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Abstract: The total syntheses of 2,2'-epi-cytoskyrin A, rugulosin, and the alleged structure of rugulin are
described. These naturally occurring bisanthraquinones and their relatives are characterized by novel
molecular architectures at the core, at which lies a more or less complete, cage-like structural motif termed
“skyrane”. The strategies developed for their total synthesis feature a cascade sequence called the
“cytoskyrin cascade” and deliver these molecules in short order and in a stereoselective manner.

Introduction

The naturally occurring bisanthraquinones cytoskyririlg) £
graciliformin (1b),2 2,2 -epi-cytoskyrin A 2a),2 rugulosin @b),*
rugulin 3),% deoxyrubroskyrin4),*® 1,1-bislunatin 6a),3 skyrin
(5b)*P-6 and flavoskyrin 6),d all shown in Figure 1, represent
an impressive and growing class of compounds with varying
degrees of structural complexity. Isolated from a number of
fungi and lichens, these molecules exhibit a diverse array of
biological activities including cytotoxicl, 1b, 2b),” antibacte-
rial (3),8 insecticidal b),? anti-influenzal 2b),1° and anti-HIV
(2b)** properties. The most recent members of the family are
cytoskyrin A (1a),! isolated from small-scale cultures of the
endophytic fungus CR200C{tosporasp) and possessing
potency down to 12.5 ng mi! in the biochemical induction
assay (BIA), and 2;2epi-cytoskyrin A 2a)2 and 1,1-bislunatin
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(5a),2 both of which were found in extracts of the endophytic
fungusDiaporthesp. residing in a tea plant. Attracted by their
intriguing molecular architectures and diverse biological activi-
ties, we initiated a program directed toward the total syntheses
of these compounds, initially targeting cytoskyrin 2a], the
newest member of the class at the time. Herein, we describe in
detail our investigations in this field that culminated in the
total syntheses of 22picytoskyrin A 4), rugulosin 2b),

and the alleged structuizof rugulin as well as a number of
analogues and model systems of these naturally occurring
substances. These investigations highlighted the importance of
cascade reactions in total synthesis, rendered readily available
a number of complex molecular architectures, and enabled us
to conclude thaB does not represent the true structure of rugulin,
whose true molecular architecture remains elusive.

Results and Discussion

The present study was inspired by the fascinating structures
of the bisanthraquinones and the possibility of sequentially
constructing them through cascade reactions starting from
monomeric anthraquinone precursors. This expectation was
fueled by the work of Shibata and co-workers, who demon-
strated the feasibility of such synthetic schemes decade®4go.
These molecular assemblies are characterized by a central
structural motif, more or less complete, as we move from the
monomeric units to the more complex bisanthraquinones. The
structure of ruguling) in particular contains a closed cage-like
structural motif consisting of 12 carbon atoms arranged in such
a way as to form a short cylinder shaped by two six-membered
rings (top and bottom faces) and four five-membered rings. The
latter systems are uniformly twisted as they reach to form the
walls of the molecular cylinder which we termed, in our first

(12) For preliminary communications, see: (a) Nicolaou, K. C.; Papageorgiou,
C. D.; Piper, J. L.; Chadha, R. lAngew Chem., Int. E(2005 44 5846~
5851. (b) Nlcolaou K. C.; Lim, Y. H,; Papageorglou C. D.; Piper, J. L.
Angew. Chem., Int. Ec2005 44, 7917—7921.
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1a: R = OMe: (+)-cytoskyrin A
1b: R = Me: (+}-graciliformin

HO

HO.

4. deoxyrubroskyrin

Figure 1. Selected naturally occurring modified bisanthraquinones.

Figure 2. Skyrane, the core, cage-like structural motif of rugul. (

communicatior?2“skyrane” (see Figure 2). Depending on its
substitutents, this intriguing system may exhibit helical chirality,
as will be further discussed below.

General Retrosynthetic Analysis.Upon inspection, struc-

2a: R = OMe: (+)-2,2"-epi-cytoskyrin A
2b: R = Me: (+)-rugulosin

OH O OH

4008

o]e)

seen

OH O OH
5a: R = OMe: 1,1-bislunatin
5b: R = Me: skyrin

OMe o

6: flavoskyrin

of the most compact molecules of the series is disassembled,
the construction of the encountered intermediates should be
favored by the expected relief of strain on one hand, but
disfavored by the entropy increase associated with each process
on the other.

Model Studies. In order to explore the feasibility of the
proposed cascade, we chose compofng! = RZ=H, R =
OMe (Scheme 1), as a model target molecule. The simplified
architecture of this model system was thought to be a good
starting point for developing the desired cascade, for the
intermediates involved would not be prone to elimination/
aromatization side reactions along the way. We first sought to
construct the monoanthraquino2& (Scheme 3) and its dimer,
bisanthraguinon22 (Scheme 2), as potential starting substrates
for the required cascade sequence.

