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Abstract—Triggered by a seemingly inconsistent twisting direction in the atroposelective ring cleavage reaction of biaryl lactones by using
the ‘lactone concept’, the absolute axial configurations of the most important phenylanthraquinones, knipholone (1), and knipholone anthrone
(2) were reassigned on the basis of renewed quantum chemical circular dichroism (CD) calculations using advanced, higher-level methods,
viz. a time-dependent DFT (TDDFT) and a multireference configurational interaction approach (DFT/MRCI). Additional confirmation of the
new configurational assignment of 1 and 2 was achieved by their stereochemically unambiguous interconversion, and further corroborated by
the transformation of 1 into an ‘leuco’ phenylanthracene derivative 3, i.e., a compound with a substantially different chromophore, whose
absolute configuration was independently assigned again by quantum chemical CD calculations. Accordingly, the dextrorotatory enantiomer
of knipholone, (+)-1, and its anthrone, (+)-2, has the P-configuration, while the laevorotatory forms, (�)-1 and (�)-2 (which likewise exist in
nature), are M-configured. From this new configurational assignment, the absolute axial stereostructures of a whole series of further naturally
occurring phenylanthraquinones may now be deduced.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Knipholone (1)1 and knipholone anthrone (2)2 are the most
prominent representatives of the phenylanthraquinones
(Fig. 1). These naturally occurring biaryls, which have
initially been discovered by Steglich, Dagne, and Yenesew
in 1984 and 1993, are fascinating in many respects: structurally,
because of their rotationally hindered and thus configu-
rationally stable biaryl axis, which gives rise to atropo-
enantiomers (or, in the case of glycosides, atropo-diastereo-
mers), biosynthetically, because their two molecular por-
tions, the anthraquinone part and the trioxyacetophenone
moiety, are built up from eight and four acetate units,
respectively,3 and pharmacologically, because they display
significant antimalarial4 and antitumor5 activities as well
as antioxidant6 properties, along with an inhibition of leuko-
triene formation.7 Remarkably, the antitumoral activities
of natural phenylanthraquinones significantly depend on
Figure 1. Constitutions of knipholone (1) and knipholone anthrone (2), and their possible atropo-enantiomeric forms, (M)- and (P)-1 and (M)- and (P)-2.
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the absolute configuration at the biaryl axis,5 showing the
importance of axial chirality in these and other8 biaryls.
This stereochemical aspect seems to be substantial for the
phenylanthraquinone-producing plants, too: as an example,
knipholone (1) and its 60-O-sulfate, although co-occurring
in the same plant, have the opposite axial configurations.9

Given the importance of axial chirality for these compounds,
we investigated the absolute axial configuration of 1 and 2 by
quantum chemical CD calculations at a semiempirical level
in 1999 and deduced the main (dextrorotatory) atropo-
enantiomers of both, 1 and 2, to be M-configured.10

In view of this stereochemical assignment, the result of our
first, atropo-enantioselective total synthesis of both 1 and
2,11,12 following our ‘lactone concept’,13,14 was unexpected.
The ring cleavage reaction of the respective configuration-
ally unstable biaryl lactone intermediate, when using the
R-enantiomer of the CBS reagent, which would have been
expected to lead to the assumed axial M-configuration of
(+)-knipholone, actually gave the ‘wrong’, laevorotatory
enantiomer of the natural product. This seemed to hint at
a non-predictability of the ring cleavage direction within
the ‘lactone method’. Still, this has, ever since, remained
the only exception to the—otherwise fully consistent—
stereochemical course of all such lactone cleavage reactions.
A second inconsistency originated from the renewed iso-
lation of 1 and 2 with varying enantiomeric ratios (according
to LC–CD) from diverse sources and, in particular, with
a higher chemical purity; these samples provided CD spectra
different from those initially measured, i.e., from the curves
that had been the basis for the configurational assignment in
1999. The pretendedly inconsistent lactone cleavage direc-
tion and the new CD measurements, together with the
more accurate computational methods available meanwhile,
warranted a systematic re-investigation of the absolute con-
figurations of knipholone (1) and knipholone anthrone (2).

In this paper, we report on the renewed investigation of the
absolute configuration of 1 and 2 by using advanced quan-
tum chemical CD calculations based on time-dependent
DFT (TDDFT) and multireference configurational inter-
action (DFT/MRCI) approaches, reassigning the naturally
predominant, dextrorotatory enantiomers of knipholone,
(+)-1, and knipholone anthrone, (+)-2, as both being
P-configured. This stereochemical attribution was further
corroborated by converting 1 into the related likewise axially
chiral phenylanthracene derivative 3 (Fig. 2), i.e., a com-
pound with a substantially different chromophore, and its
independent configurational assignment, again as P.
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Figure 2. Structure of the semisynthetic phenylanthracene derivative 3 of
knipholone (1).
2. Results and discussion

2.1. The stereochemical course of the ring cleavage of
configurationally unstable biaryl lactones within the
‘lactone concept’

A first hint at a possibly wrong configurational assignment of
1 and 2 by the early quantum chemical CD calculations
resulted from the above-mentioned unexpected stereo-
chemical course of the first (and as yet only) total synthesis
of 1 and 2. The key step of this synthesis was the atropo-
enantioselective ring cleavage reaction of the configuration-
ally unstable biaryl lactone precursor 4 by using the CBS
system (Scheme 1a). From previous experience with quite
a broad spectrum of different related model biaryl lactones
A14 (Scheme 1b) and from the application of this methodo-
logy to a series of most diverse natural biaryls, among
them mastigophorenes A and B,15 the vancomycin bi-
phenyl fragment,16 and a variety of mono- and dimeric
naphthylisoquinoline alkaloids (i.e., dioncopeltine A,17 kor-
upensamines A and B,18 and others13,19,20), the expectation
was that virtually any lactone A, when opened with the
CBS system (oxazaborolidine 5$BH3) would lead to a prod-
uct B, i.e., with the phenolic OH group down, when using
(S)-5 (Scheme 1b, top), and to ent-B, with the OH group
up, when using (R)-5 (Scheme 1b, bottom). For the synthesis

