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Abstract

The conformational properties of polygamain and morelensin, two aryltetralin lignan lactones,
have been investigated in both the gas-phase and chloroform solution using DFT calculations at the
B3LYP/6-311G(d,p) level. Results indicate that the conformation of polygamain is very rigid. Thus,
the conformational flexibility of its five-membered rings is considerably restricted as reflects the pseudo-
rotational parameters of the corresponding envelope conformations. On the other hand, morelensin
shows a notable conformational flexibility, which is mainly due to its two methoxy groups. According-
ly, 16 minimum energy conformations with relative energies smaller than 2.4 kcal/mol were detected.
Furthermore, chemical shifts for 1*C nuclei have been calculated using the GIAO method, results being
compared with experimental data. A good agreement was found for both polygamain and morelensin.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The ability to understand the conformational properties of complex bioorganic mole-
cules is very useful in a range of chemical design applications including drug discovery
and the design of targeted chemical hosts [1-4]. Many drugs-like compounds possess flex-
ible cyclic and acyclic moieties that induce the apparition of minimum energy conforma-
tions very close in energy, i.e., the potential energy hypersurface (PEHS) is very flat. The
application of sophisticated theoretical methods to explore the PEHS of these compounds
is a problem of considerable interest. However, this complex task requires huge amounts
of computational resources if reliable results want to be achieved.

In a recent study, da Silva et al. [5] reported a complete and accurate NMR analysis
of several aryltetralin lignan lactones, which is expected to make easier the stereochem-
ical determination of new analogues. Lignans are a large family of natural products
widely distributed in the plant kingdom. Among them, aryltetralin lignan lactones have
shown to possess antiviral- and antitumor-promoting activities [6-9]. As a consequence
of these biological properties, the chemistry of aryltetralin lignan lactones is receiving
much attention. In spite of the fact that the results of da Silva et al. [5] have enlarged
the NMR database of aryltetralin lignan lactones, which was considerably scarce at that
moment [10-13], no information about the conformational preferences was derived from
such study.

In this work, we present a density functional theory (DFT) study about the conforma-
tional properties of polygamain (1) and morelensin (2), the chemical structure of these
aryltetralin lignan lactones being displayed in Fig. 1. More specifically, detailed conforma-
tional searches have been performed to identify and characterize their minimum energy
conformations in both gas-phase and chloroform solution. To confirm the reliability of
the results, chemical shifts have been calculated and compared with the available experi-
mental information [5]. Calculations reveal that 1 is a stiff molecule, while the high confor-
mational flexibility of 2 mainly resides on the two methoxy groups.

2. Methods

Geometry optimizations were performed in the gas-phase using the B3LYP hybrid
functional [14,15] combined with the 6-311G(d,p) basis set [16]. To explore systematically
their conformational preferences, all the degrees of freedom of 1 and 2 have been consid-
ered. It should be noted that the five-membered ring fused with the cyclohexane, denoted
ring 4 in Fig. 1, is severely restricted to a Cj»-endo envelope conformation by the sp’
hybridization of C; and the stereochemistry of C;, and C,. Furthermore, the conforma-
tion of the cyclohexane ring is also restricted by its two adjacent fused rings. Accordingly,
the degrees of freedom expected for 1 and 2 are: (a) two five-membered rings, denoted
rings B and Cin Fig. 1; (b) the torsional angle around the inter-ring bond C;—C, denoted
x (Fig. 1); and (c) the torsional angles around the Cy—O and C,—O bonds of 2, denoted &,
and &, (Fig. 1), respectively. The following minima are expected for these degrees of free-
dom: (a) Cs-exo <> C-endo and Cy-exo < Cy-endo for rings B and C, respectively; and (b)
gauche™, trans, and gauche™ rotamers for each of the three torsional angles y, &, and &.
Accordingly, 2(B) x 2(C) x 3(y) = 12 starting geometries were considered for the confor-
mational study of 1. The minimum energy conformations found for 1 (V) were considered
as good starting points for the conformational study of 2, which were combined with the
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Fig. 1. Chemical structure of polygamain (1) and morelensin (2). Atom numbering and labels for both five-
membered rings and dihedral angles are indicated.

minima expected for the torsional angles &; and &,. Thus, N x 3(&;) x 3(&;) structures were
used as starting point in geometry optimizations of 2.

