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ABSTRACT

Although dioncophylline A (1) is the certainly best-investigated naphthylisoquinoline alkaloid, it still
represents a challenging case for theoretical stereochemical investigations. Its biaryl axis, although being
configurationally stable, still has a certain degree of rotational flexibility, rapidly twisting within certain
margins, and thus, exerting a dramatic influence on the CD behavior of 1. Therefore, solid-state CD
spectroscopy might provide a unique chance to study this flexible compound in a conformationally
‘frozen’ form, as fixed in the crystal. Based on the X-ray derived coordinates of the single conformer
found in the crystalline state, CD calculations were performed by three different approaches, viz. by
CNDO/S-CI, TD-B3LYP, and DFT/MRCI, each permitting the unambiguous attribution of the absolute axial
configuration of dioncophylline A (1) as P, which is in full agreement with the previous assignments.
Furthermore, to examine a possible influence of the neighboring molecules in the crystal on the CD
behavior of 1, a set of dyads, each consisting of a given ‘central’ molecule and a second one from the
nearest neighborhood, were considered at a semiempirical level, as well as a ‘one-piece’ cluster of 16
molecules from the crystal. The results were compared with those obtained by solution and solid-state

CD spectroscopy, which confirmed the configurational assignment.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The secure, unambiguous elucidation of the absolute stereo-
structures of chiral molecules of natural or synthetic origin is one of
the central topics of modern organic chemistry. Along with tradi-
tional methods of determining the absolute configuration by total
synthesis,"?> chemical degradation®” or X-ray structure analysis,®’
chiroptical approaches, and in particular circular dichroism (CD)
spectroscopy® have emerged as the currently most effective tools.
In combination with methods for the online measurement of CD
spectra, immediately from the peak in the chromatogram by HPLC-
CD coupling® and with ever-developing quantum chemical calculations,
they permit to distinguish between stereoisomers without major
experimental effort and dissipating only minuscule amounts of
substance. Usually, experimental CD spectra, which serve as a basis
for comparison with the theoretically predicted curves, are mea-
sured in solution. Since circular dichroism, more than any other
spectroscopic method, strongly depends on the orientation of the
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chromophores to each other and, thus, on the conformational be-
havior, the calculation of the CD spectra requires the consideration
of all possible conformational species that occur in solution, and
hence do contribute to the molecular CD. This task may become
very difficult in the case of highly flexible compounds. Recently, the
method of determining the absolute configurations by CD calcula-
tions has been extended to the crystalline state.!"'? Evidently, the
theoretical CD study of a chiral compound in the crystal has
a substantial advantage over that in solution, since solid-state
samples provide one or only few conformers, whose geometries
and relative orientations can be easily and unambiguously revealed
by X-ray crystallography—provided that crystals of sufficient
quality can be obtained. On the other hand, due to the dense
‘packing’ of the molecules in the crystal, intermolecular in-
teractions, which are much stronger as compared to those occur-
ring in solution, may have an additional influence on the resulting
CD spectrum. Furthermore, to measure solid-state CD spectra, great
care is needed to avoid or/and eliminate the inevitably expected
artifacts 131415

In this paper, we describe the first theoretical and experimental
solid-state CD investigations on the well-known natural product
dioncophylline A (1)'®171819 55 3 model compound, which consists
of two substantially different chromophoric units, viz. a naphtha-
lene part and an isoquinoline portion, linked through a rotationally
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flexible, but still configurationally stable biaryl axis. The axial chi-
rality of dioncophylline A (1)—here even in connection with ster-
eogenic centers—is a particular challenge for CD studies. According
to semiempirical gas-phase computations, this molecule may, even
for the same absolute axial configuration, adopt two different
minimum conformations with divergent orientations at the ster-
eogenic axis, which, although both P-configured, provide virtually
opposite CD spectra, as normally to be expected for enantiomers.
This makes an interpretation of the experimental CD spectrum
measured in solution extremely difficult and insecure. In the
crystalline state, however, dioncophylline A (1) adopts only one of
these two conformations, which, thus, should facilitate theoretical
CD investigations considerably.

Furthermore, we have examined whether the neighboring
molecules of dioncophylline A (1) in the crystal do affect its CD
behavior and whether consideration of a single molecule is indeed
sufficient for predicting its solid-state CD spectrum. For this pur-
pose, the semiempirical CD computations were performed for all
possible dyads, i.e., all combinations of each, one ‘central’ molecule
of 1 and one neighbor, followed by an averaging of the obtained CD
spectra and a comparison with the experimental KBr-based CD
curve. Moreover, the CD spectrum was calculated for a fragment of
the crystal lattice including 16 molecules of dioncophylline A (1).