The synthesis of monoanthraquindand bisanthraquinone
22 features a Hauser annulati@rstarting with nitrile 14 and
cyclohexenond5, as shown in Scheme 2. Thus, exposure of

tures1—6 can be arranged as shown in Scheme 1. The ordering14 (1.1 equiv) to LHMDS (1.5 equiv) [for abbreviations of

is arrived at by placing at the top leff)( of the scheme the

reagents and protecting groups, see legends in schemegBat

most complex of the structures (i.e., the one with the complete °C in THF for 1 h, followed by quenching with cyclohexenone
skyrane structural motif at its core) and proceeding by discon- 15 (1.0 equiv) and warming to room temperature, furnished the

necting, one at a time, the carbecarbon bonds linking the

crude dihydroquinon#6. This product was, without purification,

two halves of the molecule until the monomeric anthraquinone, converted to the tetramethylated ethylene k&fay exposure

placed at the middle leftl@l) of the scheme, is reached. The

to excess MgSOy in the presence of ¥CO; (acetone, reflux,

thus-generated retrosynthetic scheme points to a strategyl2 h) in 85% overall yield over the two steps frdf Treatment

whereby the anthraquinone precur&aican serve as the starting

of 17 with excess ethylene glycol and PPTS (benzene, reflux,

point for a cascade sequence in which enolization is followed 24 h) resulted in the formation of its ethylene ketal, which upon
by either a double Michael reaction between two monomeric exposure to K&Bu in DMSO in the presence of oxygen at

species or a DielsAlder/dimerization process to form the
flavoskyrin-type framework 2. Ideally, the cascade should be

ambient temperature resulted in the formation of the corre-
sponding benzylic alcohdl8in 53% overall yield over the two

controllable so as to stop at any stage, allowing the isolation of steps. Conversion to chlorid®was subsequently accomplished
all intermediates along the way before reaching its final through the action of TMSCI o8 in DMSO in 80% yield.

destination, the rugulin-type structureThe conversion of the
oxygen-bridged heterocyclic compoud@ to the skyrin-type
structure 10 was expected to require oxidative conditions,
whereas the same framewodj could, in principle, be reached
directly from11 through a radical-based dimerization. The final
ring closure to complete the cage (i@~ 7) should be possible

through a second oxidative process. As the cage-type structure

4002 J. AM. CHEM. SOC. = VOL. 129, NO. 13, 2007

The envisioned dimerization d®was carried out by treatment
with [CoCI(PPh)3],1* a reagent presumed to act by abstracting
a chlorine atom from the substrate, leaving behind the corre-

(13) Hauser, F. M.; Chakrapani, S.; Ellenberger, WJ.ROrg. Chem1991, 56,
5248-5250.
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1983 24, 921-924. (b) Bagal, S. K.; Adlington, R. M.; Marquez, R.;

Cowley, A. R.; Baldwin, J. ETetrahedron Lett2003 44, 4993-4996.
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sponding fleeting radical, whose dimerization through a carbon
carbon bond formation led to two isomeric products in ca. 55:

General Retrosynthetic Strategy toward the Modified Bisanthraguinones

[Michael
reaction]

[Michael
reaction]

OH O OR!
12

proceeded through either a double Michael reaction (blue and
red arrows) or a hetero DietsAlder-type process (red arrows),

45 ratio. The isomers were separated chromatographically andas exemplified in Scheme 3. The structurebfivas unambigu-

spectroscopically characterized as tlecompound20 (55%
yield) and itsmesoisomer21 (45% vyield). An X-ray crystal-
lographic analysi$ of a subsequently derived intermedia2&,(

ously confirmed by both spectroscopic and X-ray crystal-
lographic analysi® (see ORTEP structure in Scheme 3). The
undesired oxygen bridge withiB5 was easily dismantled by

see ORTEP structure in Scheme 2) confirmed these assignmentsxidation with MnQ to afford the desiredl-bisanthraquinone

The major @l) isomer was then treated with B{h CH,CI, at

—78 °C, conditions that selectively cleaved the two methyl
ethers nearest to the carbonyl groups, followed by oxidation
with CAN to afford the correspondindl-bisanthraquinon@2

in 50% yield over the two steps. Th-bisanthraquinone was
crystallized from acetone (mp 29298°C, dec), and a crystal
was subjected to X-ray crystallographic analysis, which revealed
its stereochemical identity and that of its progenitor compound
20 (see ORTEP drawing in Scheme 2) and, by extension, that
of its isomer21.

A more direct pathway to bisanthraquino2 from its
monomeric unit, anthraquinor#3, which was prepared from
dihydroquinonel6 in quantitative yield through the action of
CAN (Scheme 3), was also considered. To this elilwas
exposed to catalytic amounts of either CSA-®LNEt in CH,-

Cl, at ambient temperature for 1 h, furnishing the flavoskyrin
model system25 in 94 and 90% vyields, respectively. It was
presumed that this transformation was initiated through eno-
lization of the starting anthraquinone as shown, to afford dienol
24, whose dimerization to form the observed product may have

(15) CCDC-27427522), -27427125), -274272 26), -286831 2b), and -627897
(3) contain the crystallographic data for this paper. These can be obtained
free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request.cif.

22 (83% vyield) in a process presumed to proceed through the
mechanism shown in Scheme 25(— | —22).