To obtain an estimation of the solvation effects, single point calculations were also con-
ducted on the gas-phase optimized geometries using a Self-Consistent Reaction-Field
(SCRF) model. SCRF methods treat the solute at the quantum mechanical level, while
the solvent is represented as a dielectric continuum. Specifically, we chose the Polarizable
Continuum Model (PCM) developed by Tomasi and co-workers to describe the bulk
solvent [17,18]. The PCM represents the polarization of the liquid by a charge density
appearing on the surface of the cavity created in the solvent, i.e., the solute/solvent inter-
face. This cavity is built using a molecular shape algorithm. PCM calculations were per-
formed in the framework of the B3LYP/6-311G(d,p) level using the standard protocol
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and considering the dielectric constant of chloroform (¢ = 4.9). The conformational free
energies in solution (AAG,,,r) were estimated using the classical thermodynamical scheme:
the free energies of solvation (AGs) provided by the PCM model were added to confor-
mational energies in the gas-phase.

Carbon isotropic shielding constants were computed at the B3LYP/6-311G(d) level
using perturbation theory and the Gauche Invariant Atomic Orbitals (GIAO) method
[19,20]. Theoretical calculations yield absolute values of the isotropic shielding constant
(o) with respect to the bare nucleus in vacuo whereas experimental data are referred to
an usual standard as TMS. Thus, experimental scale 6 (chemical shift) is related to the the-
oretical scale o via

0=0— 0, (1)

where o, is the theoretical value of the reference. The '*C isotropic shielding constants in
TMS were computed in a previous work at the level of theory used in this study [21].
The statistical evaluation of the similarity between experimental and calculated chem-
ical shifts was carried out considering the scaling coefficient (¢) and the correlation coef-
ficient () for a regression of the type y = ¢ - x and the root-mean-square deviation (rms).

3. Results and discussion
3.1. Polygamain (1)

Geometry optimization of the 12 structures generated and used as starting points led to
only four different minimum energy conformations. Table 1 shows the more relevant con-
formational features and the relative energies (AE) of these structures. Interestingly, the
four structures share a common conformational feature: the dihedral angle y is about
~133°. Thus, these spatial arrangements allow minimize the repulsive interactions between
the carbonyl group of 4 and the six-membered ring fused to C. As can be seen, the four
minima only differ in the conformation of rings B and C, which is C;-endo and Cy-exo,
respectively, for the lowest energy conformation 1a (Fig. 2). The 1b, 1¢, and 1d conforma-
tions are only 0.2 or 0.3 kcal/mol less favored than 1a indicating that the two envelope
conformations of rings B and C are very close in energy.

Another point that deserves special attention is the difference in the amplitude (t,,) and
phase angle (P) of the envelope forms found for five-membered rings 4, B, and C, such
differences being detected in the four minima listed in Table 1. Thus, the values of such
pseudorotational parameters, which were calculated according to Altona and Sundaralin-
gam [22,23] are: ring A [P ~ 12.5°, 1,,, ~ 38.2°], ring B [P ~ 90.5°/—88.8° (C;-¢x0/C7-endo),

Table 1
Minimum energy conformations of polygamain® (1)
Minimum Ring B Ring C % AE® AGy® AAG on®
la Cy-endo Cy-exo 133.5 0.0° —4.6 0.0
1b Cq-exo Cy-exo 133.0 0.2 —4.7 0.2
1c Cy-endo Cy-endo 133.1 0.2 —4.7 0.1
1d Cq-exo Cy-endo 134.2 0.3 —4.8 0.2
# See Fig. 1.

® In kilocalorie per mole.
¢ E=—1223.373371 a.u.
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Fig. 2. B3LYP/6-311G(d,p) lowest energy structures of polygamain (1a) and morelensin (2a).

Tm & 14.3°] and ring C [P = +90.6°/—89.7° (Cy-exo/Cy-endo), 1y, = 13.1°]. As can be
seen, the value of 7, determined for ring 4 agrees with those typically found for the enve-
lope conformations of non-fused five-membered ring compounds [23-26]. However, the
amplitudes calculated for rings B and C are very small indicating that their envelope con-
formations are close to planarity, which is in agreement with the small relative energies
listed in Table 1. The differences between the envelope conformations of the three rings
are illustrated for minimum 1la in Fig. 2.

