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Abstract- I-Oxo-1,2,3,4-tetrahydroanthraquinone (4a), and its S-hydroxy-(4b) and 8-hydroxy-6- 
methyl (4e) derivatives were dimerized to the compounds formulated as (6a), (6b) and (6e), respec- 
tively. The structure of 6a was contirmed by X-ray crystallographic analysis. 

By the analogy with these dimers and NMR spectral analysis, a revised structure (7) was pro- 
posed for (-) flavoskyrin, a yellow metaholite of Penicillium islandicum NRRL 1175. A biosynthetic 
scheme involving Diels-Alder type cycle-addition (7r4s + n2s) was proposed for (-) flavoskyrin. 

(-) Flavoskyrin, m.p. 215”, [aID-295” (dioxan), 
a yellow colouring matter of Penicillium islandicum 
Sopp NRRL 1175, was first isolated by Howard 
and Raistrick,2 who represented it with a molecular 
formula, C15H,20J, and found that it gave chrys- 
ophanol on dehydration. Our earlier investigation3 
showed that (-) flavoskyrin is not a quinonic 
compound, since it gave no positive colouration 
with magnesium acetate, but it is related closely 
with anthraquinones as it afforded chrysophanol 
and emodin by air oxidation in the presence of 
magnesium acetate. 

The IR spectrum of (--) flavoskyrin showed a 
C=O absorption at 1715 cm-l and a chelated 
C=O absorption at 1623 cm-‘. Thus structural 
formula (1) was proposed for (-) flavoskyrin, 
which would correspond to a monomeric half 
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of the structural formula formerly proposed for 
rugulosin ((15) in the preceding paper’). 

Meanwhile, the former structural formulae of 
(-) flavoskyrin, (+) rugulosin, (-) luteoskyrin and 
(-)rubroskyrin were regarded to be supported by 
a series of model compounds originally synthesized 
by Zahn and Koch.4 

On catalytic hydrogenation of l-hydroxyan- 
thraquinone followed by oxidation with Pb(OAc), 
yielded 1 -0x0- 1,2,3 &etrahydroanthraquinone (= 
3,4-dyhydro-1,9,10 (2H) anthracenetrione) (4a). 

The quinonic compound (4a), in solution at room 
temperature, was converted into an isomeric 
non-quinonic compound for which Zahn and Koch 
proposed an enolic form @a). The conversion is 
promoted by the addition of a drop of pyridine to 
the solution. This conversion of 4a into 5a was 
regarded as a model reaction of the transformation 
of quinonic (-)rubroskyrin into nonquinonic (-) 
luteoskyrin as formulated earlier (17+ 16 in the 
preceding paper’). 

The IR spectral data of 4a and 5a as well as some 
analogous synthetic compounds (4b and 5l@* 
seemed to rationalize the proposed structures. 
However, the recent revision of the structural 
formula of (+)rugulosinl made the structural 
formula (1) of (--)flavoskyrin unplausible, and re- 
investigation using an analogous compound, 4c, 
newly prepared in addition to the previously 
described compounds (4a and 4b) has made clear 
that the former concept should be revised. 

PH? P wR’- mR, - wR, ____, mR, 

2 aR=R’=H HO 0 0 

bR=OH;R’=H Ja,b,c C,b,c 5a,b 
c R=OH;R’=CHI 
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Table 1. Mass and IR Spectra of the Non-quinonic Dimerization Products 

mle 
Compounds M +2 M+ M-2 &M+2 &M fM-2 v&C=0 (cm-‘) 

6a 454 452 450 228 226 224 1717, 1626 
6b 486 484 482 244 242 240 1715,1615 
6c 514 512 510 258 256 254 1715,1618 

Table 2. NMR Spectra of the compounds, 6c and 3c. (8) 

6c (in CDCl,) 3c(in (CD&CO) 
CHI 2.02,2.14 2.42 
-CH,- 2-O - 3.0 (m) 2-6 - 3.1 (m) 
Arom. H 6.25,6.40 6.69,7.47 

6.6L6.98 
Phenolic and 

enolic OH 9.65,11.35,14.49, 7.48,9.81,16.09 
15.81. 