With bisanthraquinon22 readily available from two different
routes, its conversion to the deoxyrubroskyrin-type struc2ére
was then explored (Scheme 5). Pleasantly, it was found that
exposure to BN (2.0 equiv) in CHCI, at ambient temperature
for 1 h was sufficient inducement for compou2@to undergo
the first Michael reaction, furnishing compou@in 65% yield
from 22. After screening a number of conditions (see Table 1,
entries 17), it was discovered that the second Michael reaction,
required to conver®6 to the cytoskyrin-type structur&7z, was
induced simply by further treatment withd4&t (5.0 equiv), this
time at 45°C (16 h, 95% yield), oi-Pr,NEt (2.0 equiv) in
CICH,CH,CI at 80°C for 20 h (95% yield). The use of acidic
conditions (PPTS, 2.0 equiv, CIGEH,CI, 100°C, 24 h; see
Table 1, entry 4) and other basic conditions (pyridine, 100
12 h; and pyridine, microwaves, 8@, 15 min; then micro-
waves, 120°C, 30 min (process repeated twice); see Table 1,
entries 5 and 6, respectively) was also effective in carrying out
this transformation, albeit in lower yields (65, 63, and 80%,
respectively). Finally, exposure of cytoskyrin-type struct2ire
to MnO, in CH.CI, at room temperature resulted in the
formation of the rugulin-type structu8in 95% yield through

J. AM. CHEM. SOC. = VOL. 129, NO. 13, 2007 4003
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Scheme 2. Synthesis of the Model System: the Radical Route?@

Scheme 3. Postulated Mechanism for the Dimerization of the
Monomeric Anthraquinone 23 through Enolization and a

MeQ O 0 MeO OR O Diels—Alder (Red Arrows) or a Double Michael (Blue and Red
m N a) LHMDS OG‘ Arrows) Reactions?
o) —_—
MeQ OH O — —
MeO MeO HO O OMe
CN OR
14 15 b) Me,S0 16:R=H G‘@ 24
€29, MeOQ
17: R =Me
16 OH OMe
c) PPTS, o
ethylene glycol a) CAN
d) O, KOt-Bu MeO O O o} on
MeOMeQ O MeOMeO 6 o b) CSA or e‘e
e) TMSCI, DMSO —_— 24
-_— QO‘ MeO i-PrNEt N
MeO MeO - o _H’O o  OMe B
MeQ CI MeO OH
19 18 7 ¢dimerization
D ® i
lf) [CoCI(PPhs),] / / /
\-/\/ﬁ}/\’ OH O OMe
| / /
N NN N —
NV S
~ / LN
’ ’\'\‘x ’!\—
- T ___',___.
\ —
s -— \ -__I.-- -—|‘-
d 4 B’ OH O OMe
N\
25

a2 Reagents and conditions: (a) CAN (2.0 equiv), MeCpOH1:1), O
°C, 10 min; (b) CSA (0.125 equiv) arPrNELt (0.125 equiv), ChCly, 25

(4)-10-camphorsulfonic acid.

Scheme 4. Postulated Mechanism for the MnO, Oxidation of
Compound 25 — | — 22 and 27 — Il — 282
25 27
Mnl\l" Mnl\l‘

21 (meso) ©

aReagents and conditions: (B (1.1 equiv), THF, LHMDS (1.5 equiv),
—78°C, 1 h; then15 (1.0 equiv),—78 — 25 °C over 4 h; (b) MeSQ, (5.0
equiv), KzCO; (5.0 equiv), acetone, reflux, 12 h, 85% over two steps; (c)
ethylene glycol (2.0 equiv), benzene, PPTS (0.2 equiv), reflux, 24 h; (d)
t-BuOK (6.0 equiv), @, DMSO, 25°C, 2 h, 53% over two steps; (e) TMSCI
(2.0 equiv), DMSO, 25'C, 10 min, 80%; (f) [CoCI(PP4)3] (1.2 equiv),
benzene, 28C, 3 h, 55% 20) + 25% @1); (9) BCl; (2.2 equiv), CHClIy,
—78—25°C, 12 h; (h) CAN (4.0 equiv), MeCN:#$O (1:1), 0°C, 10 min,
50% over two steps. Abbreviations: LHMDS, lithium hexamethyldisilazide;
PPTS, pyridiniunp-toluenesulfonate; TMS, trimethylsilyl; DMSO, dimethyl
sulfoxide; CAN, cerium ammonium nitrate.

a process presumed to proceed through the mechanism depicted| . © I _
in Scheme 447 — Il — 28). Encouraged by these impressive ! i

results, we proceeded to attempt the daring, one-pot cascade

conversion25 — 27, 25 — 28, 23 — 27, and23 — 28, as Mn"! M

shown in Scheme 5, by screening a number of conditions (see » ”

Table 1, entries 824) for the various cascade sequences and

°C, 1 h, 94% or 90% over two steps, respectively. Abbreviation: CSA,

monitoring the appearance and disappearance of the incipient aThis working hypothesis depiction is not based on any experimental

compounds.
Thus, the one-pot cascade conversion®of> 27 and25—

28 were investigated under various basic oxidative conditions
(Scheme 5 and Table 1, entries-1). As suspected, the action
of freshly prepared Mng(10.0 equiv, presumed to contain trace tion proceeded through the detectable intermedi2&s26,
amounts of basic species capable of enolizing the carbonyland?27. It was also gratifying to observe that addition of/¥t
groups) in CHCI, at 45°C was sufficient to convert compound  (10.0 equiv) to the above reaction mixtugs(MnO,, CH,Cl,,
25 to the rugulin-type structur@8 in essentially quantitative

of the Mn=O and enol groups withifi bodes well for an intramolecular
interaction between them as part of the mechanism.

4004 J. AM. CHEM. SOC. = VOL. 129, NO. 13, 2007

evidence and is not meant to exclude any other mechanism. The proximity

yield. TLC monitoring revealed that, indeed, this transforma-

45 °C) suppressed the last step of the cascade, resulting in the
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Scheme 5. The Cytoskyrin Cascades?

