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The Cytoskyrin Cascade: A Facile Entry into
Cytoskyrin A, Deoxyrubroskyrin, Rugulin,
Skyrin, and Flavoskyrin Model Systems™**

K. C. Nicolaou,* Charles D. Papageorgiou,
Jared L. Piper, and Raj K. Chadha

The collection of naturally occurring compounds shown in
Scheme 1 (I: cytoskyrin A II: deoxyrubroskyrin,*! III:
rugulin,®! TV: skyrin,™* and V: flavoskyrin®!) represents a
growing class of natural products often referred to as
bisanthraquinones. Notable among them are cytoskyrin A,
the newest member of the class whose striking biological
activity includes potency down to 12.5ngmL~' in the
biochemical induction assay (BIA), and rugulin, whose
structural motif exhibits the highest strain of them all.
Isolated from small-scale cultures of the endophytic fungus
CR200 (Cytospora sp.), which were collected from a branch of
a Conocarpus erecta tree in the Guanacaste Conservation
area of Costa Rica, cytoskyrin A (I) presents a challenging
synthetic target by virtue of its cagelike structural motif, as do
its siblings whose more (III) or less (II and V) enclosed cages
are defined by the number of bonds linking their two
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Scheme 1. Naturally occurring modified bisanthraquinones.

anthraquinone monomeric units. Herein we report the con-
struction of model systems for all five natural products I-V,
namely compounds 1-5, respectively, from anthraquinone 6
(Scheme 2) through a stepwise or a cascade sequence of
reactions, herein coined the “cytoskyrin cascade”.

The present investigations were inspired by the novel
molecular architectures of the targeted natural products
(Scheme 1) and the work of Shibata and co-workers.”! To
scout possible routes to these intriguing structures, the model
systems 1-5 (Scheme 2) were selected as initial targets. The
complexity of these molecules decreases as we move from 1
(whose anthraquinone units are held together by four carbon—
carbon bonds) to 4 (which is cojoined by only one single
bond). The origins of 4 can be traced retrosynthetically to 6
through a dimerization process that may or may not proceed
via dimer 5, as shown below.”) Before we reveal our pathway
to these model systems, however, a further comment con-
cerning the cagelike core structure of 1 is in order. This
novel core structure presented by the parent C,,H;¢ hydro-
carbon VI (Figure 1), named herein “skyrane”, is walled by
two slightly distorted six-membered rings (forming the top
and bottom of a tilted hexagonal capsule) and four uniformly
twisted five-membered rings, leading to a considerably
strained architecture. As the bonds are removed one by one
from this aesthetically appealing capsule, the strain associated
with each daughter molecule is expected to decrease. In terms
of a synthetic barrier, however, this trend is counterbalanced

Angew. Chem. 2005, 117, 5996 —6001

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
Chemie

_OMe
MeD. /"'If

: 8] ;/:"f/

Scheme 2. Model systems (1-5) of the bisanthraquinone natural
products rugulin, cytoskyrin, deoxyrubroskyrin, skyrin, and their
potential precursor anthraquinone monomer.
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Figure 1. Parent C,,H,¢ hydrocarbon, “skyrane”.

by entropy: as the cage is being built, proximity should favor
the next bond formation.

Scheme 3 summarizes the synthesis of the first model
system, bisanthraquinone 4, through a sequence that features
a Hauser annulation” to construct the requisite tricyclic
system and a radical dimerization to provide the required
hexacyclic compound. Thus, treatment of nitrile 7 with
LHMDS in THF at —78°C, followed by addition of 2-
cyclohexenone (—78—25°C) gave crude anthradihydroqui-
none 8, which was directly subjected to methylation and
dioxolane formation to afford protected compound 9 in 58 %
overall yield for the three steps. A subsequent benzylic
oxygenation/chlorination sequence then converted 9 into 10
in 57 % overall yield. The anticipated dimerization of 10 was
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Scheme 3. a) 7 (1.1 equiv), THF, LHMDS (1.5 equiv), —78°C; then 2-cyclohexenone
(1.0 equiv) —78—-25°C, 4 h; b) (MeO),SO, (5.0 equiv), K,CO; (5.0 equiv), acetone,
reflux, 12 h; c) ethylene glycol (2.0 equiv), benzene, PPTS (0.2 equiv), reflux, 24 h,
58 % over three steps; d) tBuOK (6.0 equiv), O,, DMSO, 2 h; e) TMSCI (2.0 equiv),
DMSO, 10 min, 57 % over two steps; f) [CoCl(PPhs);] (1.2 equiv), benzene, 25°C,

