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Supramolecular complexes between b-cyclodextrin and 2,6-diaziadamantane in water are prepared by molecular dynamics
simulations. A large number of arrangements taken from trajectories in picosecond intervals are analysed with respect to
relative orientation and compared to results obtained for 2-aziadamantane containing a single diazirine functionality only.
While for the latter two stable orientations have been observed, 2,6-diaziadamantane exhibits a single favourite orientation
which is similar to the energetically more preferred orientation of 2-aziadamantane. Furthermore, the influence of the guest
on the shape of the host is studied in some detail.
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1. Introduction

The preparation of inclusion complexes between good

soluble host molecules and poorly soluble guest

molecules is a most promising strategy to improve the

solubility of compounds, e.g. for pharmaceutical

formulations [1]. Furthermore, the encapsulation of

precursors of reactive intermediates within host systems

can influence the reaction pathways in a significant

manner [2]. As a consequence the investigation of host–

guest complexes has attracted much attention in recent

years, above all complexes based on cyclodextrins which

bind a large range of guest molecules, e.g. see [3] and

references therein. Apart from experimental investi-

gations in silico studies are most challenging to predict

thermodynamic properties like binding affinities and

conformational preferences of host (and guest) mol-

ecules, as well as relative orientations between the host

and the guest [4–6]. Recently, we studied the behaviour

of complexes between b-cyclodextrin (7-CyD) and

several substituted aziadamantanes in water [7]. In the

present paper, analogous simulations are performed for

complexes between 7-CyD and 2,6-diaziadamantane

(which contains two diazacyclopropen functionalities)

and compared to the (monosubstituted) 2-aziadaman-

tanes. In addition, several properties of the host molecule

are calculated and the influence of guest molecules on

these properties is studied.

2. Simulation details

Simulation details have already been given in [7], but are

briefly reproduced in the following for convenience of the

reader.

The molecular dynamics simulation was performed by

use ofMaterials Studiow 3.0 fromAccelrys Inc. (San Diego,

CA, USA): The Visualiser module served for preparing the

molecules, controlling the work flow and visualisation of

results. Coordinates of guest and host were retrieved by use

of a proper BTCL script and further code for analysis was

written in FORTRAN.

First, by use of the Amorphous Cell tool a cubic

box (with periodic boundaries in all directions) was

prepared which contained one host (7-CyD), one guest

(2,6-diaziadamantane) and 600 water molecules, see

Scheme 1. The box length was <2.72 nm related to a

density of 1 g/cm3 characteristic of ambient temperature

(298 K). A short relaxation run under isobaric–

isothermal conditions at a temperature of 298K left

the box size unchanged confirming correct density.

It should be noted that the number of water molecules

was chosen in order to make the box large enough to

avoid any interaction between a molecule and its

periodic images.

Second, for several preliminary runs the guest was

shifted to arbitrarily chosen positions (in two cases below

and in two cases above the host) followed by an energy
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minimisation run in order to correct for overlaps with

water molecules due to this procedure.

Third, starting from these initial systems constant

temperature molecular dynamics simulations were per-

formed using the Andersen thermostat [8] with a time step

of 1 fs applying the Verlet velocity algorithm [9]. Module

Discover was the molecular dynamics engine making use

of COMPASS, which is a class-II force field optimised for

the simulation of condensed phases (see references in [7]

for parameterisation and validation). A cut-off distance of

1.25 nm with a spline switching function (0.3 nm width)

was applied for the nonbonding interactions (i.e. for

Coulomb and for van der Waals interactions, the latter one

being expressed by a 6–9 Lennard-Jones potential).

Furthermore, charge groups were used to prevent dipoles

from being artificially split, when one of the atoms was

inside and another was outside the atom-based cut-off.

Similar to our findings for 2-aziadamantane [7], the guest

entered the host within several hundred picoseconds and

then remained within the host. Contrary to 2-aziadaman-

tane where two stable configurations had been found

(the diazirine group either located down (type A) or up

(type B) with respect to the host, 2,6-diaziadamantane

exhibits a single preferred orientation due to its symmetry.

Forth, a rather long simulation run (30 ns with time

step 1 fs sampled in intervals of 1000 fs ¼ 1 ps) was

performed making use of the last frame of one of the

preliminary runs.

Finally, the whole trajectory was analysed with respect

to the orientation of 2,6-diaziadamantane relative to

7-CyD. Furthermore, characteristic properties of 7-CyD

were calculated, too. Thus, for comparison a (15 ns) run

with 7-CyD in water without guest molecules was

performed and analysed in addition.