OH O OMe Moo
O O OMe
OH O OMe a)CSA b) MI‘IO:
_—l
. .OO [enoclization- [oxidation]
g“ ; OMe  Gimerization]
OMe o]
0 s
29 :
: 23
MeO O OH i)i. C8
jyi. CsA ii. MnO,, . f) Et;N c) Et;N
O‘G ; ii. MnO, EtLN [1% Michael]
Me :
| MeO MeO

O

MeO O OH '

d) Et:N or PPTS 0
B
[oxidation) [2" Michael]
OMe

30 OMe

26

aReagents and conditions: (a) CSA (0.125 equiv)Clkl 25°C, 1 h, 94%; (b) MnQ@ (10.0 equiv), CHCI,, 25°C, 1 h, 83%; (c) BN (2.0 equiv),
CH.Cly, 25°C, 1 h, 65%; (d) BN (5.0 equiv), CHCIy, 45°C, 16 h, 95% or PPTS (2.0 equiv), CIGEH.CI, 100°C, 24 h, 65%; (e) Mn@(10.0 equiv),
CHyCly, 25°C, 20 h, 95%. Cascade sequences2®)—~ 27, EN (5.0 equiv), CHCIy, 45°C, 16 h, 95%,; (gR5— 27, MnO, (10.0 equiv), EN (5.0 equiv),
CH.Cl,, 25— 45°C, 20 h, 100%; (hp5— 28, MnO;, (10.0 equiv), CHCI,, 45°C, 48 h, 100%; (23— 27, CSA (0.125 equiv), CkCl,, 25°C, 1 h; then
MnO; (10.0 equiv), BN (10.0 equiv), 45°C, 36 h, 66%; (j)23 — 28, CSA (0.125 equiv), CkCly, 25°C, 1 h; then MnQ@ (10.0 equiv), CHCI,, 25°C, 88
h, 75%.

a) N/ 66% vyield. The ultimate cascade in this series, however, was
& %\ the one that transformed the monomeric anthraquinone precursor
e ~ .~ 23 into the rugulin model syster®8 (Scheme 5 and Table 1,
/ 7 \$ N7 ""'-- / I entry 24), an event that occurred upon sequential exposure of
— “"“-—- P NS \ 7~ ‘\""ﬁgx the former compound in C4€l, to CSA (0.125 equiv) at 25
\@r- I~ '--’,;:.a\ 'S Cha @ - °C, followed, upon complete conversion (TLC analysis) to dimer
T ,: 7&"" : 25, by addition of MnQ (excess) to the same reaction vessel
qb l\l"‘ and heating to 48C for 36 h. Proceeding in 75% overall yield,
v V4 this stunning cascade encompasses an initial enolization step

followed by a stereoselective dimerization reaction, an oxidative
collapse of an oxygen bridge, two intramolecular Michael reac-
tions, and an oxidative coupling to form a carbararbon bond.
X-ray Crystallographic Analysis of Compound 26.During
these investigations, we had the opportunity to make some
interesting observations regarding the structure of the dimeric
compound?26, as revealed by X-ray crystallographic studies and
NMR spectroscopy. Thus, our X-ray crystallographic analysis
of 26 pointed to a symmetrical structure with only one
Figure 3. (a) ORTEP drawing of compour6 (drawn at 30% probability ~ carbon-carbon bond linking the two monomeric units of the
level) obtained by X-ray crystallographic analysis (usB/c space group) molecule (see ORTEP drawing in Figure 3a), and yet NMR
at ambient temperature. (b) Postulation of a possible equilibration between spectroscopic analysis clearly supported the non-symmetrical
26and26. structure (i.e.,26) originally assigned to it. This rather rare
phenomenon is reminiscent of Ermer’s classic observation with
secododecahedratfewhich exhibited the symmetrical dodeca-
hedrane structure by X-ray analysis but was correctly contra-

A mare stunning ggscade was realized after SCIEENING aic1aq by NMR spectroscopic analysis. As in that case, we
number of other conditions (see Scheme 5 and Table 1, entries b ted this abnormality to a crystal disortesr a dynamic

20;23’)' Thus, upon expﬁsure_to CSA (O'liS equi(;/) anc_:rlﬁ equilibrium involving a two-proton shuttle that involves rupture
at 25°C, monomeric anthraquinor@8 was observed (by TLC e c12-C9 bond within 26 (26 — 26, Figure 3b) while
analysis) to transform completely to the heptacyclic dimeric

H ; (16) Ermer, O.Angew. Chem., Int. Ed. Engl983 22, 251-252. We thank
compound25, at which time MnQ (excess) and BN (10'0 Prof. Scott Rychnovsky for pointing out this reference to us.

equiv) were added and the reaction mixture was heated to 45(17) (a) Dunitz, J. D.: Filippini, G.; Gavezzotti, Aely. Chim. Acta200Q 83,

formation of the cytoskyrin-type structu®, again in essentially
quantitative yield.

° ; R ; ; ; ; 2317-2335. (b) Dunitz, J. D.; Bernstein, Acc. Chem. Resl995 28,
C with stirring for 36 h, Ieadmg, through fleetlng mtermeqlates 193-200 and references therein. We thank Prof. Jack Dunitz for pointing
22 and 26, to the nonacyclic cytoskyrin-type structugd in out these articles to us and for his stimulating comments.

