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The absolute stereostructures of phlegmacins A; (3a) and B,
(3b) were determined by biosynthetic studies, quantum
chemical CD calculations, and NOE experiments. In Cortina-
rius odorifer these compounds are formed by regioselective
oxidative dimerization of (R)-torosachrysone (R-2).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Dimeric pre-anthraquinones, dihydroanthracen-1(2H)-
ones, occur in several Cortinarius, Dermocybe, and Trichol-
oma species and are responsible for the spectacular colors
of these toadstools.! 731 According to the position of the
C—C bond formed during oxidative coupling of the puta-
tive precursors atrochrysone (1) or torosachrysone (2), the
dimers can be classified as belonging to the phlegmacin (3),
atrovirin (4), and flavomannin (5) groups (Scheme 1).>4
Usually, only one type of regioisomers is observed for a
certain species, whereas the configurations at the chiral axis
and at the stereogenic centers are variable.

Phlegmacins A; (3a) and B, (3b) were first discovered in
Cortinarius (Phlegmacium) odorifer Britz. (German: “Anis-
Klumpfu3”’), a common toadstool of spruce forests in
mountainous regions.’] Enantiomers of these fungal phleg-
macins occur in the medicinal plant Cassia torosa (Faba-
ceae).l’l Closely related are the toxic peroxisomicines,
7,10’-coupled dimers of prechrysophanol,l”! which have
been isolated from fruits and roots of Karwinskia species
(Rhamnaceae).!®!
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The polyketide-origin of the phlegmacins was demon-
strated by Gill and co-workers®! by feeding [2-'3CJacetate
to fruit bodies of the Australian Cortinarius sinapicolor. The
incorporation of two molecules of (S)-[methoxy-'3CJtoros-
achrysone 8-O-B-D-gentibioside into the anhydrophlegma-
cin-9,10-quinone derivative present in this toadstool, estab-
lished the formation of both halves of the molecules from
torosachrysone as well as the (3'S) configuration of the di-
mer.

In order to study the formation of phlegmacins A; and
B, we synthesized several monomeric pre-anthraquinones
and applied each of them to young fruit bodies of C. odor-
ifer in their natural environment. After 6 days, the toad-
stools were harvested and the pigments investigated. The
model compounds 6—8 used in this study were obtained by
tandem Michael—Dieckmann condensations according to
Weinreb and co-workers,[!%!1] whereas the syntheses of (R)-
and (S)-[methoxy-'3C]torosachrysone ((R)- and (S)-2) have
been described earlier.!'?!

From the two enantiomers of [methoxy-'3CJtorosachry-
sone only the (R)-form was incorporated into phlegmacins
A, (3a) and By (3b) in C. odorifer. Each of the stereoiso-
mers, 3a and 3b, exhibited a '*C-enrichment of about 3.5%
for each methoxy group.!'! By contrast, the mixture of phleg-
macins A, and B; obtained after feeding (S)-[methoxy-
B3C]torosachrysone showed no enhancement of the meth-
oxy signals in the '3C NMR spectrum.['3] This indicates
that both, phlegmacins A; and By, are (R)-configured at C-
3 and C-3’ and differ only in their absolute configurations
at the chiral axes. Feeding experiments with the simpler an-
alogs 6—8 followed by analyses of the crude extracts by
HPLC/MS revealed the absence of corresponding dimers.
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In the case of C. odorifer the oxidative coupling proceeds
with low atroposelectivity, providing a 2:1 mixture of iso-
mers B; and A,, whereas the related C. auroturbinatus
forms phlegmacin B; with only traces of isomer A;.*! The
coupling is highly substrate-specific and occurs neither with
(S)-torosachrysone nor with the artificial analogs 6—8, in
which the >C(OH)CH; group in 3-position has been re-
placed by a CH,, a >C(CH3),, or a >CH(CHs) group. The
fact that Cortinarius odorifer and the Australian C. sina-
picolor®! produce phlegmacins with opposite configuration
at C-3 and C-3’, respectively, reflects the occurrence of both
enantiomers of torosachrysone in Cortinarius species.!¥l In-
vestigations to see whether — as in the biosynthesis of lig-
nans in plantst!>! — “dirigent proteins” are responsible for
the observed stereo- and regioselectivities in the formation
of fungal dihydroanthracenone dimers, are in progress.