The mass spectral analysis has shown that the 
conversion of the quinonic compounds (4a,b,c) 
into non-quinonic compounds is not a simple 
enolization but a dimerization. 

The UV spectrum of 6c showed absorption maxi- 
ma at 270, 306, 315, 330, 372, 417 and 434nm, 
almost all of which except the absorption at 372 
nm were also given by the hydroquinone type 
compound (3~) to reveal that the dimer (6c) in- 
volves the structure corresponding to 3c as a 
monomeric moiety. 

The NMR spectrum of 6e gave the signals of 
2 CH3, 4 aromatic protons and 4 enolic or phenolic 
OH to reveal a dimeric structure consisting of 
unequivalent monomeric moieties. Comparing the 
NMR spectra of 6c and 3c, the OH signal at 6 
7.48 of the latter was not observed in that of the 
former. This indicated that C&,-OH of 3c must 
participate in the dimerization. 

On the basis of these findings in reading the 
highest mass peak as the molecular ion (M+), the 

*The full detail and experiments of the X-ray crystaho- 
graphic studies of the dimerized product of 1-oxo- 1,2,3,4- 
tetrahydroanthraquinone are described in a separate 
paper (U. Sankawa and Y. Iitaka). 

dimeric compounds would be formulated with one 
of the structures (a) - (c).” 

Of these formulae, c was ruled out by the ab- 
sence of ketal OH signal in the NMR spectrum. 
The choice of a orb had no essential reason, but b 
seemed preferable, by the lack of evidence in the 
UV spectra for the presence of a rugulosin-like 
chromophore. 

However, this concept has become doubtful, 
since the ESR measurements failed to prove the 
existence of radical states of 4a, b, c, which must 
participate in the phenol oxidative coupling which 
would be involved in the formation of that type of 
dimers (a - c). 

Conclusive evidence for the alternative formula- 
tions (6a, b, c) for the dimers has been provided by 
the X-ray crystallography of 6a*, which revealed 
the presence of a C-C linkage besides an oxygen 
bridge combining the two monomeric moieties. 
Accordingly, the highest mass peaks of the dimeric 
compounds (6a, b, c) must represent M+2. The 
appearance of such strong M+ 2 peak was ob- 
served in some benzoquinone derivatives.sn ’ 

OH0 R 

0 HO R Mol. wt. 
6a R = R’ = H C,,H,,O, 452 
6b R = OH, R’ = H C,,H,,O, 484 
6c R = OH, R’ = CH, C:,,H,,O, 512 

a b C 
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Fig 1. A perspective drawing of the structure (6a) of 
the dimerization product of l-oxo-1,2,3,4_tetrahydro- 
anthraquinone (4a) drawn by the plotter programme 

ORTEP. 

The extremely higher shift of the signals of the 
bezenoid ring proton can be explained by the proxi- 
mity (3.03 - 4+37& of the aromatic H atoms and 
the centre of the benzenoid ring to the other moiety. 

The higher frequencies of IR absorption of 
C=O (1715 1717 cm-l) are also rationalized by 
the twisted state of the C=O at Cc9,, which was 
actually demonstrated by the X-ray analysis 
(twisted angle from the plane of benzene ring 
system: 30”34’). 

Meanwhile, (-) flavoskyrin was treated with 
SOCl, and pyridine to form (+) dianhydrotugulosin 
and chrysophanol. The former showed an ORD 
curve which is the reverse of (-)dianhydroru- 
gulosin derived from (+)rugulosin. Moreover, it 
has been found that (-)flavoskyrin on treatment 
with pyridine atfords (-)rugulosin and dianhydro- 
rugulosin. 

Thus (-)flavoskyrin must be a dimer analogous 
to the synthetic model compounds (6a, b, c). The 
mass spectrum of (-)flavoskyrin gave M-H20 
peak at m/e 526 as the highest peak to indicate the 
molecular formula, C,J-I,,O,,. 

The UV spectral curve of (-)flavoskyrin is al- 
most superimposable with that given by a model 
compound (6~) and suggests the presence of the 
same chromophore. 

The NMR spectrum of (-)flavoskyrin showed 
an unequivalent dimeric nature indicating the 
presence of 2 methyls, 4 aromatic ring protons, 4 
enolic or phenolic hydroxyls. The multiplet signal 
of -CH,-coupled with multiplet of the proton 
attached to the carbon bearing a hydroxyl indi- 
cated that the C-C linkage connecting two mono- 
meric moieties is present between the 1, and 1’ 
positions. 