J. AM. CHEM. SOC. = VOL. 129, NO. 13, 2007 4005
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Table 1. Screening of Conditions for the Various Steps and the challenging task of synthesizing cytoskyribe) and its
Cascade Sequences Depicted in Scheme 57 relatives, all of which contain &-hydroxy group at the C2 and
Entry :m':; Conditions Product (% yield) C2 positions. A cursory inspection of these structures reveals
26 — 27 transformation that, while they may be immune to,8 elimination by virtue
1 26 proton sponge, CH,Cly, 45 °C, 3 h NR of Bredt's rule!® which forbids the formation of a bridgehead
2 26 MW, 110 °C, 30 min NR double bone-the product of such eliminatierthe precursors
A EETS: toene 100°C12h i leading up to them are not. On the contrary, all such intermedi-
‘5‘ ii PPTS. ?S?E%TEC';E";C"‘B h :; Ig:; ates (see Scheme 1) are prone to elimination/aromatization and/
py. MW, 15 min, 80 °C, or fragmentation/elimination; therefore, our initial inclination
6 2 then 30 min, 120 °C (x2) 27 (80) was to introduce a surrogate moiety for the desired hydroxy
T ERREIEECa ot R 24l group at the C2 and Cpositions.
5 > DBU?:H;IZZ?;Z”IS::T""” e _In our first attempt to test this hypothesis, we adop'_[ed the
o | 22 hv.CH,Ch, 3 h iR SiMe,Ph group as a surrogate moiety with the expectation that
10 22 hv. THF.5h complex mixture we could convert it to the desired hydroxy group under Tamao
11 22 CF3S04H, CHoCh, 256 °C, 2 h 29 or 30 mainly® Fleming oxidation conditior?8 at the end of the cytoskyrin
12 22 LDA, THF, -78 - 25°C, 8h 25 (50) cascade (Scheme 6a). Thus, Hauser annulation of the known
13 | 22 Et:N, CH;Cl,, MW, 80°C, 6 h 27 (81) cyclohexenone812! with nitrile 14 led to dihydroquinoned2
2 E‘\’N'C';?c"":s °°'f‘5“ : 2709 (65% yield). CAN oxidation of the latter compound led to the
15 25 p:o: 42; »gf:shomuun e formation of the Iabilg quinpn63 (dgtected by TLC .analysis,
B | 25 MW, py. O, 80 °C. 30 min 29 mainy’ not stable enough for isolation), which, however, failed to enter
17 25 DDQ, Et:N, CH,Cly, 25 °C, 16 h 22 (10) + 26 (20)° into a productive cascade or even dimerization to any charac-
18 25 dry Cs,C0s, THF, 25 °C, 3 h 27 (57) terizable products. We attributed the failure of quin@%eto
19 25 MnO; EtN, CH,Cl, 25 545°C,20h 27 (100) participate in the expected cytoskyrin cascade to the bulkiness
23 — 27 transformation of the SiMePh group.
2‘: ;2 DE‘:;‘;:ZSS 2255;3::31“ . f?gn';’f‘:'s‘f(ao) We then reasoned that a @BIAc group—a considerably
P 2 J._Pr:N'EL CH?C'|2‘25;C‘M 25 (90) smaller group than the SiMEh moiety-may provide us with
CSA, CH,Ch, 26 °C, 1 h: a more willing substrate for the desired cytoskyrin cascade, at
=2 then MO, Et,N, 45 °C, 36 h R D) the end of which we were planning a short sequence (depro-
23 —; 28 transformation tection, oxidation, BaeyetVilliger oxidation?2 and hydrolysis
o CSA, CH,Cl, 26 °C, 1 h; 28 (75) of the resulting formate ester) for its conversion to the desired
Az el 22 1 hydroxy group. To this end, we combined nitrilg with the

a Complex reaction. Abbreviations: NR, no reaction; MW, microwaves;
DDQ, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone; LDA, lithium diisopro-

known cyclohexenon85?2 in the standard Hauser annulation
reaction and obtained dihydroquino®@in 49% yield (Scheme

pylamine. 6b). Oxidation of the latter compound with CAN then furnished,

in quantitative yield, quinon87, whose exposure to catalytic

the C12—C9 bond within26 forms. Structure®6 and26 are amounts of CSA in CECl, at ambient temperature led to dimer

identical, and the X-ray crystallographic analysis reveals only 38in 84% yield. When treated with MnGand EgN in CHoCl,

an average picture of the two, with bond lengths €EC® = at ambient temperature, compou88 underwent dismantling

C12—-C9=2.372 A and C14C14 = 1.56 A8 and reconstitution through the cytoskyrin cascade to afford the
Abortive Attempts toward Cytoskyrin. Following our cytoskyrin-like structure39 in 63% yield. Basic cleavage of

successful model studies described above, we then consideredhe acetate groups from the latter compound was effected by

(18)

the action of KCO; in MeOH for 3 h atambient temperature,
The X-ray measurements were initially performed at room temperature, leading to tetrao¥9 in 96% yield. Oxidation of the primary
and the crystal structure was solved and refined in the centrosymmetric ; ; : FRE ;

space groupC2/c with Z = 4, following the general conventions and alcohols in49 with Dess-Martin penOdmane in CbCly at

statistical analysis of dataf? — 1| = 0.91). Accordingly, the molecules  ambient temperature then led to quantitative formation of the

of 26 were observed to reside on (average) crystallographic twofold axes. .: .
The distance between the carbon atoms C9 and,Citvever, was as blsaldehyde41- All attempts, however, to effect the intended

short as 2.3}\(2) A, which was far smaller than the expected van der Waals Baeyer-Villiger reaction proved unproductive, leading to
sum of 3.5 A. Furthermore, the anisotropic temperature factor ellipsoids " . . .
of both these atoms were distinctly elongated along their line of separation, d€COMposition and/or unidentifiable products instead. The

suggesting that one Michael addition reaction could have taken place, abortive attempts to realize this transformation in similar
resulting in bond formation between C9 and CHad leading to the .