These small conformational differences are also responsible for the similarities between
the AG;, values computed in chloroform solution (Table 1), the largest difference being
0.2 kcal/mol. The AAG, s values, which are included in Table 1, show that the influence
of the solvent in the conformational equilibrium associated to the minima of 1 is very
small. The overall of these results indicates that, in spite of its degrees of freedom, the
structure of 1 is considerably stiff. Thus, the flexible inter-ring torsional angle y is severely
restricted by steric repulsions, and the amplitude of the envelope conformations found for
rings B and C is very small. Consequently, the differences between minima 1a—1d are very
small in terms of both geometries and energies.

As expected NMR chemical shifts calculated for the four minima were very similar
among them, the largest difference being 0.7 ppm. In spite of this similitude, calculated
chemical shifts were averaged assuming a Boltzmann distribution of the four minima,
which was calculated using the AAG,,,r values displayed in Table 1. The theoretical and
experimental values of  ('3C) are listed in Table 2, while the statistical results derived
from the comparison between them are displayed in Table 3.

As is reflected by the coefficients r, the correlation between the experimental chemical
shifts and those predicted for 1 is very good. Thus, the scaling coefficient indicates that
the predicted o ('*C) are overestimated by 5%. This error and the rms value listed in Table
3, are within the range typically found in the literature [27-29].

3.2. Morelensin (2)

As can be seen in Fig. 1, compound 2 differs from 1 in the ring C, which is replaced by
two methoxy groups. Accordingly, 1a and 1b are the only suitable minimum energy con-
formations of 1 to generate the starting structures for geometry optimization of 2, i.e., 1¢
and 1d differ from 1a and 1b in the arrangement of C. Thus, considering N = 2 (see Section
2), 2(N) x 3(&1) x 3(&,) = 18 initial structures were used for the conformational search of 2.
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Table 2
Calculated and experimental '3C chemical shifts® for polygamain® (1) and morelensin® (2)
1 2
6calculaled (sexperimenlal 5calcu1aled 5experimental
Cl’ 146.1 1359 Cl’ 145.0 134.6
Cc2 116.3 107.5 Cc2’ 123.2 110.5
C3’ 153.7 146.8 C3’ 156.4 146.5
Cc4/ 153.0 145.7 C4/ 156.9 146.5
C5' 111.5 107.2 Cs’ 114.4 111.3
C6’ 127.1 122.1 Cce’ 1239 121.6
C7 106.4 100.0 Cc7 56.7 56.5
Cg’ 55.7 56.0
Cl1 178.7 174.5 Cl 179.7 174.5
C2 54.3 47.8 C2 54.8 47.6
C3 52.5 45.1 C3 51.6 453
C4 142.2 131.7 C4 142.1 132.0
C5 115.5 109.0 C5 1159 108.2
C6 153.5 145.5 C6 153.4 145.7
C7 106.8 100.1 C7 106.7 100.2
C8 153.1 145.5 C8 153.0 146.3
C9 111.6 108.1 C9 111.5 107.3
C10 135.5 126.8 Cl10 1359 127.0
Cl1 37.5 32,5 Cl1 37.5 323
Cl12 453 39.0 Cl2 45.6 39.4
C13 73.3 70.0 Cl13 73.4 70.7
% In ppm. Experimental data from [5].
® See Fig. 1.
Table 3

Statistical results® derived from the comparison between the calculated and experimental '3C chemical shifts in
polygamain (1) and morelensin (2)

Compound ¢ r rms
1 0.95 0.996 6.94
2 0.94 0.995 7.19

& Scaling coefficient (¢) and correlation coefficient (r) from y = ¢ x, and root-mean-square deviation (rms; in
ppm).

Table 4 provides the more important conformational characteristics and the AE values
of the minimum energy conformations resulting from B3LYP/6-311G(d,p) geometry opti-
mizations in the gas-phase. The methoxy groups impart a considerable degree of flexibility
to the compound, as is reflected by the 16 minima found. As can be seen, for every
arrangement of the side chains, which is specified by &, and &,, two minima that only differ
in the envelope conformation of B can be identified. In all cases, the amplitude and phase
angle of rings A and B were similar to those described for 1. To minimize the steric repul-
sions between the methoxy groups and A, the inter-ring dihedral angle y is restricted to
values ranging from 130° to 146°.