3. Results and discussion

b-cyclodextrin is a cyclic heptamer of a-D-glucose the

shape of it resembling a truncated cone [10]. 2,6-

Diaziadamantane is an adamantane with two diazacyclo-

propen functionalities at opposite atoms C2 and C6 [11].

In Scheme 2, a typical host–guest arrangement is shown

using a stick model and omitting hydrogens of 7-CyD, as

well as water molecules. For one of the seven repeat units

of 7-CyD, C and O atoms are marked by balls and labelled

according to the numbering scheme used below.

The relative orientation of host and guest may be

described by the distance between their centres and the

angle between the main axis of the guest and the axis of the

host, i.e. the axis of the cone. The main axis of the guest is

defined as the line connecting the C atoms bonded to

NvN, i.e. C2 and C6 and the centre of gravity of the 10 C

atoms of the adamantane serves as the centre of the guest.

The axis of the cone can be defined in several ways, e.g. by

the smallest axis of an equivalent ellipsoid representing the

actual configuration of cyclodextrin. The parameters of the

equivalent ellipsoid further characterise size and shape of

the host. The calculation starts with the symmetric tensor

of the second kind [12]

T ¼

txx txy txz

txy tyy tyz

txz tyz tzz

0
BB@

1
CCA;

Scheme 1. Simulation box containing 600 water molecules
(lines), 2,6-diaziadamantane (ball and sticks) and b-cyclodextrin
(sticks). H, white; C, grey; O, red; and N, blue.

Scheme 2. Stick model of a b-cyclodextrin–2,6-aziadamantane
complex omitting hydrogens of 7-CyD. C andO atoms of one of the
seven repeat units are marked by balls and labelled.
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with components

txx ¼
1

n

Xn
i¼1

ðxi 2 sxÞ
2; txy ¼

1

n

Xn
i¼1

ðxi 2 sxÞðyi 2 syÞ; etc:

(xi, yi, zi) being the coordinates of the ith atom out of n

atoms constituting the molecule and (sx, sy, sz) their

geometrical centre of gravity. The trace of the tensor

equals the squared radius of gyration, i.e. the average of

squared distances of all n atoms from their common centre

of gravity. Diagonalisation yields eigenvectors l i (which

represent the directions of principal axes of inertia of the

‘equivalent ellipsoid’ of the molecule in the original

co-ordinate system) and eigenvalues Li
2 (which by

definition are chosen as L1
2 # L2

2 # L3
2). The eigenvalues

represent the principal components of the squared radius

of gyration s 2 ¼ L1
2 þ L2

2 þ L3
2 (as the trace of the matrix

clearly is invariant) of individual configurations taken

along the principal axes of inertia. The symmetry (or

asymmetry) of conformations usually is described by

shape factors sfi
* ¼ Li

2/s 2 or related quantities like the

asphericity parameter

d* ¼ 12 3 sf *1·sf
*
2 þ sf *2·sf

*
3 þ sf *3·sf

*
1

� �
;

which ranges from 0 (spheres) to 1 (rods) or prolateness

factor

S* ¼ ð3sf *1 2 1Þð3sf *2 2 1Þð3sf *3 2 1Þ;

which is bounded to the interval [20.25, 2] with negative

values referring to predominantly oblate shapes and

positive values representing prolate molecules [13,14].

In Figure 1, s 2 values (based on C and O and omitting

H atoms) of cyclodextrin snapshots taken from 15 ns

trajectories in intervals of 1 ps are shown for uncomplexed

(free) cyclodextrin and cyclodextrin being part of

complexes with 2,6-diaziadamantane. The average value

reads (0.353 ^ 0.003) nm2 for the former and

(0.369 ^ 0.001) nm2 for the latter. (The standard deviation

was calculated according to the block averaging method,

e.g. see [15].) The size of the ring is slightly smaller and

fluctuations are more pronounced in case of free

cyclodextrin. The space required by the host obviously

induces a more rigid behaviour of cyclodextrin in host–

guest arrangements. As a further consequence, the shape

of cyclodextrin within complexes is slightly more

symmetric, sf *1 ¼ 0:083ð0:085Þ, sf *2 ¼ 0:432ð0:398Þ,
sf *3 ¼ 0:485ð0:517Þ, d * ¼ 0.144(0.152), and slightly

more oblate S * ¼ 20.10(20.07) as compared to the

free case (figures in parenthesis). This holds true for

complexes with 2-aziadamantane (irrespective of the

preferred orientation within the host), too: analogous

investigations yield the same results as given for

2,6-diaziadamantane.