2. Results and discussion
2.1. Dioncophylline A as a rewarding model compound

Dioncophylline A (1)'® is a well-known naphthylisoquinoline
alkaloid possessing both central and axial chirality. Its full absolute
stereostructure, with 1R,3R,7P-configuration (Fig. 1a), has been
established by one of our groups, using a broad variety of most
different analytical, chemical, X-ray crystallographic, and compu-
tational methods, namely by NMR,'62° oxidative degradation,* by
stereoselective total synthesis,?! by X-ray diffraction analyses both
in the absence or presence of heavy atoms,?>?3 by circular di-
chroism spectroscopy (after dehydrogenation) with application of
the exciton chirality method,'® and by semiempirical CD calcula-
tions (of the authentic alkaloid) based on a molecular dynamics
(MD) approach.?* Dioncophylline A (1) is thus a valuable model
compound with an unambiguously known absolute stereo-
structure, and, thus, a test case for new methods for the assignment
of absolute configurations, but simultaneously, it still exemplifies
the need for improved stereochemical methods due to its flexible
stereogenic biaryl axis, whose orientation has a drastic influence on
the CD spectrum. Thus, partial rotation around this axis by varying
the dihedral angle ABCD (30°<fapcp<135°, Fig. 1a)—yet without
changing its P-configuration—followed by CD calculations of the
single rotamers thus obtained revealed a far-reaching change in the
CD behavior of dioncophylline A (1). Under these conditions, even
fully mirror-like, opposite CD spectra were obtained for different
conformers, although all possessing the same absolute configura-
tions at axis and centers (Fig. 1b). The semiempirical AM1-based?>
screening of the reaction coordinate for the rotation around the axis
of 1 (Fig. 1c) showed two energetically nearly identical (AAE
0.2 kcal/mol)—and thus similarly populated!—minimum con-
formers (Fig. 1d) with dihedral angles fagcp of 106° and 78°,%6
whose CD spectra were found to be nearly opposite to each other
(Fig. 1e). Further optimization of these two minima at the DFT level
(BLYP/6-31G**) gave, on the other hand, only one minimum
structure with an angle of 105°, proving the second conformer with
fascp of 78° to be unstable, which might thus be considered as an
artifact of the AM1 calculations. Still, in agreement with the
semiempirical calculations, the respective energy profile predicted
by DFT (Fig. 1f) indicated a substantial rotational flexibility at the
axis of 1, resulting in very similar energies within a quite broad

range of dihedral angles. As a consequence, the resulting overall
theoretical CD curve of 1, which is substantially determined by the
conformer distribution, will strongly depend on the accuracy of the
method used for the conformational analysis and for the calculation
of the energies of the respective minimum conformers.

In the crystals, by contrast, as obtained from dichloromethane/
ethanol, dioncophylline A (1) was found to adopt only one con-
formation, viz. with a dihedral angle fagcp of 115° (Fig. 2),? which
does not correspond to any of the two preferential angles predicted
at the AM1 level to occur in solution (106° and 78°), but should, due
to the rigid structure, permit an unequivocal prediction of the CD
spectrum. According to the DFT calculations, this conformer has an
energy of 0.7 kcal/mol higher than the lowest-energy structure
(Fig. 1f). The geometry of this conformer, as known from the X-ray
diffraction experiment, can be directly used as an input for the
excited states’ energy calculations. Thus, solid-state CD spectros-
copy in combination with CD calculations could provide an at-
tractive additional tool for the attribution of the absolute axial
configuration of conformationally flexible compounds that have
chiroptically different, but energetically similar conformers, like
dioncophylline A (1).

2.2. Experimental solid-state CD investigations

Solid-state CD measurements on dioncophylline A (1) were
carried out on the Universal Chiroptical Spectrophotometer (UCS-
1), designed and constructed by one of our groups in 2001.1> The
instrument is able to measure all the polarization phenomena, i.e.,
linear birefringence (LB), linear dichroism (LD), circular bi-
refringence (CB), and CD, simultaneously. Using this apparatus and
especially devised Stokes—Miiller matrix analysis' for the solid
samples, artifact-free CD spectra can be obtained, without any
macroscopic anisotropies typical of the solid-state samples such as
LD and LB. Details of the instrumentation and the analytical pro-
cedure for obtaining artifact-free CD spectra have been already
reported.’®

The transmittance CD spectrum of the microcrystalline material
obtained by the KBr matrix method is shown in Figure 3. It com-
prises two peaks with positive Cotton effects at 280 and 245 nm,
separated by a low-intensity negative band at 260 nm and followed
by a broad, strongly negative signal at 227 nm (Fig. 3). Similar
transmittance CD and absorption spectra were obtained for both,
the solid (KBr disk) and the solution (EtOH) states, thus indicating
related conformational patterns in the solid (as a KBr pellet) and in
solution.