-2 - 

\ 

- t-1 ruqulosin 

-- -- (*I ruqulosin 

Fig 2. The ORD curves of (+) rugulosin isolated from P. 
brunneum and (-) rugulosin derived from (-) flavoskyrin. 

Table 3. NMR Spectrum of (-)Flavoskyrin (in d8- 
Dioxan) (8) 

CH, 1.96,2.10 

-CH,-C H- 2.5 - 3.0 (m) 

-CH 2 -$ 4% (m), 4.30 (m) 
\ 

D_H 460 (d), 490 (d) 
Arom. H 6.13,6.31,6.55,6.96 
Phenolic and enolic OH 9.50,11.21, 14.13, 15.76 

In comparison of the NMR, UV and IR spectral 
data, as well as the X-ray crystallographic result of 
a model compound (6a), (-)flavoskyrin could be 
represented most favourably by the following 
structure (7). 

The dimerization of 1 -0x0- 1,2,3 ,Ctetrahydro- 
anthraquinone derivatives (6a, b, c) has now been 
elucidated by a Diels-Alder type cycloaddition 
(~4s + ~2s) with exo approach of the monomers. 

Eventually, an enolized form of tetrahydro- 
emodin (1) which was once proposed for the struc- 
ture of flavoskyrin has now been considered as a 
monomeric precursor which could be dimerized 
by the Diels-Alder condensation to form (-) 
flavoskyrin (7). 

It is noted that in the biosynthesis dimerization 
could also be performed by a Diels-Alder reaction 
other than phenol oxidative coupling. 

A few examples of such a type of reaction have 
been suggested.8*g 

The biosynthetic experiments of (-)flavoskyrin 
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Flovoskyrin 
Dimer (6~) 

I-0x0-1.2.3.4-tetrahydro-6-methyl- 
anthrahydroquinone (3~) 

I I I 

300 400 500 

Fig 3. The UV spectra of (-) flavoskyrin and the dimeric compound (SC) in comparison with l-oxo- 
1,2,3,4-tetmhydroanthrahydroquinone (3~) (in dioxan). 

OH 0 HO 

7 (-) Flavoskyrin 

10 Dianhydrorugulosin 

CH, 

and other fungal anthraquinoid colouring matters 
are now in progress. 

EXPERIMENTAL 
The physical constants of the new compounds de- 

scribed in the present paper were measured as mentioned 
in the preceding paper of this series.’ 

OH 0 HO 

CH 3 

6H 6 H6 

9 (-) Rugulosin 

Isolation of pigments of Penicillium islandicum Sopp 
NRRL 1175. Penicillium islandicum was cultivated 
stationarily on Czapek-Dox media for 16 days at 29”. The 
dried mycelia (120 g) were pulverized and extracted lirst 
with n-hexane and then with acetone. Yellow brown ppts 
separated on concentration and were recrystallized from 
dioxane to obtain (-)flavoskyrin. The liltrate was chro- 
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0 0 

ti 
R” I I ; R’ 

0 

4a R = R’ = R” = H, 

4bR=OH,R’=H,R”=H, 
4cR=OH,R’=CH,,R”=H, 
4d R = OH, R’ = CH,, R”:-H 

‘OH 

OH0 R OH0 R 

OH0 R 

CHART 1 

6aR=R’=R”=H 
6bR=OH,R’=H,R”=H, 
6cR=OH,R’=CH,,R”=H, 
7 R = OH, R’ = CH,, R”:qH 

OH 

matographed over silica gel impregnated with 0.5 N 
oxalic acid eluting with benzene and benzene-acetone 
(9 : 1) subsequently to separate chrysophanol and (+) 
dianhydrorugulosin first and then emodin and (+)auro- 
skyrin, which were identified by TLC and IR spectra. 
Eluting with benzene-acetone (7: l), (+)skyrin, (--) 
rugulosin, (-)flavoskyrin, erythroskyrine were separated 
successively. The ppts formed on concentration of the 
eluate were recrystallized from dioxan or EtOAc to 
obtain (-)flavoskyrin, and from acetone o-hydroxy- 
emodin. 