For further analysis it is advantageous to transform the

(Cartesian) coordinates of the host and guest into a local

coordinate system defined by the principal axes of the host,

the z (y, x) axis being identical with the smallest (medium,

largest) principal axis and the larger diameter of the cone

being above, the smaller (i.e. that part where the

ZCH2ZOH groups are located) below the x/y-plane.

The positive direction of the x-axis finally is defined by the

C5 atom closest to this axis.

In Figure 2, 5000 cyclodextrin snapshots taken in 3 ps

intervals from a 15 ns trajectory of (free) cyclodextrin in

water are superimposed after transformation as described

above and projected into the x/y plane. Each diagram

presents the positions of a specific atom with a certain

colour for atoms, which belong to the same repeat unit.

The ellipses are drawn according to root mean square

distances

ffiffiffiffiffiffiffiffiffiffiffi
2kL2i l

q
(i ¼ 3, x-axis and i ¼ 2, y-axis).

In Figure 3, equivalent diagrams are shown for snapshots

taken from a 30ns trajectory of 7-CyD complexes with 2,6-

diaziadamantane in 6 ps intervals. Diagrams of 7-CyD being

part of complexes with 2-aziadamantane are omitted as their

appearance coincides with that in Figure 3. In accordance

with the behaviour of s 2 and the shape factors discussed

above, fluctuations are much more pronounced in Figure 2

referring to free cyclodextrin. In all cases fluctuations are

smallest for ‘bridging’ atoms (C1(n)ZO1(n)ZC4(nþ1)),

followed by atoms constituting the ring of the glucose

units, i.e. C2 and C3 (upper rim) and C5 and O5 (lower rim),

oxygen O2 and O3 bound to the upper rim, then C6 bound to

the lower rim and finally and most mobile, oxygen O6.

In Figure 4(a), all C and O atoms of 7-CyD are

superimposed and the positions of C2 and C6 of 2,6-

diaziadamantane (black dots) are shown in addition (again

5000 guest molecules in 6 ps intervals, but only 300 CyDs

in 100 ps intervals, using a reduced pen width to avoid

Figure 1. s 2 values of 7-CyD snapshots of free cyclodextrin
(black) and cyclodextrin being part of complexes with
2,6-diaziadamantane (green).

Molecular Simulation 1179

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
1
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



overload). Their x- and y-coordinates are located narrowly

around the centre of the host. The same holds true for

2-aziadamantanes with the diazirine group located down

(type A) – depicted in Figure 4(b) – while, for

2-aziadamantanes with the diazirine group located up

(type B) the projections are within an annulus around the

centre, see Figure 4(c). The centres of the adamantanes are

located within a still smaller region (not shown, but similar

Figure 2. Overlay in the x/y plane of specific C and O atoms (see Scheme 2 for labelling) of 5000 configurations of free cyclodextrin;
atoms belonging to the same repeat unit are equally coloured.

Figure 3. Overlay in the x/y plane of specific C and O atoms (see Scheme 2 for labelling) of 5000 configurations of cyclodextrin being
part of 7-CyD–2,6-diaziadamantane complexes; atoms belonging to the same repeat unit are equally coloured.
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to the central white area in Figure 4(c). As a consequence

the average angle a0 between the main axis of the guest

(i.e. the line through C2 and C6) and the z axis (identical

with the axis of the cone) is rather small, e.g. 27.18 for 2,6-

diaziadamantane.