3 h; g) BCl, (2.2 equiv), CH,Cl,, —78—-25°C, 12 h; h) CAN (4.0 equiv), CH,CN/H,0
1:1, 10 min, 50% over two steps. CAN =cerium ammonium nitrate;

DMSO =dimethyl sulfoxide; LHMDS =lithium hexamethyldisilazide;

PPTS = pyridinium p-toluenesulfonate; TMS =trimethylsilyl.

performed by exposure to [CoCl(PPh;);]®! in benzene at
25°C, leading, through radical species, to the desired d/ dimer
(11) as the major product (55% yield) accompanied by its
meso isomer (25%). The two isomers were separated by
silica-gel flash chromatography and unambiguously identified
through X-ray crystallographic analysis of a later intermedi-
ate (see below). The two methyl groups residing on the
oxygen atoms nearest to the carbonyl moieties were then
selectively cleaved from the major isomer 11 by exposure to
BCl; in CH,Cl, at —78°C to furnish the corresponding
diphenolic compound, whose oxidation with CAN resulted
in the formation of the targeted d/ bisanthraquinone 4 (50 %
overall yield for the two steps). Compound 4 crystallized in
suitable form for X-ray crystallographic analysis (see ORTEP
drawing,”) Figure 2), which confirmed its stereochemical
identity and that of its progenitor, compound 11.

A second pathway to the bisanthraquinone 4 was devised
from monoquinone 6, obtained in quantitative yield by
oxidation of hydroquinone 8 with CAN. Thus, exposure of 6
to catalytic amounts of CSA in CH,Cl, at 25°C for 1h
resulted in the formation of the flavoskyrin model system §
(94 % yield) through dimerization of the enol form 12 of the
starting material (Scheme 4). The same transformation (6—
5) could be brought about by a catalytic amount of a mild base
(e.g. iPr,NEt) in 90 % yield. This highly efficient dimerization
is presumed to proceed either through a Diels—Alder-type®
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Figure 2. ORTEP drawing of structure 4 (drawn at the 30% probability
level).

reaction, or through a double Michael reaction, as shown in
Scheme 4. The structure of dimer 5§ was confirmed by X-ray
crystallographic analysis (see ORTEP drawing,” Figure 3).
Oxidation of 5 with MnO, (presumably through the
mechanism shown in Scheme 5, structure VII) then fur-
nished the desired d/ bisanthraquinone 4 in 83% yield
(Scheme 6). Remarkably, bisanthraquinone 4 was con-
verted into the deoxyrubroskyrin model system 3 in 65 %
yield simply by exposure to Et;N (2.0 equiv) in CH,Cl, at
25°C for 1 h.?** Even more impressive was the conversion
of 3 into the cytoskyrin model structure 2 (95% yield), a
process that required longer exposure to Et;N (5.0 equiv)
and slightly higher temperature (16 h, 45°C). This latter
transformation (3—2) could also be accomplished under
acidic conditions, albeit in lower yield (PPTS, 2.0 equiv,
toluene, 24 h, 100°C, 65%). Finally, the cytoskyrin-type

OH O OMe
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Scheme 4. Postulated mechanism for the dimerization of tricyclic
quinone 6, through enolization and a Diels—Alder or double Michael
reaction. CSA= (+)-10-camphorsulfonic acid.
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Figure 3. ORTEP drawing of structure 5 (drawn at the 30% probability
level).

compound 2 was transformed into the rugulin-type structure 1
(Table 1) in 95% yield simply by exposure to MnO,?!
through an oxidation process that also involved a carbon—
carbon bond formation (see Scheme 5, structure VIII for a
presumed mechanism).

