TETRAHEDRON
Mt A T r100NN ML Moo
1CUANICUION 53 (17%Y) /J03—/0/4
Pergamon
Elucidation of the Absolute Confiouration of Kninholone and
Llucidation of the Absolule Lonfigurafion of kninhelone and

Knipholone Anthrone by Quantum Chemical CD Calculations

Gerhard Bringmann®, Jiirgen Kraus, Dirk Menche, and Kim Messer
Institut fiir Organische Chemie, Universitit Wiirzburg, Am Hubland, D-97074 Wiirzburg, Germany

Received 2 April 1999; accepted 28 April 1999

Abstract: The absolute configuration of knipholone, an axially chiral phenylanthraquinone from Kniphofia,
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further evidence, the absolute stereostructure of the related compound knipholone anthrone, which has a
significantly different chromophor, was likewise elucidated. The fact that both natural biaryls compounds
were independently attributed the same absolute configuration, underlines the reliability of the results and

the value of the applied method. © 1999 Elsevier Science Ltd. All rights reserved.
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The phenylanthraquinone knipholone (1) (see Fig. 1) was first isolated by Dagne and Steglich in 1984}
as the main constituent of the roots of Kniphofia foliosa (Asphodelaceae), a widespread plant in the mountained
regions of Central and Northern Ethiopia. Meanwhile, 1 has been found in numerous species of the genera
Bulbine, Bulbinella, and Kniphofia.” Besides the major component knipholone (1)*3~5 and knipholone anthrone

. 6’-0-methylknipholone (3),® 4’-O-demethylknipholone (4),”
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of an anthraquinone moiety, named chrysophanol (or its anthrone), and a smaller - but apparently likewise
acetogenic - O-methylated acetyiphiorogiucinol part. Only littie? is known about the biological activities of
these constitutionally unsymmetric natural biaryls,® although the corresponding plants are widely used in folk
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ig. 1. Kniphoione (1), kniphoione anthrone (2), and related natural biaryls 3 - 6
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d some related compounds (Z and 3) have been found to exhibit

medicine.""” Very recently,
considerable antimalarial in vitro activity against asexual erythrocytic stages of two strains of Plasmodium
falciparum, with only little cytotoxicity.!!

Knipholone (1) is optically active and thus chiral, due to a rotationally hindered, configurationally stable
biaryl axis, but its absolute configuration is as yet unknown. For further studies, in particular for structure-
activity relationship investigations and for the design of a directed, i.e. enantioselective first total synthesis, the
unambiguous knowledge of the absolute stereostructure is essential. In this paper, we describe the elucidation of

the absolute configurations of knipholone (1)

Natural knipholone (1) might in principle be M-configured and thus be represented by stereostructure 1a
(Fig. 2) or P-configured as in 1b.
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using the semiempirical PM3 method, which revealed the following flexible parts of the molecule
e All four hydroxy functions (at C-1, C-8, C-2’, and C-6’) were found to have two possible alignments each

differing in their dihedral angles by approximately 180°. Orientations in which the hydrogen is directed

towards a carbonyl group (left structures, exemplarily for the 1- and 2’-OH group), are energeticaily
preferred.
et ‘right'
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m has a convex or a (slightly preferred) concave curvature.
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o The acetyl group at C-3’ is twisted out of the phenyl plane in both possible directions up to a perpendicular
position if no hydrogen bond to the acetyl oxygen is present (see the two outer structures).

e The 4’-methoxy group shows three principal orientations, but to keep the sum of relevant conformers to
be calculated in an adequate scope, only those conformers were considered for further calculations in
which the substituent at the 4’-position lies in the plane of the acetylphloroglucinol moiety. Conformers
with a nearly perpendicular left or right alignment of the 4’-methoxy group were neglected, because they

show higher heats of formation and the position of the methoxy
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group has no significant influence on the
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All of the six chiroptically relevant flexible parts (the four OH groups, the anthraquinone ring, and the
acetyl moiety) were found to be independent of each other, resulting in 28 =64 possible input geometries, which
were used for further semiempirical optimizations. For the calculation of the chiroptical propemes only those
12 conformers whose en .‘gjg.s are no hi

nergetically favored conformers, single CD spectra were calculated and added up following
the Boltzmann statistic, i.e. according to their heats of formation. Subsequent "UV correction’!? led to the
calculated overall CD spectrum for M-knipholone (1a), which, apart from the absence of the band at 280 nm,
shows a very good agreement with the experimental one for (+)-knipholone as isolated from Bulbine frutescens
(see Fig. 4, left), whereas the spectrum calculated for P-knipholone (1b), as obtained by reflection of the