(a)

(b)

Scheme 1. The questionable (yet initially assumed) stereochemical course
of the atroposelective lactone-ring opening of the ‘knipholone lactone’ 4
with the (S)-CBS reagent 5 as the key step in the first total synthesis of
knipholone (1), supposedly leading to the P-configured product 6, i.e.,
with the OH group ‘up’, as expected from the previously assigned M-config-
uration of (+)-knipholone (1) (a), and ‘usual’ (as yet reliably consistent)
stereochemical course with other biaryl lactones (b), as a result of a broad
series of examples from different groups.13,14,19,21,22
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of (+)-1, with its assumed M-configuration, i.e., with 20-OH
up (Scheme 1a), however, the consequently used R-enantio-
mer of 5 actually led to the opposite (laevorotatory) enantio-
mer of 1, so that the other oxazaborolidine enantiomer, (S)-5,
had to be used to reach the natural product (+)-1. This unex-
pected ring cleavage direction was—unfortunately—not
recognized as a hint at a wrong configurational assignment
of 1, but was just interpreted as an exception to the above-
mentioned rule. However, since all previous (see above)
and later20–23 examples of atroposelective ring cleavage re-
actions with biaryl lactones of most different structures, un-
der most different conditions,14,19,20,24,25 including the work
by others who applied the lactone method for the total syn-
thesis of, e.g., steganones,21,23 the question arose whether
really the ring cleavage of 4 was the only—and thus not un-
derstandable—exception, also in view of quantum chemical
investigations on the stereochemical course of such reac-
tions,26 or whether possibly indeed the lactone-ring opening
reactions were consistent, but the configurational assign-
ment of 1 and 2 was wrong.

2.2. Renewed experimental circular dichroism investi-
gation of knipholone (1) and knipholone anthrone (2)

A second hint at the necessity to re-investigate the initial
configurational assignment of 1 and 2 was the much better
quality of the CD spectra obtained more recently from re-
newed isolation work from a broad variety of different plants
(even including cleavage products of novel-type dimeric
representatives27).
Improved isolation techniques did indeed allow us to gener-
ate highly pure samples and thus reproducible CD spectra
for all new isolates. The newly measured spectra were now
virtually identical, but in part different from the previously
reported ones. Thus, while the new CD spectrum of knipho-
lone (1) showed only minor differences (broad, low-intensity
bands at about 350 and 430 nm possessing a positive sign),
more substantial changes were observed in the case of the
chemically less stable knipholone anthrone (2), viz. two ad-
ditional intense CD signals above 280 nm, which could not
be seen in the old spectrum of 2. Further CD measurements
of 2 in different solvent systems (Fig. 3d) proved the authen-
ticity of this spectrum. These spectral differences may cer-
tainly be ascribed to a partial decomposition already after
a short time, which can be reproduced, e.g., just by keeping
a sample of 2 (Fig. 3e) for 2 h at daylight in methanol at
room temperature, leading to considerably changed curves,
yet resembling those that had been used for the comparison
with the theoretically predicted CD spectra in 1999.

The re-measured spectrum of 2 gave rise to further doubts
about the correctness of the previous configurational attribu-
tion, since the CD couplet with the first positive Cotton effect
(CE) at 300 nm and the second negative one at 280 nm of al-
most identical intensities resembled a classical exciton cou-
plet arising from the interaction between the acetophenone28

and anthrone29,30 chromophores. According to the exciton
chirality method,31 this CD split should indicate a ‘positive
chirality’, here corresponding to a P-configuration of 2,
whereas the structure of M-configured knipholone anthrone
(a)

(c) (d) (e)

(b)

Figure 3. Experimental CD spectra of (+)-knipholone [(+)-1] (a) and (+)-knipholone anthrone [(+)-2] (c) of different origins (in methanol) and those measured
in various solvent systems (b, d); comparison of the CD spectra of freshly dissolved knipholone anthrone (2) and the partially decomposed sample of 2 (e).
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(as hitherto assumed for the dextrorotatory form of 2) would
be expected to be a case of a ‘negative chirality’ (Fig. 4).

Therefore, to finally clarify the configurational assignment
at the biaryl axes of both knipholone anthrone (2) and kni-
pholone (1), comprehensive, more in-depth theoretical and
experimental investigations had to be carried out.

2.3. TDDFT and DFT/MRCI circular dichroism
calculations for knipholone (1)

For the renewed investigations of the absolute configurations
of 1 and 2, their CD spectra were again calculated, but now
using more advanced methods, viz. a time-dependent DFT
(TDDFT) approach32–35 and a multireference configuration
interaction procedure (DFT/MRCI).36 In analogy to our pre-
vious theoretical work,10 the present calculations were per-
formed for the M-enantiomers of 1 and 2, starting with the
molecule of the phenylanthraquinone, knipholone (1). The
conformational analysis of 1, which was likewise carried
out at the semiempirical PM3 level,37 resulted in the same
12 conformers as reported previously.10 Further optimiza-
tion of these structures by the DFT-based RI-BLYP/
SVP method38–41 revealed only one additional relevant
low-energy conformer within an energy cut-off of 3 kcal/
mol above the presumable global minimum. The two min-
ima thus found just differed in the dihedral angle qABCD at
the biaryl axis, with a value of�109� in the global minimum
conformer and �79� in the second minimum structure. The
global minimum is stabilized by the formation of a strong
hydrogen bond (dO–H 1.70 Å) between the hydroxy function
at C-60 and the carbonyl at C-10 (Fig. 5, left).