In the lowest energy structure 2a, which is displayed in Fig. 2, the two methoxy groups
are arranged in trans and B adopts a Cs-endo conformation. Minimum 2b is destabilized
by only 0.2 kcal/mol since it differs from 2a in the conformation of the five-membered ring
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Table 4
Minimum energy conformations of morelensin® (2)
Minimum Ring B 1 & & AE® AGyo® AAGeon®
2a Cy-endo 144.4 —176.6 179.8 0.0° =27 0.1
2b Cr-exo 144.5 —176.6 180.0 0.2 -3.0 0.0
2¢ C-endo 145.6 —174.1 —65.4 0.6 -2.0 1.4
2d Cr-exo 145.5 —174.1 —65.6 0.6 -1.9 1.5
2e Cy-endo 132.9 -72.1 178.0 1.1 -3.1 0.8
2f Cr-exo 132.9 -72.2 180.0 1.2 -32 0.8
2g Cy-endo 134.0 105.3 —69.1 1.7 -2.1 24
2h Cy-exo 134.1 105.3 —69.1 1.7 -2.1 24
2i Cy-endo 134.0 —75.7 —69.2 1.7 -2.1 2.4
2j Cs-exo 134.0 —75.8 —69.1 1.8 -1.9 2.7
2k C-endo 132.4 68.2 176.7 1.8 -3.6 1.0
21 Cr-exo 131.2 68.4 175.1 2.1 =35 14
2m Cs-exo 130.2 —111.5 70.0 22 =25 2.5
2n Cy-endo 130.3 —111.5 70.1 22 -2.6 24
20 Cy-endo 130.3 70.6 70.1 22 -2.6 2.4
2p Cy-exo 130.6 70.6 70.1 2.3 -2.8 2.3
# See Fig. 1.

® In kilocalorie per mole.
¢ E=—1263.899394 a.u.

B but not in £, and &,. On the other hand, 2¢, 2d, 2e and 2f differ from 2a and 2b in either
&, or &, which changes from trans to gauche™. The AE values of 2¢ and 2d are 0.6 kcal/
mol, this destabilization being fully consistent with the values reported in the literature for
the rotation of a single C-O bond [30,31]. However, the AFE calculated for 2e and 2f is 1.1
and 1.2 kcal/mol, respectively, indicating that the unfavorable interactions between (i) the
methoxy group attached to Cy and A and (i) the disadvantageous rotation of the dimeth-
oxyaryl group each amount to 0.5-0.6 kcal/mol. The remaining minima are not significant
in the gas-phase since their population is expected to be negligible, i.e., AE values are high-
er than 1.5 kcal/mol.

Solvent effects produce some changes in the relative energy order between the dif-
ferent conformers. The more favored conformations in chloroform solution are 2a and
2b, which are almost isoenergetic, as in the gas-phase. However, 2¢ and 2d become
about 0.8 kcal/mol less stable in solution than in the gas-phase, while 2e and 2f are
stabilized by about 0.4 kcal/mol, their AE values being very similar. Furthermore,
the interactions with the solvent stabilize 2k and 2l by 0.6 and 0.5 kcal/mol with
respect to 2b. The overall of these changes indicates that solvent not only alters the
populations of the different minima but also increases the number of significant min-
ima from 6 to 8.

The theoretical values of 6 ('*C) were calculated for all the minimum energy conforma-
tions listed in Table 4. Theoretical values averaged according to a Boltzmann distribution
of the minima in solution are compared with experimental data in Table 2, the statistical
parameters of such comparison being included in Table 3. The statistical parameters
obtained for & (**C) are very similar to those obtained for 1, the rms being of 1.11 ppm.
Thus, although quantum mechanical calculations overestimate the & (**C) values, experi-
mental data are in general well reproduced by the conformational model displayed in
Table 4.
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4. Conclusions

The results presented in this work indicate that 1 adopts a rigid structure, the only
degrees of freedom being the rings B and C that can adopt Cy-exo/Cs-endo and
Cy-exo/Cy-endo envelope conformations, respectively. Furthermore these conformations
could be considered as distorted planar arrangements, as reveal the small pseudorotational
amplitudes. Regarding 2, the methoxy groups attached to Cy and Cy provide a notable
conformational flexibility that combines with the Cs-exo/C;-endo envelope conformations
of B. The chemical shifts predicted for the conformational models proposed for 1 and 2 are
in good agreement with the reported experimental data.
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