Table 1. Selected parameters of all conformers used for the calculation of the circular dichroism of 1a. Heats of
formation AH 5 [kcal/mol], relative heats of formation AAH; [kcal/mol], the curvature of the anthraguinone ring, and
the orientation of the acetyl group at C-3’ and the hydroxy functions at C-6’ and C-2’ (for a definition of these stereo
parameters, see the beginning of the RESULTS AND DISCUSSION section). In all of the conformers listed below,
both of the OH groups of the anthraquinone ring show hydrogen bonding to the carbonyl oxygen (i.e. 'left’ for 1-OH
and ’right” for 8-OH)

conformer  AHjy AAH; curvature 3’-COMe 6’-OH 2’-OH

la-confl  -254.924 =0.000 concave left up down
la-conf2  -254.851 0.073  concave right up down
la-conf3  -254.116 0808 convex left up down
la-conf4  -253.757 1.167  convex right up down
la-conf5  -253.675 1.249  convex left up up
la-conf6  -253.589 1.335  concave left up up
la-conf7  -253.474 1.450 concave right up up
la-conf8  -252.924 2.000 convex right up up

la-conf9  -252.563 2.361 concave left down down
la-confl0 -252.539 2.385 concave right down down
la-confll -252.405 2.519  convex left down up

la-confi2 -252.260 2.664  convex left down down
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Fig. 3. 3D structures of two selected calculated conformers of 1a (see also Table 1); hydro-
gen bonds indicated by dotted lines,

1a-conf1

calculated overall spectrum of M-knipholone at the zero line, is nearly opposite to the experimental one (see
Fig. 4, right). From this, the structure of natural (+)-knipholone can unambiguously be assigned as 1a, i.e. with

M-configuration.
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Fig. 4. Attribution of the absolute configuration of (+)-knipholone (1a).
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To get further evidence for this result, the absolute configuration of the reduced analog of 1a, knipholone
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anthrone (2) (see Fig. 1) was separately determined in a similar
isolated in 1993 from the stems of Kniphofia foliosa,® was available by reduction of 1a and was found to be
chiroptically identical with a sample kindly provided by E. Dagne and B. M. Abegaz from previous isolation
work.? Due to the close structural relationship of 1 and 2, the 64 input geometries of knipholone, again arbitrarily
starting with the M-enantiomer 2a, were modified by replacing the oxygen%lom at C-10 (see Fig. 2) by two
hydrogen atoms. The species thus generated were then used as input geometries for the further semiempirical
conformational analysis of knipholone anthrone ( 2). For 2, in contrast to knipholt';ae the optimization of some of
the input geometries led to identical (and thus fewer) joint minimum structures for 2, so that only six conformers

o7 I

(see Table 2) were detected for knipholone anthron ithin the energetic cut-off of 3 kcal/mol.

Table 2. Selected parameters of all conformers used for the calculation of the circular dichroism of 2a. Heats of
formation AH; [kcal/mol], relative heats of formation AAH f [kcal/mol], the orientation of the acetyl group at C-3’, and
the hydroxy functions at C-6" and C-2 (for a definition of these stereo parameters, see the beginning of the RESULTS
AND DISCUSSION section). In all of the conformers listed below, both of the OH groups of the anthraquinone ring

show hydrogen bonding to the carbonyl oxygen (i.e. "left” for 1-OH and "right’ for 8-OH)

conformer  AHy AAH; 3-COMe 6’-OH 2’-OH

2a-confl  -234.592 = 0.000 right up down
2a-conf2  -234.561 0.031 right up up
2a-conf3  -234.524 0.068 left up down
2a-conf4  -234.425 0.167 left up up
2a-conf5  -232.259 2.333 right down up
2a-conf6  -232.151 2.441 left down up