2.3. CD calculations of a single molecule of 1

Based on the X-ray derived coordinates of the single conformer
of 1 found in the crystal, CD calculations were performed by using
three different approaches: the semiempirical CNDO/S-CI%’
method, which had previously shown good results for a large va-
riety of axially chiral biaryls,>82%3%31 the more accurate ab initio
approaches based on a time-dependent density functional theory
(TDDFT,3233 B3LYP/TZVP343>3%) and on a multireference configu-
ration interaction procedure (DFT/MRCL>7 BHLYP/SVP3839). For the
latter two approaches, the initial X-ray based geometry was addi-
tionally re-optimized by DFT at the B3LYP/TZVP level with regard to
all bond lengths of 1 while preserving the whole set of valence and
dihedral angles and hence saving the overall conformation.!? This
optimization led to an increase of the bond lengths between heavy
atoms by 0.3-0.5% and by 10-15% for the bonds involving hydrogen
atoms.

The comparison of the experimental solid-state CD curve of
dioncophylline A (1) with the spectra calculated for a single mol-
ecule of (P)-1 is shown in Figure 4. The first positive band observed
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Figure 1. One absolute ‘configuration’ (1R,3R,7P), but two chiroptically opposite conformers. Dioncophylline A (1) with its absolute stereostructure (a), a series of CNDO/S calculated
CD spectra (red and blue areas correspond to positive and negative A¢ values, respectively) of its rotamers (b), and reaction coordinate (AM1) for the partial (twisting) rotation
around the biaryl axis (c), revealing two minimum conformers A and B, with dihedral angles f#apcp of 106° and 78°(d), respectively; the CD spectra of these conformers are almost
mirror-image like (e); the energy profiles for the axial rotation calculated at the DFT level (f).

experimentally at 280 nm was predicted by each theoretical
method with a too low intensity. The best overall match between
theory and experiment was achieved in the case of DFT/MRCI
methodology (Fig. 4c), whereas TDDFT calculations revealed the
first positive and second negative signals to be substantially shifted
to the region of shorter wavelengths (Fig. 4b). The repeated TD-
B3LYP computations on the original structure obtained from X-ray
diffraction analysis did not yield any substantial improvement in
the spectrum (Fig. S1, Supplementary data). Nevertheless, the
overall agreement between the experimental (KBr) curve of 1 and

all simulated spectra permitted an unambiguous attribution of the
axial configuration of dioncophylline A (1) as P, which again, in-
dependently, confirmed the previous assignments.!8-21:22:24
Although the combination of solid-state CD spectroscopy and
CD computations of a single X-ray derived molecule proved its
applicability for the attribution of the absolute configuration of this
axially chiral alkaloid, dioncophylline A (1), it was still of interest
how the closest neighbors of any molecule of 1 in the crystal affect
its CD behavior, and whether the quantum chemical treatment of
larger systems, e.g., of the dyads of 1 or of an integral, ‘one-piece’
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Figure 2. Single conformer of dioncophylline A (1) as found in the crystal (likewise
present in the crystal: a molecule of CH,Cl,).??

cluster with several molecules, can improve the quality of the
above-presented results. In the case of dioncophylline A (1),
neighboring effects seemed to be of particular importance, since
this relatively large molecule, comprising two electronically dif-
ferent, almost orthogonally oriented chromophores, should ‘see’ its
different closest neighbors in the crystal differently. Thus,
depending on the direction in the crystalline structure, the one or
the other chromophoric units of two individual molecules
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(isoquinoline to isoquinoline, naphthalene to naphthalene, or iso-
quinoline to naphthalene) will be oriented at different distances
and angles, thus providing a set of certainly most diverse in-
termolecular interactions, which may affect the CD behavior of 1,
possibly even substantially. Thus, to investigate this effect, CD cal-
culations were first performed for all imaginable dyads, each
comprising one ‘central’ molecule of 1 and its closest neighbor (see
below).

2.4. CD calculations on the dyads of 1 and on the cluster
from the crystal

The unit cell of dioncophylline A (1) contains four molecules,
which were named I, II, III, and IV, as shown in Figure 5a. The
molecules formally generated by the translation along the principal
axes x, ¥, and z were given the respective indexes X, y, and z. It was
shown that each of the molecules of 1 in the crystal has the same
molecular environment. For the comprehensive investigation of the
neighboring effect one molecule with all its neighbors can therefore
be chosen randomly. Thus, CD computations were performed on all
possible dyads, which always consisted of the molecule Ix as the
center (Fig. 5b, pink; for interpretation of the references to color in
the text and in the figure legends, the reader is referred to the web
version of this article) and, in turn, all its neighboring molecules,
viz. Ix-1, Ix-Iz, Ix-Ixz, Ix-1I, Ix-l1Ix, Ix-1lz, Ix-IIxz, Ix-III, Ix-IIIx,
Ix-Illy, Ix-IlIxy, Ix-IVy, Ix-IVxy, Ix-IVyz, Ix-IVxyz (Fig. 5b). The
coordinates of each of the dyads were obtained as a result of con-
structing the desired fragment of the crystal structure of 1 and
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Figure 3. Transmittance CD (a) and UV spectra (b) of dioncophylline A (1) as measured in ethanol solution, and in the solid state as a KBr pellet.
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Figure 4. Comparison of the experimental CD curve of dioncophylline A (1, in KBr) with the spectra calculated for a single molecule of (P)-1 by using CNDO/S-CI (solid line) (a),