nonsymmetrical structur@6, which could exist in dynamic equilibrium substrates by the Snider gré@padded further reasons for
with its identical *regioisomer”Z6, Figure 3b). Subsequent crystal structure  ghandoning this route, and so we opted for a different strategy.
solution and refinement in the lower noncentrosymmetric space gtotip
gave a slightly nonsymmetrical molecular structure with-€C4.2 and C9—
C12 distances of 2.24(2) and 2.52(1) A, respectively. Interestingly, when (19) (a) Bredt, J.; Thouet, H.; Schmitz,LJebigs Ann. Chenl924 437, 1—13.
the same crystal was subjected to low-temperature X-ray measurements (b) Wiseman, J. RJ. Am. Chem. Sod.967, 89, 5966-5968. (c) Maier,
(123 K), these bond Ier}gths diverged even further, as revealed by the values W. F.; Schleyer, P. v. Rl. Am. Chem. S0d.981, 103 1891-1900.

of 1.91(2) and 2.81(2) A computed by structure solution and refinementin (20) (a) Fleming, I.; Henning, R.; Plaut, H. Chem. Soc., Chem. Commun.

Cc. When theC2/c space group was used, the 9912 distance was 1984 29-31. (b) Tamao, K.; Ishida, N.; Tanaka, T.; Kumada, M.
approximately the same as the room-temperature distance of 2.37(2) A. Organometallics1983 2, 1694-1696. (c) See also a series of papers from
These distances were even more drastically different [1.66(2) and 2.95(2) Fleming inJ. Chem. Soc., Perkin Tran$ 1992 3295-3302.

A, respectively] inCc when the atoms were refined isotropically. Thus, = (21) Sarakinos, G.; Corey, E. Qrg. Lett. 1999 1, 811—814.

apparently partial dynamic ordering of the crystal structure occurs on (22) Renz, M.; Meunier, BEur. J. Org. Chem1999 737-750.

cooling. Interestingly, while both secododecahedtamad the present (23) (a) Smith, A. B.; Richmond, R. El. Am. Chem. So0d 983 105 575-
example involve carbon atoms at close proximity to each other, in the former 585. (b) van Tamelen, E. E.; Hildahl, G. J. Am. Chem. Sod.956 78,
case the X-ray analysis revealed a bond, whereas in the latter it missed a 4405-4412.

bond. (24) Snider, B. B.; Gao, XJ. Org. Chem2005 70, 6863-6869.
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Scheme 6. Abortive Strategies toward 2,2'-epi-Cytoskyrin A (2a)@ O O OR' OH O OR'
a: Strategy 1: Silyl protecting group as a fhydroxy surrogate
Meo OH O S — (0
a) LHMDS R0 R R0 R
3 CCO ! :
p enone dienol
SiMe,Ph MeO SiMe,Ph
H —
# R
RO .
MeO b) CAN Ho O. OR' o b ,53
H S
. . R =
SiMe,Ph YIOSKIIN e 0 0 Hg’o Jho — RO < R
,.. e G ‘ . [&Q\“‘“ B: endo-top arrangement
OMe 12 R
SiMe,Ph RA o) R
PhMe.Si o) A: endo-bottom arrangement
2
33 o
R0, R

b: Strategy 2: Late-stage Baeyer—Villiger oxidation .' b

MeQ OH O HO

)LHMDS ‘G‘ Hox
o+ <

OAc i

MeO MeO ot 3
36 H
sterically

OH O OMe d) CAN congested

AcO

AcO

MeO, MeO

[Baeyer—Villiger
oxidation] O

T
OMe
[Hydrolysis]
K.CO 39 R = OAc 42 ent-1a: R = OMe: (-)-cytoskyrin A 2a: R = OMe: (+)-2,2"-epi-cytoskyrin A
9) Ko 3': 40: R = OH ent-1b: R = Me: (-)-graciliformin 2b: R = Me: (+)-rugulosin
h) DMP | 4 R=0 Figure 4. Stereoselectivity considerations for the dimerization step of
T anthradihydroquinones to modified bisanthraquinones. The shown enanti-

2 Reagents and conditions: (B (1.1 equiv), THF, LHMDS (1.1 equiv), omers of the starting anthraquinones corresporehtda, ent1b, 2a, and
—78°C, 1 h; then31 (1.0 equiv),~78 — 25°C, 4 h, 65%; (b) CAN (2.0 2b. Should the pathway involving arrangeméhbe possible, the opposite
equiv), MeCN:HO (9:1), 0°C, 10 min, product not stable enough for  enantiomers would be needed in order to obtain the naturally occurring
isolation; (c)14 (1.01 equiv), THF, LHMDS (1.01 equiv);78 °C, 1 h; form of cytoskyrin A (La) and graciliformin (b).
then35 (1.0 equiv),—78— 25°C, 1 h, 49%; (d) CAN (2.0 equiv), MeCN:
H,0 (9:1), 0°C, 1 h, 100%; (e) CSA (0.1 wt equiv), GBI, 0.2 M, 25

°C, 12 h, 84%: (f) MnQ (5.0 equiv), CHCl,: then EgN (10.0 equiv), 25 well be using such substrates in the biogenesis of these