2a-conf1 2 3 ‘ 2a-confs gﬁ
y & ¢ ¥

Fig. 5. 3D structures of two selected calculated conformers of 2a (see also Table 2); hydro-
gen bonds indicated by dotted lines.
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kcal/mol (see Table 2), showing that all of these main conformers should play a significant role in solution.
They should thus, all of them, contribute to the CD-behavior of knipholone anthrone, which again underlines
the necessity of a Boltzmann-weighted consideration of all of the species. Another difference to knipholone (1a)
consists in the geometry of the anthracene-derived moiety of the molecule. In contrast to the strongly distorted

anthraguinone system in 1, the curvature of this tricyclic part is largely reduced for the anthrone moiety of 2.
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Although this ring system is not fully
"convex’ and 'concave’. As for 1, the single CD spectra for M-Z and, analogously, for P-2, were calculated,
Boltzmann-weighted, and "UV-corrected’ to give the overall CD spectra, which were then compared with the
experimental one obtained for (+)-knipholone anthrone,

Unexpectedly, the experimental CD spectrum of the natural anthrone initially gave significant differences,
which did not allow an unambiguous attribution of the absolute configuration with sufficient confidence. As
a possible reason for this, the chemical sensitivity of knipholone anthrone as compared to its more stable an-
thraquinone analog 1 and possibly resulting chiroptically active impurities originating from storage of 2 were
assumed. Rv HPL.C-CD counlin ng, 17 4 si
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deciding region of 200 to 230 nm) was attained for the main UV peak, assigned to knipholone anthrone. This
made it rewarding to perform a preparative follow-up of the HPLC experiment under the same conditions, with
a subsequent off-line CD investigation of the freshly purified knipholone anthrone, which permitted to further
enlarge the limited measuring range of the HPLC-CD experiment (only > 200 nm) to reach wavelengths down to
190 nm. Now, a near-perfect agreement with the spectrum calculated for the M-enantiomer (see Fig. 6, left) was
obtained, whereas the theoretical spectrum for P (see Fig. 6, right) is virtually opposite to the experimental one.

Thus, knipholone anthrone is clearly attributed the full absolute stereostructure 2a, i.e. with M-configuration at

the axis.
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Fig. 6. Elucidation of the absolute configuration of (+)-knipholone anthrone (2a).

Experimentally, (+)-knipholone and (+)-knipholone anthrone have the same axial configuration, which is
evident from the (already above mentioned) reduction of knipholone to knipholone anthrone and, vice versa,
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Scheme 1. Interconversion and thus stereochemical identity of (+)-knipholone (+)-and
knipholone anthrone,

from the oxidative transformation of knipholone anthrone into knipholone, with all the partial synthetic com-
pounds being chiroptically fully identical with the authentic natural products (see Scheme 1). The fact that these
hence stereochemically identical natural products with their different chromophors were independently found
to have, both of them, M-configuration by the CD calculations, underlines the reliability of the method, which
here permitted the first determination of the absolute stereostructures of these two interesting, constitutionally
unsymmetric biaryl compounds.

COMPUTATIONAL AND EXPERIMENTAL SECTION

Conformational Analyses. Conformational analyses were performed on Silicon Graphics IRIS 4D and
INDIGO (R4000) workstations. For the PM3!® calculations the program package VAMP6.1'° was used, starting
from geometries preoptimized by the TRIPOS? force field.

CD Calculations. The wavefunctions for the calculation of the rotational strengths for the electric tran-
sitions from the ground state to excited states were obtained by CNDO/S-CI calculation®! with a CI expansion
including 576 singly occupied configurations and the ground state determinant. These calculations were carried
out on LinuX PPro workstations by the use of the BDZDO/MCDSPD?? program package. All single CD spec-
tra were then added up following the Boltzmann statistic, i.e. according to their heats of formation, to give the
theoretical overall CD spectrum. For a better visualization, the rotational strengths were transformed into Ae

values and superimposed with a Gaussian band shape function.
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CD Spectra. The experimental CD spectra of knipholone (1a) and knipholone anthrone (2a) were mea-
sured at room temp. in ethanol and acetonitrile-water (62:38), respectively, using the J-715 CD spectrome-
ter from JASCO Deutschland (Gross-Umstadt, Germany). The HPLC-CD experiment was performed using a
Guard Pak Symmetry® C-18 column (3.9 x 20 mm) and a Symmetry® C-18 column (5 um, 4.6 x 250 mm) from
Waters (Eschborn, Germany). As the mobile phase (1 ml/min), acetonitrile-water (62:38) acidified with 0.1%
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ent Uﬂll, aruidg pump (JAOL U ueum,mdm), UIOSS UmS[aUl, Ucrmcmy), a MGUG)’I]C 11431 m_|ecm)n Vd.lVC
and the Borwin chromatographic software from JASCO Deutschland were used for the HPLC-CD coupling.
For CD measurements, the flow was manually detached from the pump, using a Rheodyne 7010 injection valve
connected to a Besta Motorventil "H" (Besta, Wilhelmshafen, Germany). The preparative chromatographic
separation of knipholone anthrone (2a) was performed using a Guard Pak C-18 column (3.9 x 20 mm), a Nova
Pak C-18 column (4 pm, 3.9 x 150 mm) from Waters (Eschborn, Germany), a 600E pump (Waters, Eschborn,
Germany), a Rheodyne 77251 injection valve, and the Millenium Software 2.10 from Waters. As the mobile
e (70:30) acidified with 0.1% trifluoro