In these DFT-based calculations, the obtained conformers
did not show the pronounced ‘concave’/‘convex’ curvatures
of the anthraquinone ring of 1, as had been found in the pre-
vious (semiempirical) calculations,10 but rather exhibited an
almost planar orientation, yet with a small degree of distor-
tion due to the presence of the hydrogen bond in the global
minimum structure, while in the second conformer of 1 the
anthraquinone ring was fully planar. Again different from
the semiempirical results, the acetyl group at C-30 revealed
only one energetically preferred orientation, viz. lying in
the phenyl plane, with formation of a hydrogen bond to
the hydroxy function at C-20. These conformational arrays

Figure 4. Expected negative Cotton effect for (M)-knipholone anthrone (2)
with its ‘negative chirality’, following the exciton chirality method. The
arrows schematically indicate the directions of the electric transition dipole
moments in the acetophenone and anthrone chromophores.
constitute an important issue, since the geometries of the
chromophoric frameworks, i.e., the anthraquinone portion
and the acetophenone ring, and their orientations appear crit-
ical for the quality of the subsequently calculated excited-
state wavefunctions, and hence for the resulting accuracy
of the final CD spectrum. Therefore, the two minima of 1
were further optimized by applying a better method42 with-
out the RI approximation and by using a significantly
enlarged basis set, namely B3LYP/TZVP40,43,44 (for the re-
spective energy differences, see Fig. 5). The observed large
difference between the BLYP/SVP- and B3LYP/TZVP-
based relative energies of the two conformers of 1 is related
to the basis set used, predominantly, rather than to the func-
tional. Thus, the optimizations at the BLYP/TZVP level re-
duced the relative energy difference to 0.39 kcal/mol, which
is nearer to the B3LYP-based results. The same tendency
was observed for compound 3 (see below).

The excited-state energy calculations were performed with
a time-dependent DFT method by using the same B3LYP
functional and TZVP basis set, and by a DFT/MRCI
approach36 with the standard BHLYP hybrid functional45

and the SVP atomic orbitals basis (configuration-selection
cut-off¼0.8Eh

46). In the case of the DFT/MRCI calculations,
the use of a larger basis set, e.g., TZVP,44 was not possible
because of the high computational costs. Since the TDDFT
calculations resulted in a very similar CD pattern for each
conformer of 1 (Fig. S1, Supplementary data), the more de-
manding DFT/MRCI calculations were carried out only for
the global minimum structure. The single TDDFTand MRCI
based CD and UV curves were obtained by using a Gaussian
shape function (for details, see Section 4), and the resulting
spectra of the individual conformers were then added up in
a Boltzmann weighted manner. The resulting computed
CD and UV spectra were then compared with the experimen-
tal curves of (+)-knipholone [(+)-1] (Fig. 6).
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Figure 5. Two minimum structures of the M-enantiomer of knipholone,
(M)-1, differing in the dihedral angle at the biaryl axis, the relative energies
of these two conformers as calculated by the BLYP/SVP, BLYP/TZVP, and
B3LYP/TZVP methods, and the weighting factors for the B3LYP optimized
structures.
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Figure 6. Results of the TDDFT (a) and DFT/MRCI (b) CD calculations for (M)- and (P)-1, and their comparison with the experimental CD spectrum of (+)-1;
revised absolute axial configuration of (+)-knipholone (1) (center right).
Comparison of the measured UV curve of 1 with the TDDFT-
based spectrum revealed that the calculated excitation
energies were overestimated by approximately 0.2–0.3 eV
(corresponding to 10 nm) with respect to the first three experi-
mental UV bands located at 430, 330, and 290 nm, whereas
an analysis of a spectral range from about 250 nm and below
was difficult, since the TDDFT method may not predict this
region with a sufficient accuracy due to a highly multiconfi-
gurational character of the high-energy excitations.46 For
‘UV correction’,47 the corresponding CD spectra predicted
for the two enantiomers of 1 were thus red-shifted by
10 nm, and were then compared with the measured CD spec-
trum of (+)-1. For reasons of clarity, Figure 6a shows the
comparison with both the UV-corrected (solid lines) and
the non-corrected (dashed lines) theoretical UV and CD
spectra. The CD spectrum calculated for (M)-1 showed an
unambiguously opposite behavior in comparison to the ex-
perimental CD curve, whereas the spectrum predicted for
the P-enantiomer matched the experimental one of (+)-1
very well, including broad low-intensity bands at around
350 and 430 nm (Fig. 6a), thus clearly indicating that (+)-1
is P-configured, and not M as initially assigned.10,12

The same results were obtained from the DFT/MRCI calcu-
lations. In this case, however, the UV correction seemed to
be unnecessary or even unjustified, since the first experimen-
tal UV band at 430 nm, which corresponds to the HOMO–
LUMO and (HOMO-3)–LUMO transitions, was predicted
fairly correct, whereas the excitations belonging to the
next three bands were overestimated in energy by 0.2 eV.
Therefore, the theoretical UVand CD spectra of 1 were com-
pared with the experimental data without any shift (Fig. 6b).



9815G. Bringmann et al. / Tetrahedron 63 (2007) 9810–9824
Despite the underestimated intensity of the second positive
CD band at 270 nm, the CD spectrum of (P)-1 reproduced
the experimental spectrum with a reasonable accuracy,
permitting to confirm the above revised absolute axial con-
figuration of (+)-knipholone, (+)-1, as P.

The most probable reason for the former incorrect configu-
rational assignment is the treatment of the molecule only
at a semiempirical level or, in the case of the MD simula-
tions, by simply using empirical force field calculations.
This assumption was indirectly confirmed by the fact that
even optimization of the ground-state structures at the
RI-BLYP/SVP level for the ensuing CD calculations
provided ambiguous results (Fig. S2, Supplementary data).

2.4. TDDFT and DFT/MRCI circular dichroism
calculations for knipholone anthrone (2)

After having evidenced the apparently wrong initial attribu-
tion of the absolute configuration of knipholone (1) and with
its now successful and unequivocal revision, the renewed
quantum chemical calculation of the CD spectrum of knipho-
lone anthrone (2), also in view of its now available new exper-
imental spectra, had become a necessary and rewarding task.
In analogy to knipholone, the conformational analysis of 2
was performed starting with the semiempirical PM3 method,
with subsequent further optimization of the geometries ob-
tained, at the RI-BLYP/SVP and B3LYP/TZVP levels. In
the latter case, only one conformer of 2 was found (Fig. 7).