TDDFT (dotted line) (b), and DFT/MRCI (dash-dotted line) (c).
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Figure 5. A simplified representation of the unit cell of dioncophylline A (1), containing four molecules labeled as I, II, III, and IV (a), and a fragment of the crystal lattice of 1
demonstrating the ‘central’ molecule Ix (pink) and all its neighbors taken into account (b). For reasons of clarity, solvent molecules and all hydrogen atoms of 1 were omitted.

subsequent canceling of all atoms of the other molecules, while
leaving those of the two molecules of interest (for details, see
Section 4). The CD spectra were calculated only by using the
computationally inexpensive semiempirical CNDO/S-CI method,
which had also shown a good agreement concerning the predicted
wavelengths and the relative intensities for the ‘monomer’ of 1. In
order to simplify a comparative analysis of the obtained CD curves,
they were grouped in accordance to the same molecular number
given and, additionally, compared with the CD spectrum of the
single conformer found in the crystal (‘monomer’). Despite the fact
that some of the dyads appeared geometrically identical and hence
provided the same CD spectra, they are still presented in the paper
for reasons of completeness.

The comparison of the CD curves calculated for the dyads with
the neighbors of type I (i.e., the dyads Ix+I, Ix+Iz, Ix-+Ixz, Fig. 6,
left) and the spectrum predicted for the single conformer showed
that this type of neighborhood does not influence the CD behavior
(Fig. 6, right), clearly indicating a negligible intermolecular in-
teraction, which can be explained in the case of the molecules Iz
and Ixz with a too large spatial distance from Ix and, in the case of
molecule I, with the parallel orientation of the molecular chro-
mophores of I and Ix, which prevents them from interaction.

From the CD plot for the neighbors of type II (Fig. 7, right) it
can be seen that taking molecule II as the neighbor (i.e., the dyad
Ix-+II) gave the same CD spectrum as taking the molecule IIx (i.e.,
the dyad Ix-+IIx). Moreover, the CD behavior of these dyads did
not differ substantially from that of the CD of the monomer. This
observation can be interpreted by the weak interaction of the
almost parallelly arranged naphthalene chromophores of Ix and
II, and of Ix and IIx (Fig. 7, left). In the cases of the dyads with the
molecules Ilz and IIxz (i.e., the dyads Ix+1Iz and Ix+1IIxz), their CD
spectra were also identical with each other, but differed from the
CD curves of the first pairs of dyads and from the CD of the
monomer in the intensities being switched for the negative peak
at 230 nm. This revealed a noticeable interdependency between
the overlaying naphthalene and isoquinoline moieties, viz. the
isoquinoline part of Ix with the naphthalene portion of Ilz, and
the naphthalene unit of Ix with the isoquinoline half of IIxz
(Fig. 7, left).

The neighbors of type Il are located above the molecule Ix, as III
and IIIx, and below, as Illy and IlIxy (Fig. 8, left). In this case, the
dyad with the molecule III as the neighbor (i.e., the dyad Ix-+III)
was identical to the one with the molecule Illy (i.e., the dyad
Ix+Illy) and hence, they resulted in the same CD spectrum.
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Consequently, the neighbors IlIx and IlIxy (i.e., the dyads Ix-+IIIx
and Ix+IIIxy) exhibited an equal CD behavior as well, so that the
below-lying neighbors, Illy and IlIxy (i.e., the dyads Ix+IIly and
Ix-+IIIxy), did not cause any changes in the CD behavior in com-
parison to the respective molecules of type Il lying above. On the
other hand, the CD curves for the dyads including the molecules III
and IlIx strongly differed from each other, with some signals even
possessing opposite signs, and furthermore they were distinct from
the CD spectrum of the monomer (Fig. 8, right). This might be due
to the presence of different types of interactions, namely a naph-
thalene-naphthalene one in the case of the overlaying naphthalene
portions of IIIx or IlIxy and that of the molecule Ix (naphthalene
centroid-naphthalene centroid, ca. 7.0A, and the closest in-
teratomic distance, ca. 5.4 A), isoquinoline-naphthalene ones for
the isoquinoline half of the molecule III or Illy and the naphthalene
part of Ix (centroid—centroid, ca. 8.0 A, and the closest interatomic
distance, ca. 3.7 A), and vice versa for the isoquinoline moiety of Ix
and the naphthalene parts of Ill or Illy (centroid—centroid, ca. 8.0 A).
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In the cases of the neighbors of type IV, which are located on
the right (IVyz, IVxyz) and on the left (IVy, IVxy) side of the
molecule Ix (Fig. 9, left), the following situation occurred: con-
sidering the molecules IVy and IVyz as the neighbors (i.e., the
dyads Ix-+IVy and Ix+IVyz) resulted in identical CD spectra, which
were furthermore similar to the spectrum of the monomer (Fig. 9,
right), thus clearly indicating marginal interactions between these
molecules and Ix. Furthermore, IVXy and IVxyz, each in combi-
nation with Ix, likewise gave geometrically the same dyads (i.e.,
the dyads Ix+IVxy and Ix+IVxyz), whose CD spectra revealed
a substantially different behavior as compared to the spectra of the
first pairs of dyads and that of the monomer of 1 (Fig. 9, right), viz.
showing the signals at 300 and 230 nm to be of opposite signs.
As evident from Figure 9 (left), this behavior can be explained by
remarkably strong intermolecular naphthalene-isoquinoline
interactions: naphthalene (Ix)-isoquinoline (IVXy) and isoquino-
line (Ix)-naphthalene (IVxyz) (with a centroid-centroid distance
of ca. 5.4 A).
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Figure 7. Plot of the neighbors of type II (viz. II, IIx, Ilz, IIxz) in the xz plane of the unit cell of 1 and CD spectra of the corresponding dyads.
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Figure 9. Plot of the neighbors of type IV (namely IVy, IVxy, IVyz, and IVxyz) in the xz plane of the unit cell of 1 and comparison of the CD spectra of the corresponding dyads.