After revealing the absolute configuration at the stereo-
genic centers C-3 and C-3’, the configuration at the biaryl
axes of phlegmacins A; and By remained to be determined.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4851
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The circular dichroism (CD) spectra of dimeric pre-anthra-
quinones are dominated by the chiral axis, which causes the
appearance of two strong Cotton effects centered around
275 nm. Dimers which exhibit a negative Cotton effect
towards longer wavelengths (negative CD couplet) are des-
ignated as “type A”, whereas in the CD spectra of “type B”
isomers the sign of the first Cotton effect is positive (posi-
tive CD couplet).[>3-14

In order to establish the axial configuration of the phleg-
macins we applied quantum chemical CD calculations!!7-18]
and compared the calculated CD curve with the experimen-
tal one obtained for phlegmacin B; (3b).['”) Given the above
established absolute (R) configuration at both, C-3 and C-
3’, and arbitrarily starting with the (P)-atropisomer, the
(P,3R.,3' R)-diasterecomer of 3 was submitted to a confor-
mational analysis by means of the semiempirical AM1[°]
method, resulting in no less than 340 conformers within the
relevant energetical range of 3 kcal/mol above the global
minimum. For each optimized geometry a CD spectrum
was computed using the CNDO/S-CI?! approach as im-
plemented in the program BDZDO/MCDSPD.!*?I The
single CD curves thus obtained were added up and
weighted in accordance to their respective heat of forma-
tion, i.e., following the Boltzmann statistics, to give the
overall theoretical spectrum, which was subsequently UV-
corrected!!”! in order to take systematic shifts into account.
The comparison of the CD spectrum thus predicted for
(P,3R,3'R)-3 with the experimental CD curve of phlegma-
cin B; (3b) revealed a good agreement (see a, left part, in
Scheme 2). By contrast, the theoretical CD curve for
(M,35,3'S)-31231 (obtained by reflection of the spectrum cal-
culated for P,3R,3'R at the zero line) showed a virtually
opposite behavior (see a, right part, in Scheme 2), thus as-
signing phlegmacin B; (3b) to possess a P-configured chiral
axis, and, in consequence, phlegmacin A; (3a) to be M-con-
figured.

For a further confirmation of this structural assignment
and in view of the molecular flexibility of the relevant chro-
mophores, additional CD calculations for (P,3R,3'R)-3
were performed, now based on molecular dynamics (MD)
simulations using the MM3P4 force field as implemented
in the molecular modeling package SYBYL?! at a virtual
temperature of 500 K and a simulation length of 500 ps. For
the geometries extracted every 0.5 ps from the trajectory of
motion single CD spectra were computed using again the
CNDO/S-CIP?!I method. Summing up of the resulting 1000
calculated CD spectra and subsequent UV correction!!”! de-
livered the overall simulated CD curve, which again corre-
sponded with the measured CD spectrum of 3b (see b, left
part, in Scheme 2), while the likewise predicted curve for
(M,3S8,3'S)-3 (see above) was once again found to be vir-
tually opposite (see b, right part, in Scheme 2). In conse-
quence, both theoretical approaches resulted unambigu-
ously in phlegmacin B, (3b) having a P-configured axis and
hence phlegmacin A, (3a) being M-configured.

This assignment by quantum chemical CD calculations
was fully confirmed by NOE experiments at 600 MHz. The
ROESY spectrum of phlegmacin A; (3a) in CD,Cl,/CDCl;
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Scheme 2. Attribution of the absolute configuration of phlegmacin
B; (3b) by comparison of the experimental CD spectrum (in
MeOH) with the spectra calculated for (P3R,3'R)-3 and
(M,38,3'S)-3; a) according to the AM1-Boltzmann approach; b)
following the MM3-MD method (the Ae values in the computed
spectra were scaled to match the experimental ones; in each case,
the scaling factor was the same for the entire spectrum)