Remarkable as these individual steps may be, they were
aesthetically surpassed by the beauty of a number of cascade
sequences developed in these studies (Scheme 6). The fact
that only a mild base was
required to carry out the
double Michael reaction lead-
ing to 2 (4—3—2; Table 1) and
the suspicion that MnO, con-
tained such Dbasic species Tl
prompted us to attempt this [ |
cascade with MnO, as the only 3
reagent. Indeed, on exposure to
freshly prepared MnO, in
CH,Cl,, compound 5 (Table 1)
was transformed into 1 in quan-
titative yield,'” through the
intermediacy of 4, then 3, and
finally 2, all of which were
observed by TLC analysis (cas-
cade 5—1; excess MnQO,, 48 h,
45°C). Interestingly, addition
of Et;N (10.0 equiv) to the
starting reaction mixture (5,
MnO,) and heating to 45°C
for 20 h resulted in the exclu-
sive formation of 2 (in quanti- o
tative yield), with Et;N appa-
rently inhibiting the last oxida-
tion step (2—1, presumably
through slow deactivation of
the MnO,). Even more impres-
sive was the five-step cascade
sequence involving the trans-
formation of the tricyclic mon-
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Scheme 5. Postulated mechanism for the MnO, oxidation of compound 5 to
4 (VIl) and 2 to 1 (VIII). This working hypothesis depiction is not based on
experimental evidence and is not meant to exclude any other mechanism.
The proximity of the Mn=0O and enol groups within VIII bodes well for an
intramolecular interaction between them as part of the mechanism.

omer 6 into the nonacyclic cytoskyrin model system 2 in 66 %
yield!""! (cascade 6—2). The latter cascade required treatment
of 6 with CSA (0.125 equiv) in CH,Cl, for 1h at 25°C,
conditions that led to the formation of § as indicated by TLC
analysis, followed by addition of MnO, (excess) and Et;N
(10.0 equiv) and heating to 45°C with stirring for 36 h, to
afford the cytoskyrin model system 2, through the interme-
diacy of the fleeting compounds 4 and 3. This remarkable
cascade encompasses an enolization step, followed by a
stereoselective dimerization reaction, an oxidation, and
finally, an intramolecular double Michael sequence. A similar
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Scheme 6. The cytoskyrin cascade: synthesis of flavoskyrin-, skyrin-, deoxyrubroskyrin-, cytoskyrin-, and rugulin-type
structures from anthraquinone 6. All steps can be carried out sequentially in one pot or can be stopped at any
stage. Reagents and conditions: a) CSA (0.125 equiv), CH,Cl,, 25°C, 1 h, 94%; b) MnO, (10.0 equiv), CH,Cl,, 25°C,
1h, 83%; c) Et;N (2.0 equiv), CH,Cl,, Th, 25°C, 65%; d) Et;N (5.0 equiv), CH,Cl,, 16 h, 45°C, 95%; €) MnO,

(10.0 equiv), CH,Cl,, 25°C, 20 h, 95%; cascade sequences: f) 4—2, Et;N (5.0 equiv), CH,Cl,, 16 h, 45°C, 95%;

g) 5—2, MnO, (10.0 equiv), Et;N (5.0 equiv), CH,Cl,, 20 h, 25—45°C, 100%; h) 5—1, MnO, (10.0 equiv), CH,Cl,,
48 h, 45°C, 100%; i) 6—2, CSA (0.125 equiv), CH,Cl,, 1 h, 25°C; then MnO, (10.0 equiv), Et;N (10.0 equiv), 36 h,
45°C, 66%; j) 6—1, CSA (0.125 equiv), CH,Cl,, 1 h, 25°C; then MnO, (10.0 equiv), 88 h, 25°C, 75%.
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experiment in which no Et;N was added resulted in a six-step
cascade transforming 6 to rugulin model system 1 in an
impressive 75 % yield.

X-ray crystallographic analysis of compound 3" revealed
an interesting phenomenon, reminiscent of the classic obser-
vation of Ermer with secododecahedrane."'! As in that case,
our initial analysis led to a symmetrical structure (see ORTEP
drawing, Figure 4a), an architecture that was contradicted by
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Figure 4. ORTEP drawing of compound 3 (drawn at the 30% probability level)
obtained by X-ray crystallographic analysis (using C2/c space group) at ambient
temperature and possible equilibration of 3 and 3'.