a substantial impact, while the other neighbors—I, Iz, Ixz, II
(analogous to IIx), IVy (analogous to IVyz)—possess little or no
influence.

The spectrum obtained by the arithmetical average over the CD
curves of all dyads considered, however, did not show any sub-
stantial change in comparison to the spectrum of ‘monomeric’ 1

Thus, the calculations described above have proven that the
surrounding effects should indeed have a certain influence on the
CD behavior of dioncophylline A (1) in the solid state, namely for
one molecule of 1 (here presented for Ix) four of the neighboring
molecules—IIz (same effect as IIxz), Il (same effect as Illy), IIx
(same effect as IlIxy), and IVXy (same effect as IVxyz) have

@ 12 (b) 424
calcd. for

'monomer’ of 1

calcd. for 'cluster'

exp. in KBr 6 1 \exp. in KBr
averaged 1
over all dyads 124
200 250 300 350 200 250 300 350
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Figure 10. (a) Comparison of the experimental solid-state (KBr matrix) CD spectrum of dioncophylline A (1) with the curve predicted (CNDO/S) for one single molecule, and with
the calculated spectrum obtained as an average over all treated dyads, and also (b) with the curve calculated (ZINDO/S) for the cluster of 16 molecules as experimentally found in the
solid state of 1.
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(Fig. 10a). Thus, since no improvements were achieved with these
dyads as compared to the aforementioned results (see Section 2.3),
CD calculations were performed for a significantly larger aggregate,
including 16 molecules of dioncophylline A (1) (these are the
molecules shown in Fig. 5b, except for molecules llz, Illy, IIIxy,
IVxy, and IVxyz). Because of the too large size of the system, the CD
spectrum was now calculated by using ZINDO/S*® implemented in
ORCA.*! For a single molecule of 1, CNDO/S and ZINDO/S methods
provided very similar CD spectra, only slightly differing in the ex-
citation energies (Fig S3, Supplementary data). Comparison of the
CD spectrum calculated for the cluster taken from the crystal, with
the experimental solid-state CD curve (Fig. 10b) showed only minor
improvements, viz., the higher intensity of the peak at about
280 nm. Nonetheless, these results showed that there is indeed an
effect on the CD spectrum from the crystalline state; but according
to the calculations, this effect is negligible. Therefore, in the case of
dioncophylline A (1) the consideration of only one molecule is
sufficient for an assignment of its absolute axial configuration by
means of solid-state CD spectroscopy.

The effect of neighboring molecules on the solid-state CD
spectrum has already been investigated by Antus and Kurtan for
naphthylethylidene ketals of glycosides by using an approximate
method.*? The present work, with its in-depth, systematic study of
the possible surrounding effects should further contribute to the
problem of intrinsic solid-state CD effects, and the results found so
far should give a higher security for configurational assignment
with the solid-state CD method, as first reported by Krohn.!"?

3. Conclusion

The recently introduced method of determining the absolute
stereostructure of chiral compounds by a combination of solid-state
CD spectroscopy and quantum chemical CD calculations was suc-
cessfully applied for the attribution of the axial configuration of the
conformationally flexible naphthylisoquinoline alkaloid, dioncophyl-
line A (1). Along with a prediction of the CD spectrum for the single
conformer of 1 found in the crystal by using three different theoretical
approaches (viz. CNDO/S-CI, TD-B3LYP, DFT/MRCI), we have further-
more investigated, for the first time, an influence of the neighboring
molecules of dioncophylline A (1) in the solid state on its CD behavior
by calculating the CD spectra for all possible dyads, each composed of
one ‘central’ molecule plus one neighbor, and also by predicting the CD
spectrum for a 16-molecule fragment of the crystal structure of 1.
Despite the fact that in this particular case and at the semiempirical
level such consideration of the surrounding effect did not improve the
final result, we consider this approach as highly promising, especially
for higher-level computations on large chiral molecules with several
chromophoric units being distant from each other.