The CD and UV spectra of 2 were calculated by using the same
approaches as described above for 1. Comparison of the experi-
mental UV curve of 2 with the theoretically predicted one
showed that the first UV band observed at 350 nm was
reproduced highly accurately by both methods, TDDFT
and DFT/MRCI, whereas the excitations corresponding to
the experimental bands at 290, 260, 230, and 215 nm were
overestimated in energy by 0.3–0.4 eV (i.e., by 15 nm)
(Fig. 8, dashed lines). The calculated UV spectra thus had
to be shifted by 15 nm to higher wavelengths to match the
first three experimental UV bands as much as possible
(Fig. 8, solid lines). The same wavelength shift was applied
to the theoretical CD spectra of 2, which were then compared
with the experimental CD curve of (+)-2.

But anyhow, irrespective of an application of the UV shift,
the first two CD bands predicted for the M-enantiomer of
knipholone anthrone (2) showed negative Cotton effects,

Figure 7. The global minimum structure of knipholone anthrone (2) as
found by the B3LYP/TZVP method.
whereas in the experimental spectrum they had a positive
sign (see also Section 2.1 and Fig. 3), indicating the oppo-
site absolute configuration of (+)-2, i.e., P. Thus, while
the TDDFT calculations were not able to entirely simulate
the positive exciton couplet at around 300 nm (Fig. 8a), the
DFT/MRCI/SVP based CD spectrum of (P)-2 fully repro-
duced all features of the experimental CD curve of (+)-2, in-
cluding the CD split (Fig. 8b). The new experimental spectra
of pure (+)-2 and the high-level calculations clearly indicate
that the absolute configuration of (+)-2 must be revised to be
P, and not M, as assumed earlier.10,12 This result is in agree-
ment with the above-mentioned (see Section 2.1 and Fig. 4)
positive CD couplet, which, following the exciton chirality
method,31 is indicative of the P-configuration of (+)-2.

2.5. Stereochemical identity of (D)-(P)-knipholone
(1) and (D)-(P)-knipholone anthrone (2) by their
semisynthetic interconversion

Additional support for the configurational assignment of 1
and 2 was expected from a chemical investigation of their
stereochemically unambiguous interconversion, i.e., by re-
duction of (P)-1 to give—if correctly assigned—(P)-2,
and, vice versa, the oxidation of (P)-2 to deliver (P)-1, to
be analyzed by chromatography on a chiral phase with on-
line CD coupling (LC–CD). Such a stereochemical identity
of the axial configurations of 1 and 2 would be in line with
the homochiral behavior predicted by the quantum chemical
CD calculations, according to which both compounds in
their dextrorotatory form should have the same absolute
P-configuration. These investigations were complicated by
the observed partial racemization of the compounds under
the applied redox conditions, possibly due to the occurrence
of phenoxy radical intermediates with lowered atropo-isom-
erization barriers. Thus, an enantiomerically pure (Fig. 9a)
sample of synthetic (+)-knipholone anthrone [i.e., (P)-2 ac-
cording to the new, revised configurational assignment] was
oxidized to knipholone (1, Fig. 9b) showing a ratio of 69:31
P to M, as compared to an authentic knipholone sample
(Fig. 9c, 75:25 P to M) isolated from Bulbine capitata.48

The latter 75:25 sample of (+)-knipholone (1) was in turn re-
duced to knipholone anthrone (2, Fig. 9d), whose major,
more slowly eluting peak coeluted chromatographically
(tR¼30 min) with the peak of enantiomerically pure
anthrone, (+)-(P)-2, thus indicating its P-configuration
(Fig. 9a and d). The interconversion shows that the more rap-
idly eluting peak of 2 (i.e., the minor reduction product) is M-
configured, while in the case of knipholone (1) the M-enan-
tiomer is the slower one. Due to the nearly racemic character
of the knipholone anthrone obtained by reduction of (P)-(+)-
knipholone (Fig. 9d), additional evidence for the identity of
the respective peaks, and thus of the reversed HPLC behavior
of 2 in comparison to 1, was acquired by a spiking experiment
by adding enantiopure knipholone anthrone to that near-
racemic sample of 2 with subsequent chromatographical
analysis by using HPLC–UV and HPLC–CD (for the
respective diagrams, see Fig. S3 in Supplementary data).
An analogous reversed chromatographic behavior of knipho-
lone anthrone (2) in comparison to knipholone (1) itself is
also been observed for isoknipholone and its anthrone (i.e.,
the respective 40-hydroxy-60-methoxy isomers of 1 and 227

thus further demonstrating the value of the online LC–CD
and LC–UV methodologies for the stereoanalysis of these
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Figure 8. Revised assignment of the absolute axial configuration of (+)-knipholone anthrone (2) by TDDFT (a) and DFT/MRCI (b) calculations performed on
the M-enantiomer of 2.
compounds). The experiments prove the homochiral charac-
ter of 1 and 2, which is in line with the identical configuration
of (+)-knipholone anthrone (2) and (+)-knipholone (1) now
assigned independently to be P in both cases.

2.6. Further confirmation of the revised axial
configuration of 1 (and thus 2) by independent
CD investigations on its ‘leuco’ derivative 3

The above-described revised configurational assignment of
(+)-knipholone, (+)-1, and (+)-knipholone anthrone, (+)-2,
by high-level quantum chemical CD calculations in combi-
nation with experimental CD spectra taken on pure samples
of 1 and 2, warranted additional approaches to further
prove this result. However, all attempts to crystallize appro-
priate derivatives of knipholone (1) equipped with chiral
auxiliaries [like, e.g., the 60-O-(1S)-camphor-10-sulfonate
analog of 1] or with ‘heavy’ atoms [like, e.g., the 6’-O-(1-
bromo-2-naphthoyl) derivative of 1] failed to give crystals
of suited quality for an X-ray structural analysis, while
both knipholone (1) and its likewise natural 40-O-demethyl
analog did provide crystals suited for an X-ray structural
analysis, yet only in their racemic forms, selectively crystal-
lizing out of the natural scalemic mixture.