'"HNMR spectroscopy, which revealed a nonsymmetrical
structure for the molecule.'”! This rare observation may be
due to crystal disorder,'¥ or dynamic equilibrium involving a
two-proton shuttle in which the C12—C9’" bond within 3 breaks
as the C12'—C9 bond within 3' forms (3—3', Figure 4b). The
structures 3 and 3’ are identical, and X-ray crystallographic
analysis reveals an average picture with bond lengths C12—
C9' =C12-C9=2.372 A and C14-C14'=1.56 A"

The described chemistry provides easy and efficient access
to a variety of molecular architectures representing the core
structures of numerous natural products, underscoring at the
same time the importance of cascade sequences in complex
molecule construction. Our experience with the X-ray
crystallographic analysis of the deoxyrubroskyrin-type com-
pound 3 should serve as a reminder of the occasional hazards
posed by dynamic and/or crystal-disorder phenomena in the
solid state and their impact on structure elucidation. While
the total synthesis of several members of the bisanthraqui-
none family of compounds shall now be forthcoming, the
gauntlet thrown by skyrane VI (Figure 1) is also begging for a
solution, a challenge that has not escaped our attention.
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Table 1: Selected physical properties for 1-5.

1: R=0.53 (CH,Cl,/MeOH 10:1); "H NMR (500 MHz, CDCl,): 6=6.99
(2H, d,J=2.0 Hz), 6.80 (2H, d, J=2.0 Hz), 3.95 (6H, s), 3.91 (6H, s),
3.39 (2H, br), 3.08 (2H, d, J=8.0 Hz), 2.82 (2H, dd, J=13.0, 9.0 Hz),
2.28 ppm (2H, d,J=13.0 Hz); >C NMR (175 MHz, CDCl;): 6 =201.9,
194.7, 186.9, 164.2, 159.8, 137.8, 122.2, 106.5, 101.4, 74.5, 66.2, 57.0,
56.8, 56.6, 56.0, 39.2 ppm; IR (film): #,,,= 1748, 1684, 1654, 1590, 1560,
1458, 1320, 1236 cm™'; HRMS (ESI TOF) (m/z): calcd for Cy,H 5050
569.1442 [M+-HJ*; found: 569.1420

2: R:=0.80 (CH,Cl,/MeOH 10:1); '"H NMR (500 MHz, CDCl;): 6 =15.90
(2H,s), 7.24 (2H, d, J=2.5 Hz), 6.77 (2H, d, J=2.5 Hz), 3.95 (6H, s),
3.94 (6H, s), 3.66 (2H, br), 2.89 (2H, d, J=6.0 Hz), 2.13 (2H, dd,
J=12.0, 6.0 Hz), 1.65 ppm (2H, d, J=12.0 Hz); *C NMR (125 MHz,
CDCly): 6=197.6, 196.5, 173.0, 164.5, 161.8, 135.0, 114.4, 105.6, 104.0,
103.7,57.8, 57.4, 56.8, 56.0, 48.1, 30.0 ppm; IR (film): ¥,,,,=2932, 1617,
1574, 1315, 1039, 909, 731 cm™'; HRMS (ESI TOF) (m/2): calcd for
C3,H5,046": 571.1599 [M+HJ*; found: 571.1585

3: R=0.45 (CH,Cl,/MeOH 10:1); "H NMR (500 MHz, CDCl;): 6=16.0
(1H,s), 7.21 (1H, d,J=2.0 Hz), 7.05 (1H, d, J=2.5 Hz), 6.78 (1H, d,
J=2.5Hz), 6.76 (1H, d, J=2.5 Hz), 4.00 3H, s), 3.98 (1H, d,
J=5.5Hz),3.96 3H, s), 3.93 (3H, s), 3.92 (3H, s), 3.87 (1H, br), 3.18
(1H, d, J=3.5 Hz), 2.13-2.05 ppm (1H, m), 2.05-1.90 (3 H, m), 1.90—
1.80 (1H, m), 1.80-1.78 (1H, m); *C NMR (125 MHz, CDCl,):
0=196.1,195.4, 186.1, 186.4, 179.5, 179.3, 164.8, 164.4, 162.6, 161.7,
156.2,136.6, 134.7,130.8,116.1, 115.1, 105.7, 105.4, 104.3, 103.6, 102.6,
60.3, 57.1, 56.9, 56.5, 56.0, 55.9, 39.9, 39.6, 36.1, 27.6, 20.9 ppm; IR
(film): 7,.,,=1702, 1585, 1558, 1540, 1456, 1340, 1263, 1232 cm™;
HRMS (ESI TOF) (m/z): calcd for C3,H,;,040t: 571.1599 [M+H]; found:
571.1593