(-)Flavoskyrin, yellow crystals, m.p. 215” (dec) (from 
dioxan or EtOAc), l&-295” (dioxan) (Found: C, 66.22: _ _- 
H, 4.79. C,,H,,O,, requires; .C, 66.17; H, 444%); UV 
Ad’“:” nm (log l ): 267 (464), 303 (4.04), 312 (4.04), 328 

_I^ 

(3.92), 368 (4.01), 414 (3.89), 433 (sh) (3.85); IR z+: 
cm-‘: 1715, 1623, 1590; ORD (in dioxan) nm (+): 262 
(3.18 x W), 276 (0), 285 (- 1.34 x W), 340 (-2.58 x 103, 
355 (-3.58 x 104). 380 (0). 390 (+ 1.45 x 104). 415 
499(-1*45x103: . ” . 

_. (0). _. 

(-) Rugulosin. A yellow pigment was isolated from the 
acetonic extracts of the mycelia by an active carbon 
column chromatography eluting with acetone. The crude 
pigment contaminated with oily substances was chro- 
matographed again on a column of silica gel impregnated 
with 0.5 N oxalic acid. The ppts obtained from the con- 
centrated eluate was recrystallized from acetone and 
yielded yellow crystals, CaoHetOlo, m.p. 290” (de@, 
[(~]a-490”, which were assigned to (-)rugulosin, since the 
yellow pigment revealed the same R, value on TLC 
superimposable IR spectral absorptions with those of 
(+)rugulosin, while its ORD curve was entirely the 
reverse of (+) rugulosin. 

(-)Rugulosin was reported to be isolated from the 
culture of Myrothecium vercaria (Alb. et Schw.) Ditmer 
ex. Fr.). 

Transformation of (-)flavoskyrin into (-)rugulosin. 
A soln of (-)flavoskyrin (30mg) dissolved in pyridine 
(4 ml) was allowed to stand at room temp. After 19 hr, the 
mixture was poured into water and extracted with ether. 
The ethereal layer was washed with 10% HCl to remove 
pyridine, and then washed with water and dried. The 
residue obtained on evaporation of the solvent was sepa- 
rated by preparative TLC on a plate of silica gel impreg- 
nated with 05 N oxalic acid using benzene-acetone (4: 1) 
as the developing solvent to obtain 4 separated bands. An 
orange red pigment isolated from the top band was 
identified with dianhydrorugulosin by IR (KBr) spectra, 

yield: 7 mg (23%); a yellow pigment obtained from the 
second band showing a yellow fluorescence under UV 
illumination was assigned to (-)~gulosin by the com- 
parison of IR spectra with (+) rugulosin and the measure- 
ments of ORD, yield: 7 mg (23%). The other two yellow 
bands which gave no fluorescence and no colouration 
with Mg(OAc), were not identified. 

Transformation of (-)flavoskyrin into (+) dianhydro- 
rugulosin. To a sobt of (-) flavoskyrin (3 mg) dissolved in 
pyridine (1 ml) was added with SO& The mixture was 
neutralized with 1 N HCl and then extracted with ether. 
After evaporation of the solvent, the residue was chro- 
matographed over silicic acid using benzene as the 
solvent to separate chrysophanol and (+) dianhydrorugu- 
losin. The IR spectrum (in CHCl,) of (+) dianhydrorugu- 
losin was superimposable with that of (-)dianhydroru- 
gulosin derived from (+)~gulosin, while their ORD 
curves of are reverse of each other. ORD (in dioxan) nm 
(4): 262 (2.23 X 105) 270 (0), 282 (-3.20X lW), 444 
(- 1.42 x 105), 477 (0), 500 (6.07 x 104). 