In view of this unfavorable crystallization behavior of 1 and 2
and their derivatives, an independent configurational attribu-
tion was approached by the stereochemically unambiguous
transformation of the phenylanthraquinone 1 into the
respective phenylanthracene 3, i.e., a derivative with a sub-
stantially different chromophore, whose absolute axial con-
figuration was likewise established by quantum chemical



9817G. Bringmann et al. / Tetrahedron 63 (2007) 9810–9824
CD calculations. Among the different imaginable ‘leuco’
forms of 1 or 2, i.e., with or without an oxygen function at
C-10, compound 3 seemed most favorable from its simplified
(and thus easier to interpret) anthracene chromophore as
compared to that of 1 and 2, from the additional conforma-
tional rigidity of the generated fully aromatic system, from
an even more restricted torsion by the higher steric hindrance
due to the methoxy group at C-10 as compared to a C-10-
deoxy analog (when starting from 2), and from its seemingly
straightforward preparation. The synthesis of 3 is shown in
Scheme 2.

(a) (b)

(d) (c)

Figure 9. Proof of the stereochemical identity of (+)-knipholone (1) (b) ob-
tained by oxidation of enantiomerically pure knipholone anthrone (100:0 P
to M) (a), and, vice versa, enantiomeric resolution of knipholone anthrone
(2) (d), obtained by reduction of authentic knipholone (75:25 P to M) (c).
For this, first preparation of such an as yet unknown axially
chiral phenylanthracene 3, the best-possible starting material
of 1, i.e., with the highest-available quantity and enantiomeric
purity, was chosen, as available by isolation from Bulbine
frutescens,49 viz. (+)-knipholone (1) with an enantiomeric ra-
tio of (+)- to (�)-1 of 89:11. Furthermore, mildest-possible
reaction conditions had to be chosen, to avoid further racemi-
zation of the material or even reductive cleavage of the axis.

Thus, although many different methods and conditions for
the reduction of the hydroxy substituted anthraquinones
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Figure 10. Determination of the enantiomeric ratio of the starting material
(1, 89:11 P to M) and of the obtained product (3, 85:15 P to M) by HPLC–
CD coupling on a Chiralcel OD-H column.
Scheme 2. Synthetic route to the ‘leuco’ derivative 3 of knipholone (1).
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are described in the literature,50–55 all of the free OH groups
of knipholone (1) were first O-methylated under standard
conditions56 to give the pentamethyl ether 7, by using
Cs2CO3 and Me2SO4 in acetone (Scheme 2) to stabilize
the molecule before reduction, thus avoiding the above-
mentioned undesired side reactions.

In analogy to a protocol by Kraus and Man,54 originally
described for the reduction of free, phenyl-devoid
anthraquinones, compound 1 was treated with sodium
dithionite at 0 �C, with subsequent in situ O-methylation
of the newly generated hydroxy groups at C-9 and C-10 to
avoid a re-oxidation back to 7 during workup. To test
whether the intermediate 7 and the final product 3 had
remained stereochemically intact or whether partial or total
racemization had taken place, online HPLC–UV monitoring
of the product peaks was carried out after workup of each
reaction step (Fig. 10). Accordingly, the O-methylation of 1
to 7 had not affected the initial 89:11 enantiomeric ratio,
whereas the reduction decreased the ratio to 85:15 (P to M).

In the online measured CD spectra, the two peaks corre-
sponding to the enantiomers of the obtained ‘leuco’ deriva-
tive 3 of knipholone (1) indeed showed a significantly
simpler chiroptical behavior as compared to that of 1, viz.
a classical bisignated positive couplet for the first eluting
peak hinting at the P-configuration, and a negative couplet
in the case of the second eluting peak in agreement with
the M-configuration of this slower enantiomer of 3.

This tentative assignment was again confirmed by CD calcula-
tions. As in the above cases, the calculations were carried out
for the M-enantiomer of 3. The conformational analysis of
(M)-3 revealed three low-energy conformers lying within an
energetic cut-off of 3 kcal/mol (Fig. 11). The obtained minima
structures differed mainly in the orientation of the acetyl
function at C-30, which was now—since devoid of any hydro-
gen bonding—twisted out of the phenyl plane in either direc-
tion due to the steric hindrance by the methoxy substituent at
C-20 (Fig. 11). The structure with the carbonyl oxygen of that
acetyl group ‘left down’, was found to be unstable, always
returning to the ‘left up’ global minimum conformer.

The TDDFT-based overall UV spectrum of 3 (Fig. 12) repro-
duced the experimental UV curve with a reasonable accu-
racy, so that no UV correction was necessary. Comparison
of the respective CD spectra predicted for the two enantio-
mers of 3 (for comparison of the single CD curves of the
individual conformers, see Fig. S4) clearly showed that the
more rapidly eluting peak, corresponding to the major prod-
uct, has the P-configuration, as expected, and the minor,
more slowly eluting enantiomer is M-configured.