h (0.5 ml/min), a methanol-water mixtu

Darmstadt, Germany) was used.

Plant Material. The roots of Bulbine frutescens (Asphodelaceae) were collected from the Botanical
Gardens of the University of Wiirzburg in December 1998. A voucher specimen is filed under the number 34 in

Herbarium Bringmann, Wiirzburg.

Y SER— L. .. | e 117, P ~F < A v St ean

Extraction and Isolation. Dried and powdered roots of B. frutescens were extracted in acetone (22
and (+)-knipholone (1a) was isolated according to a method previously eiaboratcd.4 All chiroptical and spectral
data were identical to literature values,* and identity of the compound was confirmed by comparison with an
authentic sample kindly provided by Prof. B. M. Abegaz.

Conversion of (+)-Knipholone (1a) to (+)-Knipholone Anthrone (2a). The reduction was performed
accordine to a method by Auterhoff and Scherff 23 T a ealution af 2 12 mo of (4).kninhalane (1a 4 28 ,,mnl)
5 VW W lilwliivNG UJ PR NCIAVI S RLVIQ RIS IVIRW LRI B 0 I ANF £ OULWVULIVIL UL & L bv lll& ra \‘ L] } l\lllyllulvll‘v‘ \‘»“, TNLOU lllvl}

in 2 ml glacial acetic acid, 2 ml of 40% SuCl; solution in conc. HCl were added with heating (120 °C). The
resulting solution was refiuxed for 2 h, cooled and poured into 20 mi of brine, thoroughily extracted with ethyi
acetate, dried over Na,SOy, and the solvent evaporated. By chromatography on a short silica gel column (eluent:
CH:Cl; / methanol = 100:0.5), 1.32 mg (3.14 umol, 64%) of (+)-knipholone anthrone (2a) were obtained, fully
identical spectroscopically and chromatographically to an authentic sample of knipholone anthrone generously
provided by Prof. B. M. Abegaz and Prof. E. Dagne.

Canvarcine af Kninhalana Amnthrana fa,
W ULIYCL 3IVEL UL \T)‘nlllpllulull!: n"mlm \a“’ w \T}_l‘.ll

<

was oxidized to (+)-knipholone (1a) by a method previously described by Dagne and Yenesew.® A solution

of (+)-knipholone anthrone (2a, 4.82 mg, 11.5 ymol) in 10 mi 5% methanolic KOH was stirred overnight in
the presence of air. The resulting red solution was acidified with 2 N HCl, diluted with water and extracted
thoroughly with ethyl acetate. Purification of the extract by column chromatography on silica gel with CH;Cl, /
methanol (100:0.5) as the eluent afforded (+)-knipholone (1a, .83 mg, 4.13 umol, 36%) as a red solid, identical

with authentic knipholone (1a) obtained by isolation (see above).

Thic warlk wae citnnartad hy tha Nantooha Barechiingeoamainerhaft /ICER 247 'Qalalktive Raaktinnan Matall_
L0iS WOIK Was SUppoinca gy ulC pAUASne roOlSCIILESECITICHICIAIL (OrD J7/ OUCICKLIVE RCARUUNCH vitiall
™ rT : s o™ i Y ¥ & 1 Fags ™

aktivierter Molekiile'). We thank Prof. B. M. Abegaz, University of Botswana (Gaborone, Botswana) and Prof.
E. Dagne, Addis Ababa University (Ethiopia), for samples of authentic (+)-knipholone (1a) and (+)-knipholone
anthrone (2a), Dr. J. Schlauer for helpfully supporting the isolation work, and JASCO Deutschland for generous
technical support.
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