Catalytic reduction of chrysophanol (Formation of 
1-oxo- 1,2,3,3 -tetrahydro-6-methylanthrabydroquinone 
(3c)). Chrysophanol (1 g) was suspended in EtOH (200 
ml) and hydrogenated using PtO, (200 mg) as the catalyst. 
Two moles of HZ were absorbed during 35 min to form 
a clear brownish soln. The liltrate separated from the 
catalyst was concentrated and allowed to stand at room 
temp. A brown coloured substance which separated out 
was recrystallized from acetone-EtOH to form yellow 
crystals, m.p. 196” (yield 700 mg); IR ~~~;crn-* 1630, 
1615, 1597, 1580: UV A’?.!Z”nm. (loe e) 270 (4.42) 304 
(3.68), 3 14 (3*57), 332 (3.3y)T424 (3.8% (Found: C, 69.89; 
H, 5.39. C,,H,,O, requires: C, 69.75: H, 5.46%). 

1-0~0-1,2,3,4-tetrahydro-6~meth~~-8~hydro~yanthrahy- 
droquinone (4~). To a solution of 3c (600 mg) dissolved in 
AcOH (10 ml) was added gradually a soln-of Pb (OAc), 
(1-2 g) in AcOH (15 ml) under stirrina. After continuous 
stirring for 30min, the orange coloured mixture was 
poured into ice water to obtain an orange ppt which were 
recrystallized from CHQ-MeOH. 1-0x0- 1,2,3,4- 
tetrahydro-6-methyl-8-hydroxyanthaquinone, m.p. 196”, 
thus obtained (yield 500 mg) is very unstable, and 
readily converted into a dimer (SC), when the soln is 
allowed to stand at room temn. IRKBI cm-‘: 1965. 1663. 
1625, 1585, 1573, UV hd~,a”nm”‘~og l ): 425 ‘(3.52): 
(Found: C. 69.76: H. 4.63. C,.H,,O., reauires: C. 70.30: 
ti,4_72%)*. , _I ._ _ . ~I , 

Dimerization of 4c (Formation of 6~). To a soln of 4c 
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(500 mg) dissolved in CHC& was added a drop of pyri- 
dine, and the mixture was allowed to stand overnight. The 
residue obtained on evaporation of the solvent was re- 
crystallized from CHCl,-MeOH to give yellow crystals 
m.p. 20&211”(yield 320mg); IRu~~ccm-‘: 1715, 1618, 
1585, UV h$pmn (log E): 270 (4.53), 306 (4*00), 315 
(4@0), 330 (3.91), 372 (3.98), 417 (3.87), 434 (sh) (3.83). 
(Found C, 69.99; H, 4.79. C,,H,,O, requires: C, 70.31; 
H, 4.69%). 

Acknowledgements-The authors wish to thank the late 
Prof. H. Raistrick for his encouragement given to us 
throughout this series of works which initiated in his 
laboratory in London School of Hygiene and Tropical 
Medicine when one of the authors (Sh.) was there in 1953- 
4. The authors are also indebted to Dr. H. Tsunoda, Food 
Research Institute, Dr. S. Udagawa, National Institute 
of Hygienic Sciences, and Dr. S. Marumo, Nagova 
University for supplying the mould cultures, and to&. 
Y. Fujita of this Faculty for measurements of ESR 

spectra. Thanks are also due to Ministry of Education 
and Hoansha for grants. 

REFERENCES 
‘Part XXX1 Preceding paper: N. Takeda, S. Seo, Y. 
Ogihara, U. Sankawa, I. Kutagawa, Y. Iitaka and S. 
Shibata, Tetrahedron 3703 (1973) 

2B. H. Howard and H: Raistrick. Biochem. J. 56. 56 
(1954) 

W. Shibata, T. Murakami, I. Kitagawa and T. Kishi, 
Pharm. Bull. Tokvo, 4. 111 (1956): bS. Shibata. T. 
Ikekawa and T. K&hi, ibid. 8,889 (1980) 

‘K. Zahn and H. Koch, Ber. Dtsch. Chem. Ges. 71, 172 
(1938) 

5S. Seo, U. Sankawa and S. Shibata, Tetrahedron Letters 
73 l(l972) 

BS. Ukai, K. Hirose, A. Tatematsu and T. Goto, Ibid. 
4999 (1967) 

‘5. Heiss, K-P. Zeller and A. Rieker, Org. Mass. Spectr. 
Vol. 2, pp. 1325-1334. Heyden, North Ireland (1969) 

8c. E. Johnson,J. Chem. Phys. 29,1012 (1955) 
@J. P. Kutney and T. Inaba, Tetrahedron 26,3171(1970) 