For the computationally costly DFT/MRCI CD calculations,
several simplifications had to be applied. Due to its almost
negligible impact (2%, Fig. 11) in the overall CD spectrum,
the third conformer (conf 3, OAc ‘right down’) was not con-
sidered; furthermore, for the remaining two minimum struc-
tures, all O-methyl groups in the anthracene part of the
molecule and one of the OMe group at C-60 in the acetyl-
phloroglucinol ring were manually replaced by a hydrogen
atom each (30, Fig. 12), since only a molecule with fewer
than 250 electrons could be treated by the MRCI/SVP calcu-
lations. Moreover, exemplarily for the global minimum con-
former (conf 1), it was proven by B3LYP/TZVP calculations
that such a replacement does not change the resulting CD
spectrum (for the respective spectral comparison, see
Fig. S5 in Supplementary data), and hence the overall CD
spectra calculated for (P)- and (M)-30 can be safely com-
pared with the experimental curves of the ‘leuco’ phenyl-
anthracene derivative 3. The excitation energies calculated
by the DFT/MRCI/SVP method for 30 were again
O 'right up'
Ac

conf1 conf2H
f
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Figure 11. The energetically lowest-lying conformers of the ‘leuco’ derivative 3 of knipholone (1) with their relative energies and the weighting factors
calculated from the B3LYP energies.
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(a)

(b)

Figure 12. Assignment of the absolute axial configuration of the ‘leuco’ phenylanthracene derivative 3 by comparison of the online experimental CD spectra of
the two peaks with the theoretically predicted CD curves, as deduced from the results of the TDDFT (a) and of the DFT/MRCI (b) calculations.
overestimated by 0.3 eV (about 15 nm) as compared to the
experimental UV bands at 390 and 260 nm. This energy
shift, which seems to be systematic for such large biaryl
systems, might be probably diminished by increasing the
configuration-selection threshold (dEsel) from 0.8 to 1.036

or by using a larger basis set including diffuse functions.

Nevertheless, the DFT/MRCI/SVP based CD spectrum
predicted for the P-enantiomer of 30 showed a strong first
positive Cotton effect followed by a second negative one,
which was in a good agreement with the CD features of the
first eluting peak of 3, whereas the spectrum calculated for
(M)-30 clearly reproduced the CD curve of the second peak.

The above investigations clearly prove that (P)-(+)-knipho-
lone (1), according to the new configurational assignment,
does result in the P-configured ‘leuco’ derivative 3, and
vice versa, (M)-(�)-1 gives the M-atropo-enantiomer of 3,
thus fully supporting the new, revised configurational assign-
ment for these phenylanthraquinone natural products.

3. Conclusion

The absolute axial configuration of the naturally occurring
phenylanthraquinones, knipholone (1) and knipholone
anthrone (2), was re-investigated by quantum chemical CD
calculations showing that the previous assignment, based
on merely semiempirical calculations (in combination
with not entirely pure samples, due to instability reasons)
had been erroneous. The renewed CD calculations using
highly advanced methods, viz. TDDFT and DFT/MRCI,
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unequivocally prove that the naturally predominant, dextro-
rotatory forms of knipholone, (+)-1 (which is the more rap-
idly eluting enantiomer on a Chiralcel OD-H phase), and of
knipholone anthrone, (+)-2 (i.e., the more slowly eluting
enantiomer on the same phase), have the P-configuration
at the biaryl axis (Scheme 3). Consequently, the laevorota-
tory antipodes, (�)-1 (i.e., the more slowly eluting peak)
and (�)-2 (the faster eluting one), which likewise exist in
nature, are M-configured. Although with a certain degree
of racemization, (+)-1 can be converted into (+)-2 and vice
versa (Scheme 3), showing that the two compounds are
stereochemically identical, which is in agreement with the
quantum chemical CD calculations, according to which
they both are P-configured. A third, again independent
assignment results from the additional configurational attri-
bution of the phenylanthracene (+)-3, which, without sub-
stantial loss of enantiomerical purity, can be obtained from
(+)-1 by O-methylation, reduction, and renewed O-methyla-
tion, again giving a P-configured product according to the
CD calculations, so that all the three approaches jointly prove
the P-configuration of 1 and 2 in the dextrorotatory series.
Scheme 3. Revised absolute stereostructures of the natural phenylanthraqui-
nones, (+)-knipholone [(+)-1], and (+)-knipholone anthrone [(+)-2], and
structure of the synthetically produced ‘leuco’ phenylanthracene derivative
(+)-3 and their stereochemical identity evidenced through interconversion.
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The ‘knipholone story’ shows that even slight doubts about
a structural assignment (here the attribution of the axial
configurations of 1 and 2) inevitably have to trigger further
efforts to either verify or falsify an attribution initially
made. In the present case, this revision was hampered,
for years, by the unfavorable crystallization properties of
knipholone (1) and its derivatives (which either did not
crystallize or only in a racemic form) and by the lacking
possibility of assigning axial configurations relative to
chiral auxiliary centers, naturally present (like in naphthyl-
isoquinoline alkaloids, e.g., dioncophylline A57 or in
dimeric pre-anthraquinones, like phlegmacins58) or artifi-
cially introduced, e.g., through NOESY measurements.
For all these reasons, the only remaining possibility was
the method of quantum chemically predicting the CD spec-
tra, although this (at the level of 1998/1999) had been ex-
actly the method that had initially failed. The previously
erroneous assignment shows that for calculating such
molecules with structurally challenging chromophores
(here the anthraquinone and acetophenone portions), great
caution is needed when using only semiempirical methods.
Still, the work demonstrates that it is worth the effort to
invest the required time and energy into such a revision,
even if (hopefully) in the end the old assignment can
‘only’ be verified.

Since knipholone (1) and its anthrone 2 are the key represen-
tatives within the class of the naturally occurring phenyl-
anthraquinones, the now reliable knowledge of their
stereostructures is of highest importance for a further
improvement of their bioactivities (e.g., concerning the
atropisomer-dependent antitumoral activity5) and, based
on the known CD data, for the now possible stereochemical
re-assignment of virtually all other naturally occurring
phenylanthraquinones. Their structures, as evident from
the present work, are seen in Figure 13.

Through the revision of the absolute stereostructures of 1
and 2, our ‘lactone method’ for the atropo-enantioselective
synthesis of axially chiral biaryls, by the directed, enantio-
divergent ring cleavage of chiral, but configurationally
unstable bridged biaryl lactones by using the CBS system,
has now indeed become a stereochemically fully consistent
method. Thus, the previous assumed gap has been closed,
and the method can now even be used for the configurational
assignment of absolute axial configurations of as yet un-
known biarylic compounds.