(1:1) showed cross signals between 4'-Hq at § 2.73 and the
8-OH proton at & 9.96. In addition, correlations between
4'-H,, at 6 2.68 and the 6-OCHj; group at 6 = 3.75 and, to
a minor extent, between 4'-H.q and the 6-OCHj; group were
observed (Figure 1). In the case of phlegmacin B, (3b), the
ROESY spectrum in CDCl; indicated a correlation between
4'-H,, at 0 = 2.83 and the 8-OH proton at § = 9.95 and a
correlation between 4'-Hqq at 6 = 2.64 and the 6-OCH;
group at 6 = 3.77 ppm. The signals for 4’-H,, and 4'-Hq
in the spectra of 3a and 3b could be distinguished by the
4J W-coupling occurring between the pseudo-equatorial
protons at C-4’ and C-2’. Furthermore, NOE correlations
between each of the protons at C-2' and C-4’ and the
methyl group at C-3’ supported the chair conformation of
the cyclohexenone ring with the methyl group adopting a
pseudo-equatorial position.B¢~81 The complete assignment
of all proton and carbon NMR signals was based on COSY,
ROESY, HSQC, and HMQC experiments (see Exp. Sect.).
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Figure 1. NOE correlations of phlegmacins A; (CD,Cl,/CDCls,
1:1) and B; (CDCls) at 300 K). NOEs between geminal protons are
omitted for reasons of clarity.

These results could only be explained by assigning the
(M) and (P) configuration to phlegmacins A; and By,
respectively. Since 3a and 3b are the enantiomers of the
Cassia phlegmacins B, and A,,!! the latter should possess
the (P,3S,3'S) and (M,3S,3'S) configuration, respectively.
This attribution is in agreement with the co-occurrence of
these pigments with (S)-torosachrysone.[?%!

In a similar manner, the diastereoisomeric anhydrophleg-
macin-9,10-quinones A, (9a) and B; (9b)P¥! were investi-
gated. The NOE correlations depicted in Figure 2 con-
firmed the conclusions obtained for the corresponding
phlegmacin isomers.

Importantly, the stereoisomers of dimeric pre-anthraqui-
nones exhibit diagnostic differences in the 'H NMR spectra
(“syn-anti rule”),3>271 which were successfully applied by
Gill and co-workers to establish the complete stereostruc-
tures of 5,5'- (atrovirin),l?®! 5,10’- (pseudophlegmacin),i®”!

Eur. J. Org. Chem. 2004, 4850—4855 WWW.eurjoc.org

anhydrophlegmacin-9,10-quinone B (9b)

Figure 2. NOE correlations of anhydrophlegmacin-9,10-quinones
A, and B; (CDCl;, 300 K). The signals of the 4'-protons of 9a are
unresolved. NOEs between geminal protons are not shown.

and 10,10'- (tricolorin)B% dimers. In these cases, the occur-
rence of the 4’-methylene protons as a well-separated AB
quadruplet (Ad = 0.15—0.35 ppm) indicates a syn relation-
ship between the OH group at C-3’ and the bulk of the
second torosachrysone (anthraquinone) moiety. In contrast,
more narrow signals (AS = 0.08 ppm) are typical of an anti
relationship of the two residues. Therefore, by knowing
either the axial or central absolute configuration of a 5,5'-
or 10,10'-torosachrysone dimer, the complete stereostruc-
ture can be derived from the '"H NMR spectrum. The re-
sults of the present publication indicate, however, that this
empirical “syn-anti rule” has to be reversed for phlegmac-
ins. The chemical shift differences of the 4’-methylene pro-
tons for phlegmacin A; (“syn”) and By (“anti”’) are Ad =
0.06 and 0.19 ppm, respectively, whereas the syn-anti rule
would predict the opposite order.*!32 This may be due to
the smaller anisotropic effect of a torosachrysone (anthra-
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quinone) residue connected through C-7 to the second half
of the molecule, when compared with residues connected
through C-5 or C-10 as is the case in atrovirins, tricolorins
and pseudophlegmacins.

Experimental Section

General: NMR experiments were performed at a Bruker DMX 600
("H: 600 MHz, '3C: 151 MHz) device. Chemical shifts are given in
d relative to CHCl; (0 = 7.26) and CDCl; (6 = 77.00). NOE
experiments were carried out with the pulse program “roesyph”
(mixing time 500—1000 ms).

