way. Results
are collected in Table 3 for all systems studied. Values
obtained for AP, BP, and GP systems indicate, as ex-
pected, that the mobility, translation along the y-axis or
rotation inside the cavity, of 2MN is smaller when it is
confined within the narrow o-HPCD cavity than when
it is inside the f- or y-HPCDs. Results obtained for NP
approaching guests to HPCDs are, however, a little
different. They are more conditioned to the location of
the ester groups that are close to the cavity entrance of
the HP groups side or outside it. In this case, the largest
motion of the guest is for ANP and GNP systems
where ester groups are totally outside the cavity.

Table 4 (rows 2-4) lists the average coordinate y of
the center of mass of the naphthalene ring, as well as
the 0 and ¢ angles that define the relative orientation of
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Fig. 5 Side views of the structures of MBE for AP (left), BP (middle), and GP (right) systems

Fig. 6 History of the y
coordinates of the center of
mass of the naphthalene
group of 2MN over a 250 ps
MD trajectory at 300 K for six
systems studied. Dashed lines
are the y coordinate of the
planes that contain the center
of mass of: the C atoms of
methyl end groups of
hydroxypropyl chains

(y = +6.3 A); the bridging O
atoms (y = 0); and the
oxygens of primary OH at the
opposite side (y = -3.6 A) for
the undistorted hosts

—_
o
1

o = N W H» 00O N 0 ©

y (coordinate)

y (coordinate)

" 100
TIME (ps)

host and guest molecules. The average of both angles
does not generally change much from the initial values
(Omin and &nin). However, in some cases 0 can fall into
another local minimum during the MD trajectory,
placed at O, = (360°/n), where n is the number of
glucopyranose units.

Table 4 (rows 6 and 7) collects the average number
of intramolecular hydrogen bonds for HPCD as well as
the intermolecular ones between HPCD and the 2MN
guest for the systems investigated. The number of
intramolecular HBs of each HPCD obviously
increases with the number of glucopiranose units in the
HPCD. With regard to to the intermolecular HB

@ Springer

150

100 150 200 250

TIME (ps)

200 250 0 0

(HPCD-2MN), two values stand out over the others,
the ones for AP and BNP. These HB are due to
interactions between the carboxylic oxygen from the
2MN guest and the primary OH(6) and OH at C2 of
HP chain, respectively.

The negative average of binding energies for all
systems indicates that the structures of 1:1 complexes
are stable. Nevertheless, as with MM, the average of
binding energies is again more favorable, with the
exception of the BNP system, for P complexation. As
previously with MM, binding energies become more
negative as the HPCD macroring size decreases, the
exception again being BNP systems. As previously,
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Fig. 7 Instantaneous xz projection, looking from the positive y
coordinate side, of the placement of carboxylic oxygen (open
circles) and H(5) (filled circles) atoms of the 2MN guest for all

most of the stabilization inside the HPCD cavity is due
to van der Waals interactions. Electrostatics interac-
tions always represent less than 20% of average bind-
ing energies. Table 4 also collects average non-bonded
interaction energies between relevant groups of 2MN
and modified HPCDs. Most of these results could be
predicted, at least for the P approaching, by looking at
the change upon complexation of the interaction
energy contributions from Fig. 4 and the guest place-
ments listed in row 2 of Table 4. The location of the
guests is obviously a result of the balance between
the different interaction energies. As with MM, the

Table 3 Average of the instantaneous rate (in A/ps) of variation
of x, y, and z coordinates for the heavy atoms (excluding H
atoms) of the 2MN guest over the 0.25 ns MD trajectory for all
studied systems

System (a%) (a%) (Az)
Ar Ar Ar
AP 0.68 0.69 0.67
BP 0.75 0.75 0.78
GP 0.76 0.75 0.79
ANP 0.75 0.82 0.76
BNP 0.71 0.73 0.74
GNP 0.78 0.81 0.86

-10003456
coordinate)

'
o)
'
'
'
'
— N7

x (coordinate)

the systems studied. Dotted lines show the location of the
bridging oxygen atoms rim for the non-distorted «-, -, and y-
HPCDs with radii of ~4.4, 5.2, and 5.9 A, respectively

average of both naphthalene and ester/HPCD inter-
actions always seems to be favorable to complexation.
However, the amount of these contributions to the
total average binding energy due to the ester group
reaches the maximum values for AP and BP (34 and
39%, respectively) followed by BNP (24%). The total
potential energy of the systems and all its contributions
follow the predicted behavior, generally showing a
parallel increase with system size. As with MM, strain
is the most important contribution to the total poten-
tial energy, most of it due to the HPCD host.

Concluding remarks

The MM and MD calculations reveal that the 1:1
inclusion complexes of the 2MN guest with HPCDs can
feasibly form.