4. Computational

Screening of the reaction coordinate for the biaryl axis of 1 was
performed at the semiempirical AM1%° level with the Gaussian 033
program by varying the dihedral angle at the axis with an interval
of 5° (30°<fapcp<135°). Analogous DFT computations using the RI-
BLYP/SV(P) and RI-BLYP/TZV(P) methods were done with ORCA.#!
The CD spectra for the rotamers thus obtained were calculated by
using the semiempirical CNDO/S-CI?” method within the BDZDO/
MCDSPD** program package, with a CI expansion including 28
occupied and unoccupied orbitals.

CD computations of the single conformer of 1 obtained from the
solid-state structure were performed by the CNDO/S-CI method
and also by using TDDFT (B3LYP/TZVP)*43>36 and DFT/MRCI
(BHLYP/SVP)?73839 approaches, which considered 40 and 35 ener-
getically lowest excites states, respectively. For the TDDFT and DFT/
MRCI-based CD calculations, the initial X-ray deduced structure

was additionally re-optimized by a DFT method at the B3LYP/TZVP
level with regard to all bond lengths of 1 while ‘freezing’ a whole
set of valence and dihedral angles using the ModRedundant*? op-
tion of Gaussian 03. The DFT/MRCI calculations were performed
with a configuration selection cut-off of 0.8y, ** which permitted to
reduce the computational costs substantially. The dipole-velocity
representation®® of the rotatory strengths was chosen for all
methods. To simulate the CD curves, a Gaussian band-shape func-
tion?” was applied with the exponential half-width of 0.1 eV in the
case of the spectra of the ‘monomeric’ 1 and of 0.08 eV for
the curves of all dyads. To compensate an error in the prediction of
the energies of the excited states, the calculated CD spectra were
shifted in accordance with a UV correction®® by 6 nm (blue shift,
CNDO/S-CI), 8 nm (red shift, TDDFT), and 15 nm (red shift, DFT/
MRCI) as compared to the experimental KBr-based curve. Simula-
tion of all band-shape spectra and their comparison with the ex-
perimental ones were performed with SpecDisc.8

Coordinates of the dyads of 1 were obtained by constructing the
required fragment of the crystalline structure of 1 within the ORTEP#°
program, followed by the cancellation of all atoms of currently un-
needed molecules, while saving those of the two molecules of in-
terest. The CD spectra of the dyads were calculated by the
semiempirical CNDO/S-CI method as described above. For calculation
of the ‘one-piece’ fragment with 16 molecules of 1 taken from the
crystal, the ZINDO/S approach was used, treating 120 singly excited
configurations. The resulting spectrum was blue-shifted by 20 nm.

5. Solid-state CD measurements

The transmittance solid-state CD and absorption spectra were
recorded using UCS-1."> A crystal of dioncophylline A (1) (ca. 50 pg)
and dry KBr (125 mg) were finely ground, and the powder was
pressed at 4.8 MP/cm? in vacuum for 10 min to prepare a transparent
disk of 1 cm diameter. The KBr disk, held by a specially designed disk
holder, was placed normal to a light beam. The wavelength scan CD
spectrum was recorded over a wavelength range of 350-207 nm
with ‘standard’ sensitivity at 50 nm/min with 1 nm resolution, time
constant of 1 s. The true CD spectrum in the solid state was obtained
by a specially devised set of procedures based on the Stokes—Miiller
matrix method."® For comparison, CD and absorption spectra of
dioncophylline A in ethanol were recorded at a concentration of
0.296 mM using a quartz cell of 1 mm optical length.

The transmittance solid-state CD spectrum was checked for the
effect of artifact signals, which arise from the interaction between
the macroscopic anisotropies of the sample and the non-ideal
characteristics of the polarization-modulation instruments.'> The
artifact signals have terms dependent and independent on the
sample rotation in the plane perpendicular to the light beam."”
The CD signal of the prepared KBr disk hardly changed with rota-
tion (data not shown), and hence the angular-dependent terms
multiplied by the polarization characteristics of the detector were
negligible. LB and LD values of the current sample were measured
to be of 6x10~> and the order of 10~ OD, respectively. Thus, the
angular-independent terms are 10-100 times smaller than the true
CD signal (the order of 10~* OD=5-10 mdeg). Therefore, one can
conclude that the transmittance solid-state CD spectra of 1 recor-
ded on UCS-1 are free from LD and LB effects. This was achieved by
a careful preparation of the sample, and due to the use of UCS-1,
which was specially made to possess little non-ideal polarization
characteristics. The effect of large artifacts to CD spectra can be seen
in the literature.!>>%>!

Acknowledgements

This work was
schungsgemeinschaft

supported by the Deutsche For-
(SFB 630 ‘Agents against Infectious



5728

Diseases’). We are grateful to Y. Reichert for preparing the crystal-
line material and also to Dr. D. Leusser (from the group of Prof. D.
Stalke, Gottingen) and Dr. K. Radacki (from the group of Prof. H.
Braunschweig, Wiirzburg) for the X-ray measurements.