In the former paper [7], the orientation had been

defined as the angle between the vector from C6 to C2 and

the positive z axis reading a ¼ 154.18 for type A (A) and

a ¼ 43.88 for type B (B) arrangements. Due to the

symmetry in 2,6-diaziadamantane (termed D in the

following) C6 and C2 are equivalent and orientation a and

180 2 a coincide. As is already evident from Figure 4,

comparing a0 ¼ 27.1 with a0 ¼ 1808 2 154.18 ¼ 25.98

and a0 ¼ a ¼ 43.88 reveals that the behaviour of D is

rather similar to that of A, while a broader range of

orientations is available for B. The reason becomes

immediately obvious from projections of the three systems

into the x/z plane, shown in Figure 5. The average z

positions of the centres of the adamantanes are almost

identical (ca. 0.13–0.15 nm). Either C2 or C6 of D (and C2

of A or C6 of B, respectively) on average are located in the

x/y plane (z ¼ 20.01 to 20.03 nm) and therefore, deep in

the cavity of the host. A diazirine functionality at the

opposite C atom (i.e. one of D or the single one in case of

B) is located in the outer region of the host and, therefore,

is less restricted than a diazacyclopropen group in the

interior of the host. Thus, the orientation of D is mainly

controlled by the same mechanism as in case of A

arrangements of 2-aziadamantane. Thus, not only the

average orientation angle is very similar but also the

frequency distribution (based on a histogram in 18 steps) of

angle a0 as shown in Figure 6. Closer inspection of Figure

4 gives the impression that the projection points of C2 and

C6 are located within an ellipse rather than within a circle

for D and A while for B the distribution appears quite

symmetric. Thus, for a thorough investigation, in Figure 7

the frequency distribution of the (smaller) angle a00

between the projection of the line through C2 and C6 into

the x/y plane and the x-axis is depicted. Actually, angles

are uniformly distributed in case of B arrangements of

2-aziadamantane while in case of A and D smaller angles

are more preferred than larger ones, obviously (mutually)

induced by the non perfect symmetry of the host.

The complex remained stable over the whole

simulation run of 30 ns. Nevertheless, occasionally C2

and C6 changed their position, i.e. the guest molecule

rotated in such a way that the diazirine functionality within

the cavity moved up to the outer part of the host and vice

versa. Clearly, this process cannot take place within the

cavity. However, from time to time larger fluctuations in

distance d (defined as the z-coordinate of the centre of the

guest in the transformed coordinate system) occur which

allow the guest molecule to escape and in certain cases

rotations occur before re-entering. As demonstrated in

Figure 8, where the time evolution of angle and distance in

the vicinity of such a change of orientation is shown, the

whole process is completed within ca. 50–100 ps.

A rough check of a certain number of arrangements

using the hydrogen calculation tool of the Visualiser

(which is merely based on the calculation of distances and

angles within proper ranges) yields a vanishing number of

arrangements with hydrogen bonds between host and

guest. Thus, hydrogen bonding seems to play a minor or

even no role for the stabilisation of the complex; the main

reason for formation and stability of the complex seems to

be the less hydrophilic cavity of the host – suitable for the

hydrophobic adamantane – as compared to the polar upper

and lower rim of the host.

Figure 4. Overlay in the x/y plane of all C and O atoms of
configurations of cyclodextrin being part of complexes with 2,6-
diaziadamantane (a) and 2-aziadamantane, type-A (b) and type-B
(c). Atoms belonging to the same repeat unit are equally coloured.
In addition, C2 and C6 of aziadamantanes are shown in black.

Figure 5. Overlay in the x/z plane of all C and O atoms of
configurations of cyclodextrin being part of complexes with 2,6-
diaziadamantane (a) and 2-aziadamantane of type-A (b) and
type-B (c). Atoms belonging to the same repeat unit are equally
coloured. In addition, C2 and C6 of aziadamantanes are shown in
black and nitrogens in grey (above and/or below black dots).

Figure 6. Frequency distribution of angle a0 in case of 2,6-
diaziadamantane (squares, green) and 2-aziadamanane of type-A
(triangles, red), and type-B (inverted triangles, blue).

Molecular Simulation 1181

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
1
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



Finally, it should be noted that an analysis based on the

representation of cyclodextrin by an equivalent ellipsoid is

the first one as far as the authors know. Dealing with the

shape, shape fluctuations and an overlay of configurations in

a well-definedmanner the procedure seems most promising.

Further methods for structural analysis use specific

intramolecular distances and torsions [3]; recently an

interesting approach based on similaritymaps and calculated

pair distribution functions has been published [16].

4. Conclusions

Atomistic molecular dynamics simulations provide a

valuable tool to predict a large number of interesting and

important features of guest–host complexes including

conformational properties and equilibrium fluctuations

addressed in the present paper. Representation of the host

by an equivalent ellipsoid proved most valuable for the

analysis of size, shape, orientation and evolution of

(relative) positions. The simulation results referring to the

orientation of the guest within the host are in full

accordance with experimental predictions (based on

results obtained by induced circular dichroism and NMR

spectroscopy) stating that the main (symmetry) axis of 2,6-

diaziadamantane is roughly aligned with the principal axis

of cyclodextrin with one diazirine ring deeply inside the

cavity and the other one on the outside of the wider

aperture of the host [17]. Thus, having passed validation in

this way, it is expected that further important results

concerning details of interactions, which are not directly

available by experimental methods (like the influence of a

guest molecule on size and shape properties of the host and

the fluctuation behaviour of these quantities, as well as the

dynamics of detach and attach processes including

reorientation of the guest relative to the host) should be

reliable too.
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