— 40°C, 16 h, 63%; (g) KCOs3, MeOH, 25°C, 3 h, 96%; (h) DMP, CLCl,, bisanthraquinone systems and by the expectation that, should

25°C, 1 h, 92%. Abbreviation: DMP, DesMartin periodinane. we succeed in entering into a cytoskyrin-type scaffold and
Total Syntheses of 2,2epi-Cytoskyrin A and Rugulosin beyond under suitably mild conditions, those structures should

and Analogues.Having failed to employ a surrogate group for e protected toward elimination by Bredt's rule.

the hydroxy groups at C2 and Cgositions, and despite the Once formed from their enone counterparts (Figure 4, top),

danger of elimination, we decided to attempt the cytoskyrin the dienol forms of the monomeric anthraquinone substrates may
cascade with substrates carrying free or protected hydroxy approach each other for dimerization in four different ways (
groups at those positions, as shown in Figure 4. We were D, Figure 4).A andB represent thendoarrangements, while
encouraged to do so by our hypothesis that nature may veryC andD depict theexoarrangements, each pair being further

J. AM. CHEM. SOC. = VOL. 129, NO. 13, 2007 4007
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distinguished by the faciality of the approach (assuming one of
the monomers is stationary, as shown), a differentiation that
leads to theendebottom @), theendctop (B), theexasyn (C),

and theexaanti (D) alignments. The tw@ndoarrangements

(A andB) are equivalent and are highly unlikely due to steric
constraints (FO syn to H). Theexasyn arrangement)) is even
more constrained (® syn to RO) and, therefore, unlikely to
occur. Such an arrangemef@)(may lead teentcytoskyrin gnt

14) or entgraciliformin (ent1b) through the intermediacy of
the dimeric compoundsl! , depending on the substrates used.
The most likely arrangement is that represente®Ifgxcanti),

in which the two RO groups are placed opposite to each other,
thereby allowing optimum comfort with regard to steric interac-
tions. As the most favorable arrangement, this approBgtis(
geared to form 2,2epicytoskyrin A @a) and rugulosin Zb)
through the intermediacy of dimév , as shown in Figure 4. It
should be noted that the chirality of the starting monoquinone

dictates the absolute stereochemistry of the cage (helical

stereochemistry) structural motif in the product, while the
diastereoselectivity of the dimerization step controls the stere-
ochemistry of the C2 and CZenters relative to the rest

(epimeric stereochemistry). According to this stereochemical

Scheme 7. Construction of Nitriles 46a—46f2

OH O a)i. (COCl), TBSO (0]
ii. Me;NH-HCI
OH NMe,
b) TBSCI, Et;N,
R DMAP R
43a: R = OMe 44a: R = OMe
43b: R = Me 44b: R = Me
¢) t-Buli,
DMF
RO o TBSO O
d) KCN, 18-C-6 NMe,
0 TMSCN; R
R then AcOH ]
CN
46a: R = OMe, R" = TBS 45a: R = OMe
TBAF 46b:R =Me, R'=TBS 45b: R = Me
e 46c:R=OMe, R'=H
46d:R=Me, R'=H
f) MOMCI 46e: R = OMe, R = MOM
46f. R=Me, R'=MOM

aReagents and conditions: (a) i. (COL(L.25 equiv), DMF (cat.),
CHyClp, 0 — 25 °C, 2 h; ii. MeNH-HCI (1.5 equiv), EsN (4.0 equiv),
CH,Cl, 0°C, 30 min, 25°C, 16 h; (b) TBSCI (1.1 equiv), BN (1.5 equiv),

analysis, the depicted enantiomer of the starting anthraquinonescH:zClz, 25°C, 16 h; 93% over three steps4@), 87% @4b); (c) TMEDA

(Figure 4) should correspond &mt1a, ent1b, 23 and2b. The
chiral centers at C2 and Caf the compoundsll andIV, in
combination with the helical nature of the cage formed there-
after, improvise for the occurrence of two possible diastereo-

isomers for each intermediate member of the cascade (one se
of which is not expected to form on the basis of the above stereo-

(2.5 equiv),t-BulLi (2.5 equiv), DMF (3.0 equiv), THF-78 — 25°C, 12
h, 88% @58), 86% @5h); (d) KCN (0.2 equiv), 18-C-6 (0.2 equiv), TMSCN
(1.4 equiv), CHCIy, 25°C, 4 h; then AcOH, 12 h, 15%463a), 78% @60),
20% (@46h), 65% @6d); (e) TBAF (2.0 equiv), CHCIy, 25°C, 5 h, 80%
(460, 78% @6d); () MOMCI (1.5 equiv),i-PrNEt (1.2 equiv), CHCI,, 0
°C, 1 h, 90% 466, 85% @6f). Abbreviations: DMAP, 4-dimethylami-
F‘lopyridine; TBS tert-butyldimethylsilyl; DMF, N,N'-dimethylformamide;
TMEDA, N,N,N',N'-tetramethylethylenediamine; TBARgtra-n-butylam-

chemical considerations). Should the cascade involving arrange-monium fluoride; MOM, methoxymethyl.

ment C be possible, the opposite enantiomer of the starting
anthraquinones would be required in order to obtain the naturally
occurring forms of cytoskyrinl@) and graciliformin (b).

The next task was the generation of the required monomeric

anthradihydroquinones (i.&69a—h, Scheme 10) with different
protecting groups (B on the C2 hydroxyl group in order to

80 and 78% yields, respectively, which were then treated with
MOMCI and i-PrNEt at 0°C to furnish the required nitrile
building blocks 46eand46f, in 90 and 85% yields, respectively,
as shown in Scheme 7.