Feeding Experiments: 5—10 mg of the respective '3C-labelled pre-
cursor, dissolved in 0.25—0.5 mL DMSO, were injected via syringe
into the stalks of three fruit bodies of Cortinarius odorifer growing
in mixed forests near Garmisch-Partenkirchen and Wolfratshausen,
Bavaria. After 6 days, the toadstools were harvested, during which
time their cap diameter had increased from approximately 3 to
5 cm. The same technique was applied to the artificial precursors
6,7, and 8.

Isolation of Phlegmacins B; and A;: After the feeding experiments,
the fruit bodies (30 g) were immediately cut into fine pieces and
shaken for 1 h in the dark with MeOH (200 mL). The extract was
filtered, the filtrate evaporated to 50 mL, and the solution par-
titioned between EtOAc (200 mL) and H,O (2 X 50 mL). The or-
ganic phase was dried (Na,SO,) and the solvent removed. The resi-
due was chromatographed on Sephadex LH 20 (first column: eluent
MeOH, second column: acetone/MeOH, 4:1), and the fractions
containing the phlegmacins were collected. Pure anhydrophlegma-
cin-9,10-quinone A, (9a) (3.5 mg) was obtained after the second
chromatography. Complete separation of the phlegmacin dia-
stereomers by preparative TLC (SiO», toluene/ethyl formate/formic
acid, 50:49:1) afforded phlegmacins A; (4 mg) and B; (14 mg) in
NMR spectroscopically pure form. In the experiments with com-
pounds 6, 7, and 8, only the genuine dimers phlegmacins A; and
B, could be detected by HPLC and MS.

Phlegmacin A, (3a): UV/Vis (EtOH): 4., (€) = 233 (44000), 276
(103500), 318 (sh, 12950), 332 (sh, 9700), 400 (18400) nm. CD
(MeOH): Apax (Ag) = 224 (—35.3), 267 (+94.9), 284 (—69.9), 333
(+4.0), 375 (—1.4), 415 (+3.7) nm. '"H NMR (600 MHz, CDCl;,
300 K): 0 = 1.32 (s, 3 H, 3'-CH3), 1.50 (s, 3 H, 3-CH3), 1.89 (br, 2
H, 3-OH, 3’-OH), 2.72 (d, 2J = 16.1, 1 H, 4'-H,,), 2.78 (d, 2J =
16.1, 1 H, 4'-H,), 2.78 (d, 2J = 17.2, 1 H, 2'-H,), 2.87 (d, 2J =
17.5, 2-H,y), 2.90 (d, 2J = 17.5, 1 H, 2-H,), 2.91 (d, 2J = 17.2, 1
H, 2'-H,), 3.11 (d, 2J = 16.1, 1 H, 4-H,), 3.14 (d, 2J = 16.1, 1
H, 4-H,,), 3.66 (s, 3 H, 6'-OCH3), 3.78 (s, 3 H, 6-OCH3;), 6.12 (d,
4J=122,1H,5'-H), 6.50 (d, %/ = 2.2, 1 H, 7-H), 6.72 (s, 1 H, 5-
H), 7.02 (s, 1 H, 10-H), 10.00 (s, 1 H, 8-OH), 10.19 (s, 1 H, 8'-
OH), 16.17 (s, 1 H, 9-OH), 16.65 (s, 1 H, 9’-OH) ppm. 'H NMR
(600 MHz, CD,Cl,/CDCls, 1:1, 300 K): 0 = 1.27 (s, 3 H, 3’-CH,),
1.45 (s, 3 H, 3-CHj3), 1.58 (br, 2 H, 3-OH, 3'-OH), 2.68 (d, 2J =
16.1, 1 H, 4'-H,y), 2.73 (d, 2J = 16.1, 1 H, 4'-H,), 2.76 (d, 2J =
17.5, 1 H, 2'-H,,), 2.83 (d, 2J = 17.5, | H, 2’-H,,), 2.84 (m, 2 H,
2-H), 3.07 (d, 2J = 16.0, 1 H, 4-H,), 3.11 (d, J = 16.0, 1 H, 4-
H,,), 3.61 (s, 3 H, 6’-OCH3), 3.75 (s, 3 H, 6-OCH3), 6.09 (d, *J =
2.2, 1H, 5-H), 645 (d, *J = 2.2, 1 H, 7'-H), 6.72 (s, 1 H, 5-H),
7.00 (s, 1 H, 10-H), 9.96 (s, 1 H, 8-OH), 10.13 (s, 1 H, 8-OH),
16.18 (s, 1 H, 9-OH), 16.63 (s, 1 H, 9-OH) ppm. '*C NMR
(151 MHz, CDCls, 300 K, an asterisk indicates '3C-enrichment in
the case of a positive feeding experiment): 6 = 28.90 (3’-CH,),
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29.70 (3-CH3), 41.52 (4'-C), 43.34 (4-C), 50.51 (2'-C), 51.09 (2-O),
55.17* (6’-OCH3), 56.00* (6-OCHj3), 70.48 (3'-C), 71.14 (3-C),
98.33 (5-C), 99.50 (5’-C), 100.35 (7'-C), 108.18 (8a’-C or 9a’-C),
108.25 (8a’-C or 9a’-C), 108.33 (8a-C or 9a-C), 108.53 (9a-C or
8a-C), 111.49 (7-C), 117.66 (10-C), 120.26 (10'-C), 134.13 (4a’-C),
135.84 (4a-C), 140.61 (10a’-C or 10a-C), 140.65 (10a-C or 10a’-C),
156.09 (8-C), 160.69 (8'-C), 161.75 (6-C), 163.71 (6'-C), 165.90 (9-
C), 166.93 (9'-C), 201.83 (1'-C or 1-C), 201.96 (1-C or 1’-C) ppm.