Supplementary data

Supplementary data associated with this article can be found in

the online version, at doi:10.1016/j.tet.2009.05.024.

References and notes

A wWN =

o u

21.

22.

23.

. Boger, D. L.; Hong, J. J. Am. Chem. Soc. 2001, 123, 8515-8519.

. Trost, B. M.; Dirat, O.; Gunzner, J. L. Angew. Chem., Int. Ed. 2002, 41, 841-843.
. Bringmann, G.; Lang, G.; Michel, M.; Heubes, M. Tetrahedron Lett. 2004, 45, 2829-2831.
. Bringmann, G.; Geuder, T.; Riibenacker, M.; Zagst, R. Phytochemistry 1991, 30,

2067-2070.

. Bringmann, G.; God, R.; Schéffer, M. Phytochemistry 1996, 43, 1393-1403.
. Eliel, E. L.; Wilen, S. H. In Organische Stereochemie; Hopf, H., Mulzer, ]., Eds.;

Wiley-VCH: Weinheim, 1998; p 90, 110-113.

. Bringmann, G.; Saeb, W.; God, R.; Schiffer, M.; Frangois, G.; Peters, K.; Peters,

E.-M.; Proksch, P.; Hostettmann, K.; Aké Assi, L. Phytochemistry 1998, 49,1667-1673.

. Circular Dichroism: Principles and Applications, 2nd ed.; Berova, N., Nakanishi, K.,

Woody, R. W,, Eds.; Wiley-VCH: New York, NY, 2000.

. Bringmann, G.; Gulder, T. A. M.; Reichert, M.; Gulder, T. Chirality 2008, 20, 628-642.
. Bringmann, G.; Bruhn, T.; Maksimenka, K.; Hemberger, Y. Eur. J. Org. Chem. 2009.

doi:10.1002/ejoc.200801121

. (@) Hussain, H.; Krohn, K.; Florke, U.; Schulz, B.; Dréger, S.; Pescitelli, G.; Antus,

S.; Kurtan, T. Eur. J. Org. Chem. 2007, 292-295; (b) Kwit, M.; Sharma, N. D.; Boyd,
D. R.; Gawronski, J. Chem.—Eur. J. 2007, 13, 5812-5821; (c) Zhang, W.; Krohn, K.;
Zia, U.; Florke, U.; Pescitelli, G.; Di Bari, L.; Antus, S.; Kurtan, T.; Rheinheimer, J.;
Drager, S.; Schulz, B. Chem.—Eur. J. 2008, 14, 4913-4923; (d) Kurtan, T.; Pesci-
telli, G.; Salvadori, P.; Kenez, A.; Antus, S.; Szilagyi, L.; lllyes, T.-Z.; Szabo, I.
Chirality 2008, 20, 379-385.

. Krohn, K.; Ullah, Z.; Hussain, H.; Florke, U.; Schulz, B.; Drager, S.; Pescitelli, G.;

Salvadori, P.; Antus, S.; Kurtan, T. Chirality 2007, 19, 464-470.

. Kuroda, R.; Honma, T. Chirality 2000, 12, 269-277.
. Kuroda, R. In Circular Dichroism—Principles and Applications, 2nd ed.; Berova, N.,

Nakanishi, K., Woody, R. W., Eds.; Wiley-VCH: New York, NY, 2000; pp 159-184.

. Kuroda, R.; Harada, T.; Shindo, Y. Rev. Sci. Instrum. 2001, 72, 3802-3810.
. Bringmann, G.; Riibenacker, M.; Jansen, J. R.; Scheutzow, D.; Aké Assi, L. Tet-

rahedron Lett. 1990, 31, 639-642.

. Bringmann, G.; Zagst, R.; Reuscher, H.; Aké Assi, L. Phytochemistry 1992, 31,4011-4014.
. Hallock, Y. F.; Hughes, C. B.; Cardellina, J. H., II; Schéffer, M.; Gulden, K.-P;

Bringmann, G.; Boyd, M. R. Nat. Prod. Lett. 1995, 6, 315-320.

. Bringmann, G.; Frangois, G.; Aké Assi, L.; Schlauer, ]. Chimia 1998, 52, 18-28.
. Bringmann, G.; Koppler, D.; Scheutzow, D.; Porzel, A. Magn. Reson. Chem. 1997,

35, 297-301.

Bringmann, G.; Jansen, ]. R.; Reuscher, H.; Riibenacker, M.; Peters, K.; von
Schnering, H. G. Tetrahedron Lett. 1990, 31, 643-646.

Bringmann, G.; Zagst, R.; Schoéner, B.; Busse, H.; Hemmerling, M.; Burschka, C.
Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 1991, C47, 1703-1705.
Bringmann, G.; Saeb, W.; Peters, K.; Peters, E.-M. Phytochemistry 1997,1283-1285.