Although both P and NP approaches are energeti-
cally possible, several reasons that are in agreement
with experiments lean toward a 2MN guest polar ap-
proach: (a) Epingine Obtained by MM and MD are
generally more favorable for the P approach; (b) For
the structures of MBE for AP, BP, and GP systems, the
2MN is placed in a very similar microenvironment,
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Table 4 Average of some geometrical parameters, number of hydrogen bonds, binding energies (the electrostatics and van der Waals
contributions), total energies, and contributions obtained from the analysis of 250 ps MD trajectories of different systems

Parameters AP BP GP ANP BNP GNP

y (coordinate) (A) 3.4 5.5 -15 52 0.9 52

0 (°) —46.5 —-67.5 10.6 108.0 58.2 10.8

e (°) 69.3 76.9 62.1 90.2 78.6 105.1

Number of HB

Intra-HBypcp 4.86 7.00 7.05 5.61 6.43 8.20

Inter-HBypcep 2mn 0.37 0.03 0.19 0.00 0.70 0.11

Energy (kJ/mol)

Epinding -96.9 —-60.1 -52.0 -51.0 -84.1 -373
Electrostatic part -9.0 -4.3 -6.1 -9.7 -9.8 5.5
van der Waals part -87.9 -55.7 —45.9 —41.3 -74.3 -31.7

Eint HPCD-2MN naphthalene —-64.0 -36.7 -045.9 —47.5 —-63.7 -34.2
Electrostatic part 2.6 -4.0 —4.6 -8.3 —4.9 -53
van der Waals part -61.4 -32.5 -41.3 -39.2 -58.8 -26.4

Eiit HPCD-2MN ester -32.9 -23.7 -6.1 -3.5 —20.4 -3.1
Electrostatic part -6.5 -0.3 -1.5 -1.5 —4.8 -1.1
van der Waals part -26.4 232 -4.6 2.1 -15.6 29

E,, guest : host 901.7 1081.9 1225.9 923.7 1070.3 1261.3
Electrostatic part 127.8 151.2 165.6 122.0 149.9 163.6
van der Waals part -35.1 73 18.0 7.6 -8.10 46.4
Strain energy 796.6 911.3 1029.8 781.7 916.5 1032.4

E,,: host 872.8 1015.3 1152.6 848.5 1027.7 1176.3
Electrostatic part 98.8 117.7 134.0 93.9 122.1 143.6
van der Waals part 37.7 47.7 48.8 335 50.6 59.5
Strain energy 736.3 850.0 969.7 721.1 855.0 973.1

E,, guest 125.8 126.6 125.3 126.1 126.8 124.3
Electrostatic part 38.0 37.8 37.7 37.9 37.6 37.7
van der Waals part 151 15.4 15.1 153 15.7 15.2
Strain energy 60.3 61.3 60.1 60.5 61.5 59.4

which is in agreement with the quencher measure-
ments and the estimation of the polarity of medium
surrounding the guest when complexed with any of
HPCDs, which is very similar (¢ ~ 50) [49]. This does
not occur when 2MN approaches on the NP side. (¢)
The interaction of the 2MN ester group with the pri-
mary hydroxyl groups rim, which is an important
contribution to Ey;yqing, is larger for P systems. This is
especially true for the 2MN : a-HPCD complex. This
interaction, most of it probably due to hydrogen
bonding, could explain a special behavior of fluores-
cence lifetime measurements when 2MN complexes
with «-HPCD. This interaction should also contribute
to significantly moderate the 2MN movement inside
the cavity in agreement with the experimental entropy
changes. According to MD results, this moderation
does not occur when part of the 2MN is outside the
cavity with the ANP system. (d) Experimental results
of the complexation of 2,6-dimethyl naphthalene di-
carboxylate, DMN (two ester groups instead of one)
with o-CD, studied by us [47], proves the formation of
very stable DMN : CD, complexes by complete pen-
etration of both ester groups into both a-CDs. This fact

@ Springer

corroborates that a polar side penetration is perfectly
feasible for 2MN [47].

Complexation of HPCDs causes a decrease in the
total potential energy of the system, where non-bonded
van der Waals interactions are mainly responsible for
such a decrease. These results contrast with the ones
previously obtained for complexation of 2MN with the
natural occurring o- and 5-CDs that make E,,, increase,
the strain term being responsible for this increment.
These results are derived from the apparently wider
entrance of the HPCD cavity when compared to their
unsubstituted counterparts (F. Mendicuti, unpublished
data).

Epindging at the MBE or averaged values obtained by
MD, when 2MN approaches by P side, follows the
same trend as experimental enthalpy changes, becom-
ing more negative as the HPCD size decreases.

Molecular dynamics results indicate that the mobil-
ity, translation or rotation inside the cavity, of the guest
is smaller when 2MN is confined tothe narrow «-HPCD
cavity than when it is in the f- or y-HPCDs. The pos-
sibility of attractive 2MN-¢-HPCD interactions (HB
interaction) contributes in the same way. This fact
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allows for the explanation of the signs of entropy
changes upon binding.
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