Phlegmacin B; (3b): UV/Vis: same as 3a. CD (MeOH): /.. (Ag) =
223 (+42.0), 267 (—127.1), 284 (+104.6), 333 (—3.3), 369 (+1.7),
420 (+3.4) nm. '"H NMR (600 MHz, CDCls, 300 K): 6 = 1.32 (s,
3 H, 3'-CHj;), 1.50 (s, 3 H, 3-CHj3), 2.27 (br, 2 H, 3-OH, 3’-OH),
2,64 (dd, 2J = 16.1,*J = 1.5, 1 H, 4'-H,,), 2.80 (d, 2J = 17.3, 1
H, 2’-H,,), 2.83 (d, 2J = 16.1, 1 H, 4'-H,,), 2.85 (d, 2J = 17.5, 1
H, 2-H,,), 2.86 (dd, 2J = 17.3,%J = 1.5, 1 H, 2'-H,,), 2.88 (d, 2J =
17.5, 1 H, 2-H,), 3.09 (d, 2J = 16.1, 1 H, 4-H,), 3.13 (d, 2J =
16.1, 1 H, 4-H,,), 3.67 (s, 3 H, 6'-OCHs), 3.77 (s, 3 H, 6-OCH3),
6.17 (d,*J =22,1H,5-H), 6.51 (d,*J =22,1H, 7-H), 6.72 (s,
1 H, 5-H), 7.01 (s, 1 H, 10-H), 9.95 (s, 1 H, 8-OH), 10.21 (s, 1 H,
8'-OH), 16.17 (s, 1 H, 9-OH), 16.66 (s, 1 H, 9'-OH) ppm. '*C NMR
(151 MHz, CDCls, 300 K, an asterisk indicates '3C-enrichment in
the case of a positive feeding experiment): 0 = 28.94 (3'-CHj;),
29.13 (3-CH3), 41.34 (4'-C), 43.31 (4-C), 50.48 (2'-C), 51.02 (2-O),
55.25% (6’-OCH3), 56.03* (6-OCHj3), 70.67 (3'-C), 71.12 (3-C),
98.43 (5-C), 99.75 (5'-C), 99.94 (7'-C), 108.16 (8a’-C or 9a’-C),
108.21 (9a-C’ or 8a’-C), 108.35 (8a-C), 108.56 (9a-C), 111.36 (7-
C), 117.70 (10-C), 120.39 (10’-C), 134.09 (4a’-C), 135.84 (4a-C),
140.61 (10a’-C or 10a-C), 140.66 (10a-C or 10a’-C), 156.70 (8-C),
160.79 (8'-C), 161.44 (6-C), 163.65 (6'-C), 165.92 (9-C), 166.99 (9'-
Q), 201.76 (1'-C), 202.03 (1-C) ppm.