24.
25.

26.

27.
. Bringmann, G.; Busemann, S. In Natural Product Analysis: Chromatography,
29.
30.

31

G. Bringmann et al. / Tetrahedron 65 (2009) 5720-5728

Bringmann, G.; Miihlbacher, ].; Repges, C.; Fleischhauer, ]. J. Comput. Chem.
2001, 22, 1273-1278.

Dewar, M. ]. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. . Am. Chem. Soc. 1985,
107, 3902-3909.

Similar conformers, with the respective angles of 110° and 85° (for structures,
see Fig. S2, Supplementary data), were also found in the crystals of dio-
ncophylline A (1) obtained from acetone containing traces of TFA (trifluoro-
acetic acid), presumably remaining from the preparative HPLC column.

Del Bene, J.; Jaffé, H. H. J. Phys. Chem. 1968, 48, 1807-1813.

Spectroscopy, Biological Testing; Schreier, P., Herderich, M., Humpf, H.-U,
Schwab, W., Eds.; Vieweg: Wiesbaden, 1998; pp 195-211.

Miiller, M.; Lamottke, K.; Steglich, W.; Busemann, S.; Reichert, M.; Bringmann,
G.; Spiteller, P. Eur. J. Org. Chem. 2004, 4850-4855.

Bringmann, G.; Gulder, T. A. M.; Maksimenka, K.; Kuckling, D.; Tochtermann, W.
Tetrahedron 2005, 61, 7241-7246.

Bringmann, G.; Miihlbacher, J.; Reichert, M.; Dreyer, M.; Kolz, J.; Speicher, A.
J. Am. Chem. Soc. 2004, 126, 9283-9290.

. Furche, E; Ahlrichs, R.; Wachsmann, C.; Weber, E.; Sobanski, A.; Vogtle, E.;

Grimme, S. J. Am. Chem. Soc. 2000, 122, 1717-1724.

. Crawford, T. D. Theor. Chem. Acc. 2006, 115, 227-245.

. Lee, C,; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789.

. Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.

. Schéfer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994, 100, 5829-5835.

. Grimme, S.; Waletzke, M. J. Chem. Phys. 1999, 111, 5645-5655.

. Becke, A. D. J. Chem. Phys. 1993, 98, 1372-1377.

. Bauernschmitt, R.; Haser, M.; Treutler, O.; Ahlrichs, R. Chem. Phys. Lett. 1997,

264, 573-578.

. Ridley, J.; Zerner, M. Theor. Chim. Acta 1973, 32, 111-134.
. Neese, F. ORCA; Universitdit Bonn: Bonn, Germany, 2008.
. Kerti, G.; Kurtan, T.; Borbas, A.; Szabd, Z. B.; Liptak, A.; Szilagyi, L.; lllyés-Tiinde,

Z.; Bényei, A.; Antus, S.; Watanabe, M.; Castiglioni, E.; Pescitelli, G.; Salvadori, P.
Tetrahedron 2008, 64, 1676-1688.

. Frisch, M. ].; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.;

Cheeseman, J. R.; Montgomery, ]. A., Jr.; Vreven, T.; Kudin, K. N.; Burant, ]J. C,;
Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.;
Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.;
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao,
0.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, ]. B.; Bakken,
V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A.
J.; Cammi, R.; Pomelli, C.; Ochterski, ]. W.; Ayala, P. Y.; Morokuma, K.; Voth, G.
A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Fores-
man, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov,
B. B,; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J;
Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P.
M. W,; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, ]. A. Gaussian
03, Revision C.02; Gaussian: Wallingford CT, 2004.

. Downing, ].W. BDZDO/MCDSPD; Department of Chemistry and Biochemistry,

University of Colorado: Boulder, BO 80309, USA.

. Diedrich, C.; Grimme, S. J. Phys. Chem. A 2003, 107, 2524-2539.

. Harris, R. A. J. Chem. Phys. 1969, 50, 3947-3951.

. Schellman, J. A. Chem. Rev. 1975, 75, 323-331.

. Bruhn, T.; Maksimenka, K.; Bringmann, G. SpecDis, Version 1.31; University of

Wiirzburg: Germany, 2008.

. Farrugia, L. J. J. Appl. Crystallogr. 1997, 30, 565.
. Harada, T.; Kuroda, R. Chem. Lett. 2002, 326-327.
. Harada, T.; Shindo, Y.; Kuroda, R. Chem. Phys. Lett. 2002, 360, 217-222.


http://dx.doi.org/doi:10.1016/j.tet.2009.05.024

	Quantum chemical CD calculations of dioncophylline A in the solid state
	Introduction
	Results and discussion
	Dioncophylline A as a rewarding model compound
	Experimental solid-state CD investigations
	CD calculations of a single molecule of 1
	CD calculations on the dyads of 1 and on the cluster from the crystal

	Conclusion
	Computational
	Solid-state CD measurements
	Acknowledgements
	Supplementary data
	References and notes