4. Computational

4.1. Conformational analysis

The detailed conformational analyses of the M-enantiomers
of knipholone (1), knipholone anthrone (2), and the phenyl-
anthracene 3 were carried out at the semiempirical PM337

level within the GAUSSIAN 0360 program package, starting
with geometries pre-optimized by the TRIPOS61,62 force
field. The obtained conformers were further optimized
by DFT-based methods, viz. RI-BLYP/SVP38,39,41 and
B3LYP/TZVP,40,43,44 within the TURBOMOLE 5.863 suite
of programs.
4.2. CD calculations

The excited-state energy calculations were performed with
the TDDFT (B3LYP/TZVP)43,44 method and with the
DFT/MRCI (BHLYP/SVP)36 approach resulting in the exci-
tation energies, oscillator, and rotatory strengths for the en-
ergetically lowest 80 and 35 excited states, respectively. To
reduce the computational costs of the DFT/MRCI computa-
tions, a configuration-selection cut-off of 0.8Eh was used.46

For acquiring the UV and CD spectra, the dipole–velocity
representation64 of the oscillator and rotatory strengths
was chosen.

The line-shape CD curves D3(l) were obtained from the
‘bar-type’ spectra of 1–3 by utilizing a Gaussian distribu-
tion65 according to

D3ðlÞ ¼ 1

2:297� 10�39
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where lk and R0k are the wavelength and the rotatory
strength of the kth electronic transition, respectively, and s
is the exponential half-width, i.e., half the width of the CD
band at 1/e height. For the CD spectra calculated by both
TDDFT and DFT/MRCI methods, the empirically chosen
s values of 0.1 (for 2), 0.15 (for 1), and 0.2 eV (for 3)
were used. In the case of the UV spectra, a value of 0.1 eV
was applied for all compounds. For compounds 1 and 3,
the single CD and UV spectra calculated for the individual
conformers were added up according to their B3LYP/
TZVP energies, following the Boltzmann statistic. The CD
curves of the corresponding P-enantiomers of 1–3 were ob-
tained by reflecting the spectra calculated for the M-configured
isomers at their zero-line.

5. Experimental

5.1. General

All reagents used were reagent grade and solvents were
distilled prior to usage. Analytical TLC was performed on
Merck pre-coated silica gel 60 F254 plates. Compounds on
TLC were visualized under long (365 nm) and short
(254 nm) UV light. Column chromatography was performed
using Merck silica gel (0.063–0.2 mm). Preparative HPLC
was achieved on a Chromolith RP18 column (100�
10 mm). Stereoanalytical separations were carried out on a
chiral stationary phase employing a Chiralcel OD-H
HPLC column (4.6�250 mm, particle size: 5 mm) from
Daicel Chemical Industries Ltd (Tokyo, Japan).

Melting points were determined on a Reichert-Jung Thermo-
var hot plate and are uncorrected. Optical rotations were
measured on a JASCO P-1020 polarimeter. UV/vis spectra
were obtained on a Cary 50 Conc spectrometer (Varian).
The relative UV intensities at the given wavelength l [nm]
are reported referring to the most intense absorption band.
IR spectra were measured on a Jasco FTIR-410 spectro-
meter. NMR spectra were recorded on a Bruker AV 400
(400 MHz) and a Bruker A 250 (250 MHz). All NMR
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measurements were carried out at room temperature in deu-
terated acetone or methanol. Chemical shifts are reported as
part per million (ppm) in d units relative to the resonance of
residual acetone (2.09 ppm in the 1H, 29.82 ppm in the 13C
spectra) and methanol (3.34 ppm in the 1H, 49.02 ppm in
the 13C spectra). Coupling constants (J) are reported in hertz
[Hz]. Splitting patterns are described as ‘s’ (singlet), ‘d’
(doublet), ‘t’ (triplet), and ‘m’ (multiplet). 1H NMR data
are reported in the following order: chemical shifts, multi-
plicity, coupling constant, and number(s) of proton. CD
spectra were recorded on a J-715 spectrometer (JASCO
Deutschland, Gross-Umstadt, Germany) at room tempera-
ture using 0.05 and 0.1 cm standard cells and spectrophoto-
metric grade MeOH, n-hexane, or a mixture of CH3CN/H2O
(60:40) and are reported in D3 in units of cm2/mol at the
given wavelength l [nm]. For HPLC–CD coupling experi-
ments, the J-715 spectropolarimeter was equipped with
a PU-1580 pump (JASCO), an LG-980-02S ternary gradient
unit, a 7725i Rheodyne injector valve, an ERC-7215 UV
detector hyphenated to a J-715 spectropolarimeter with
a 0.5 cm standard flow cell, and the Borwin chromatographic
software (JASCO Deutschland). ESI-HRMS were recorded
on a microTOF-focus (Bruker Daltonik GmbH) (positive
ionization, capillary temperature 210 �C, voltage 3.5 kV,
and with nitrogen as the nebulizer gas).

5.1.1. Oxidative conversion of knipholone anthrone (2) to
knipholone (1). According to a procedure described by
Dagne and Yenesew,2 synthetically produced12 enantiomeri-
cally pure (+)-knipholone anthrone (2.4 mg, 5.71 mmol,
100:0 P to M, Fig. 9) in 5% methanolic KOH (5 mL) was
stirred overnight in the presence of air. The resulting red
mixture was acidified with 2 N HCl followed by dilution
with water and extraction with EtOAc. After drying with
MgSO4 and evaporation of the solvent in vacuo the obtained
residue was purified on a Chromolith RP18 column (100�
10 mm) using H2O (A)/CH3CN (B); flow rate 10 mL/min;
0 min 5% B, 5 min 50% B, 9 min 100% B, 11 min 100%
B, 11.5 min 100% B, 12 min 5% B, and 15 min 5% B, giving
(+)-knipholone (2.36 mg, 5.44 mmol, 95%, 69:31 P to M)
identical to an authentic sample (by co-TLC, co-HPLC,
and 1H NMR).