Anhydrophlegmacin-9,10-quinone A; (9a, from C. odorifer): 'H
NMR (600 MHz, CDCl;, 300 K): 0 = 1.34 (s, 3 H, 3'-CH;), 1.88
(br, 2 H, 3-OH, 3’-OH), 2.48 (s, 3 H, 3-CH;), 2.72 (m, 2 H, 4'-H),
2.80 (d, 27 = 17.5, 1 H, 2'-H,y), 2.90 (d, 2J = 17.5, 1 H, 2'-H,),
3.70 (s, 3 H, 6'-OCHs;), 3.89 (s, 3 H, 6-OCHs;), 6.08 (s, 1 H, 5'-H),
6.52 (s, 1 H, 7-H), 7.11 (s, 1 H, 2-H), 7.58 (s, 1 H, 5-H), 7.67 (s, 1
H, 4-H), 10.21 (s, 1 H, 8’-OH), 11.98 (s, 1 H, 1-OH), 12.41 (s, | H,
8-OH), 16.72 (s, 1 H, 9’-OH) ppm. 3C NMR (151 MHz, CDCl;,
300 K, an asterisk indicates '*C-enrichment in the case of a positive
feeding experiment): 6 = 22.19 (3-CH;), 28.92 (3'-CH;), 41.48 (4'-
C), 50.42 (2'-C), 55.33* (6'-OCH3;), 56.58* (6-OCH3;), 70.42 (3'-C),
99.40 (5'-C), 100.02 (7'-C), 103.44 (5-C), 108.00 (9a’-C or 8a'-C),
108.12 (8a’-C or 9a’-C), 111.27 (7-C), 113.56 (9a-C), 118.41 (10'-
Q), 120.27 (8a-C), 121.50 (4-C), 124.81 (2-C), 132.95 (4a-C), 134.15
(4a’-C), 135.20 (10a-C), 139.64 (10a’-C), 148.84 (3-C), 160.96 (8'-
0), 161.59 (8-C), 162.65 (1-C), 163.85 (6'-C), 164.24 (6-C), 167.40
(9'-C), 181.95 (10-C), 191.10 (9-C), 201.68 (1'-C) ppm.

Anhydrophlegmacin-9,10-quinone-B; (9b, from C. auroturbina-
tus):13®1 'H NMR (600 MHz, CDCls, 300 K): = 1.35 (s, 3 H, 3'-
CHs), 1.86 (br, 2 H, 3-OH, 3’-OH), 2.47 (s, 3 H, 3-CHj;), 2.66 (d,
2J =16.1, 1 H, 4-H,), 2.82 (d, 2J = 17.6, 1 H, 2'-H,,), 2.83 (d,
2J =16.1, 1 H, 4'-H,,), 2.88 (d, 2J = 17.6, 1 H, 2'-H,,), 3.70 (s, 3
H, 6’-OCH3), 3.88 (s, 3 H, 6-OCH3;), 6.09 (s, 1 H, 5'-H), 6.51 (s, 1
H, 7'-H), 7.09 (s, 1 H, 2-H), 7.57 (s, 1 H, 5-H), 7.66 (s, 1 H, 4-H),
10.19 (s, 1 H, 8’-OH), 12.00 (s, 1 H, 1-OH), 12.36 (s, 1 H, §8-OH),
16.70 (s, 1 H, 9-OH) ppm. *C NMR (151 MHz, CDCl;, 300 K):
0 = 22.16 (3-CH3), 28.85 (3'-CH3), 41.33 (4'-C), 50.55 (2'-C), 55.31
(6'-OCH3;), 56.69 (6-OCH3;), 70.57 (3'-C), 99.34 (5'-C), 100.02 (7'-
C), 103.49 (5-C), 107.93 (9a’-C), 108.09 (8a’-C), 111.20 (7-C),
113.56 (9a-C), 118.49 (10'-C), 120.24 (8a-C), 121.48 (4-C), 124.75
(2-C), 132.94 (4a-C), 134.15 (4a’-C), 135.19 (10a-C), 139.66 (10a'-
C), 148.83 (3-C), 160.93 (8'-C), 162.01 (8-C), 162.60 (1-C), 163.85
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(6'-C), 164.00 (6-C), 167.34 (9'-C), 181.90 (10-C), 191.17 (9-C),
201.64 (1'-C) ppm.
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