4: R;=0.40 (CH,Cl,/MeOH 10:1); "H NMR (500 MHz, CDCl;): 6 =6.55
(2H, d, J=2.5 Hz), 6.49 (2H, d, J=2.5 Hz), 3.88 (6H, s), 3.74 (6H, s),
3.68 (2H, br), 3.08 (2H, ddd, J=17.5, 7.5, 7.5 Hz), 2.75 (2H, dd,
J=24.0, 4.5 Hz), 2.33-2.25 ppm (4H, m); >*C NMR (125 MHz, CDCl;):
0=195.3,187.2,180.0, 163.9, 160.7, 151.5, 134.9, 134.6, 114.9, 105.2,
101.4,56.2, 55.8, 34.0, 32.4, 25.2 ppm; IR (film): ¥,,,,=1780, 1698, 1661,
1590, 1461, 1320, 1255, 1212, 909, 731 cm™'; HRMS (ESI TOF) (m/z):
caled for CyH,;040%: 571.1599 [M+H]*; found: 571.1595

5: R;=0.71 (CH,Cl,/MeOH 10:1); "H NMR (500 MHz, CDCl,): 6 =16.28
(TH,s),15.02 (1H,s), 6.61 (1H, d, J=2.0 Hz), 6.31 (1H, d, J=2.0 Hz),
6.19 (1H,d, ) =2.5Hz),5.90 (1H, d, ] =2.5 Hz), 3.97 (3H, s), 3.93 (3 H,
s), 3.56 3H, s), 3.43 (3H, s), 2.82-2.80 (1H, m), 2.74-2.70 (1 H, m),
2.60-2.57 (5H, m), 2.26-2.23 (1H, m), 2.19-2.13 (1H, m), 2.12—

2.09 ppm (1H, m); *C NMR (125 MHz, CDCl;): § =202.9, 197.6, 188.1,
184.1,164.9,162.0,161.9,161.0, 160.7, 139.6, 137.9, 134.6, 125.2, 115.0,
109.8, 108.0, 104.3, 103.8, 102.2, 98.2, 92.0, 82.0, 56.4, 56.2, 55.9, 55.0,
39.6, 38.7, 38.2, 30.4, 29.3, 25.3 ppm; IR (film): 7, =1710, 1601, 1558,
1385, 1320, 1207, 1153, 1044 cm™'; HRMS (ES| TOF) (m/z): calcd for
C3,H,5040™: 573.1755 [M+H]*; found: 573.1742

Keywords: cascade reactions - dimerization - natural products -
radicals - synthetic methods
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0.91). Accordingly, the molecules of 3 were observed to reside on
(average) crystallographic twofold axes. The distance between
the carbon atoms C9 and C12’, however, was as short as 2.37
(2) A, which was far smaller than the expected van der Waals
sum of 3.5 A. Furthermore, the anisotropic temperature factor
ellipsoids of both these atoms were distinctly elongated along
their line of separation, suggesting that one Michael addition
reaction could have taken place, resulting in bond formation
between C9 and Cl12' and leading to the nonsymmetrical
structure 3, which could exist in dynamic equilibrium with its
identical “regioisomer” (3', Figure 4b). Subsequent crystal
structure solution and refinement in the lower noncentrosym-
metric space group Cc,™! gave a slightly nonsymmetrical
molecular structure with C9-C12' and C9'-C12 distances of
2.24(2) and 2.52(1) A, respectively. Interestingly, when the same
crystal was subjected to low-temperature X-ray measurements
(123 K), these bond lengths diverged even further, as revealed
by the values of 1.91(2) and 2.81(2) A, computed by structure
solution and refinement in Cc. When the C2/c space group was
used the C9-C12" distance was approximately the same as the
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even more drastically different [1.66(2) and 2.95(2) A, respec-
tively] in Cc when the atoms were refined isotropically. Thus,
apparently partial dynamic ordering of the crystal structure
occurs on cooling. Interestingly, while both the secododecahe-
dranel' and the present examples involve carbon atoms at close
proximity to each other, in the former case the X-ray analysis
revealed a bond, whereas in the latter case it missed a bond.
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