5.1.2. Conversion of knipholone (1) to knipholone
anthrone (2). Following a method by Auterhoff and
Scherff,66 a mixture of knipholone (4.2 mg, 9.68 mmol,
75:25 P to M), glacial acetic acid (4 mL), and 40% SnCl2 so-
lution in concentrated HCl (4 mL) was heated at 120 �C for
2 h. After cooling, the resulting solution was poured into
brine (20 mL) and exhaustively extracted with EtOAc,
dried (MgSO4), and the solvent was removed under re-
duced pressure. The residue was purified on a short silica
gel column, eluted with an increasing gradient of CH2Cl2/
MeOH (100:1 up to 100:4) affording knipholone anthrone
(1.5 mg, 3.57 mmol, 37%, 52:48 P to M) chromatographi-
cally and spectroscopically identical to an authentic sample
(by co-TLC, co-HPLC, and 1H NMR).

5.1.3. Knipholone tetramethylether (7). To a solution
of knipholone (1) (5.1 mg, 11.8 mmol, 89:11 P to M), in a
mixture of acetone (10 mL) and water (0.1 mL), Cs2CO3

(150 mg, 0.46 mmol) and dimethylsulfate (116 mg,
0.92 mmol) were added. The mixture was stirred for 2 h at
room temperature. After addition of 25% aqueous ammonia
(2.5 mL), the acetone was removed under reduced pressure
and the aqueous layer extracted with Et2O (3�30 mL).
The organic layers were combined, dried over MgSO4, and
the solvent was evaporated in vacuo. The residue was chro-
matographed on silica gel (EtOAc/petroleum ether 11:1) to
afford knipholone tetramethylether (7) (5.5 mg, 11.2 mmol,
95%, 89:11 P to M) as a yellow oil that solidified upon
standing: mp 223 �C (lit.1 225 �C). 1H NMR [250 MHz,
CO(CD3)2] d 2.17 (s, 3H), 2.53 (s, 3H), 3.31 (s, 3H), 3.69
(s, 3H), 3.97 (s, 3H), 4.00 (s, 3H), 4.03 (s, 3H), 6.59 (s,
1H), 7.44 (m, 3H), 7.67 (t, J¼7.93 Hz, 1H); 13C NMR
(63 MHz, CO(CD3)2) d 21.35, 33.12, 56.66, 56.93, 56.97,
62.08, 93.17, 108.32, 116.49, 118.40, 118.84, 120.01,
124.42, 125.56, 126.33, 134.82, 137.91, 147.04, 156.06,
158.38, 159.02, 159.41, 159.50, 169.38, 186.60, 201.19.

5.1.4. Reductive O-methylation of 7 to phenylanthracene
3. Sodium dithionite (7.0 mg, 40.0 mmol) was added under
a nitrogen atmosphere at 0 �C to a solution of knipholone
tetramethylether (7) (4.2 mg, 8.6 mmol, 89:11 P to M) and
tetra-n-butylammonium bromide (1.1 mg) in tetrahydro-
furan (5.0 mL) and water (3.0 mL). The mixture was stirred
at 0 �C for 2 h. After addition of 2.0 N aqueous NaOH
(0.50 mL, 1.0 mmol), the solution was stirred for another
30 min and dimethylsulfate (15.1 mg, 0.12 mmol) was
added. The reaction mixture was warmed up to room tem-
perature, stirred for further 6 h, and extracted with Et2O
(3�30 mL). The combined organic layers were dried over
Na2SO4 and the solvent was removed in vacuo. The crude
product was purified on a short silica gel column eluted
with CH2Cl2/MeOH (100:0.5) followed by preparative
HPLC on a Chromolith RP18 column (100�10 mm) using
H2O (A)/CH3CN (B); 0 min 6 mL/min, 10% B; 0.5 min
10 mL/min, 10% B; 5 min 10 mL/min, 50% B; 9 min
10 mL/min, 100% B; 13 min 10 mL/min, 100% B; 14 min,
10% B; 14.5 min 6 mL/min, 10% B; 15 min 10% B; giving
pure ‘leuco’ phenylanthracene 3 (2.4 mg, 4.4 mmol, 53%,
85:15 P to M) as a yellowish oil. [a]D +17.93 (c 0.18,
MeOH), 85:15 P to M; 1H NMR (400 MHz, MeOD)
d 2.17 (s, 3H), 2.52 (s, 3H), 3.16 (s, 3H), 3.36 (s, 3H), 3.82
(s, 3H), 3.90 (s, 3H), 3.99 (s, 3H), 4.05 (s, 3H), 4.08 (s,
3H), 6.65 (s, 1H), 6.85 (m, 2H), 7.34 (dd, J¼8.74,
7.52 Hz, 1H), 7.65 (dd, J¼8.74, 0.84 Hz, 1H); 13C
(100 MHz, MeOD) d 21.57, 32.90, 56.28, 56.69, 56.71,
56.77, 61.46, 62.90, 64.13, 92.29, 105.29, 108.95, 116.36,
119.10, 119.70, 119.91, 120.04, 120.16, 126.99, 128.89,
129.96, 138.00, 149.89, 151.27, 157.12, 157.68. 158.37,
158.39, 160.52, 205.17; UV/vis (MeOH): lmax 419 (0.11),
399 (0.14), 379 (0.16), 263 (1.00), 227 (0.52); CD
(MeOH): D3206 �5.6, D3222 �6.7, D3245 30.7, D3268 +9.8;
IR (neat): nmax 2924, 2852, 1576, 1415, 1115, 418 cm�1;
HRMS (ESI+) found: [(M+Na)+], 543.1989. C30H22NaO8

requires [(M+Na)+], 543.1995.
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