The protected enonésla—e required for the Hauser annu-

explore their dimerization and subsequent cascade reactions. Adation were synthesized as summsari_zed in Scheme 8. Thus,
previously, we chose the Hauser annulation as the mostProtection of the known diacetatsr* with MOMCI, SEMCI,

expedient means to construct these substrates, requiring the BSCl, or MeOTH, followed by desymmetrisation using porcine

availability of a series of nitrilesAGa—f, Scheme 7) and enones
(51a—e, Scheme 8).

Scheme 7 summarizes the synthesis of nitrdléa—f from
commercially available salicylic acid®3aand43b. Exposure
of 43a or 43b to (COCI) and catalytic amounts of DMF in
CH,Cl, at 0°C afforded the corresponding acid chlorides, which
were quenched with M&IH-HCI to give the expected amides.
The resulting amides were subsequently protected with TBSCI
in the presence of Bl and catalytic amounts of DMAP in GH

Cl, at ambient temperature to give the desired protected amides,

44aand44bin 93 and 87% vyields, respectively, over the three
steps.ortho-Lithiation of the amide#t4a or 44b usingt-BulLi
and TMEDA at—78 °C and subsequent quenching with freshly
distilled DMF yielded the corresponding aldehydésand45b

in 88 and 85% yields, respectively. Exposure of the latter
compounds to TMSCN and catalytic amounts of KCN and [18]-
crown-6, followed by treatment with AcOH, afforded the
deprotected nitrilegi6c (78%) and46d (65%) as the major
compounds, along with the TBS-protected nitriga (15%)
and46b (20%), respectively. TBAF deprotection of the latter
compounds afforded the free hydroxy nitrilé6c and 46d in

4008 J. AM. CHEM. SOC. = VOL. 129, NO. 13, 2007

liver esterase (PLE) in pH 8 buffer ateBuOH as cosolvent,
afforded the corresponding alcohdi8a—d with the following
respective yields over the two stepd49a 95%; 49b, 100%
(based on 60% recovered starting mated8b); 49¢ 92%
(based on 51% recovered starting mate4id); and49d, 58%
(based on 40% recovered starting matet&d). PCC oxidation,

followed by brief exposure to DBU at 2%5C, then furnished
the desired enonésla—d in 68, 96, 71, and 90% yields, respec-
tively, over the two steps. Dilsilyation &0c using HFpy in

CH.ClI, at 25°C for 1 h, followed by protection with TMSCI
and subsequent brief exposure to DBU, afforded the TMS-
protected enon&lein 84% vyield over the three steps. The
enantiomeric excesses of the enob@s—e were determined
by Mosher’s ester analysis of the corresponding alcof@és-d
(493 70% ee;49b, —20% ee;49¢ 90% ee?® 49d, 65% ee).

In an effort to improve the asymmetric synthesis of the enone
partner, we sought to develop an alternative pathway, as
exemplified for enonéslain Scheme 9. Featuring a Brown
allylatior?® and a ring-closing metathesis reaction, this route

(25) Kalkote, U. R.; Ghorpade, S. R.; Chavan, S. P.; RavindranathdnOrg.
Chem.2001, 66, 82778281.
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Scheme 8. Construction of Enones 51a—51e through Enzymatic
Resolution?

Scheme 9. Construction of Enone (S)-51a through Ring-Closing
Metathesis?

OAc a) MOMCI, i-Pr,NEt or OAc ? a) (-)-(Ipc),BOMe OR?
b) SEMCI, i-Pr,NEt ~ < PPN
) FProNEtor TIPSO/\) N"Mgar R'O N
c) TBSCI, DMAP, Et;N or 52 5§3: R'"=TIPS,R?=H
AcO OH i AcO OR b) MOMCI ’ !
o d) MeOTH, i-Pr,NEt o R o yrose [ 54;R'= TIPS, R? = MOM
a: = C . p1— 2
48b: R = SEM 55:R"=H, R<=MOM
48¢c: R=TBS d) (COCI),,
48d: R = Me DMSO;
e) PLE oH Et:N
o OH g e) Z MgBr OMOM
B f)y PCC 0% AN
- = OMOM
AcO OR AcO OR 57 56
50a: R = MOM 49a: R = MOM
50b: R = SEM 49b: R = SEM 018X 9, Fovs
h)HF.py| 50c: R=TBS 49¢c: R=TBS o S Ru=\ o
- R=Me 49d: R=Me CI™ L Ph
50d: R = S PCy,
i) TMSCI [ 50e: R=H
50f. R=TMS Grubbs |
=z OMOM OMOM
g) DBU Q 58 (S)y-51a
2 Reagents and conditions: (a))}B-methoxydiisopinocamphenylborane
(3.0 equiv), E4O, —78 °C, allylmagnesium bromide (3.0 equiv); thég
OR (1.0 equiv), 3 h; (b) MOMCI (1.5 equiv);PrNEt (1.25 equiv), CHCl,,
51a: R=MOM 25°C, 12 h; (c) TBAF (1.1 equiv), 6~ 25°C, 8 h, 74% over three steps;
51b: R=SEM (d) (COCl} (1.2 equiv), DMSO (2.4 equiv), B (3.9 equiv), CHCI, 0
51c: R=TBS °C, 1 h; (e) vinylmagnesium bromide (3.0 equiv), THF78 °C, 30 min;
g:lld: Ef%\js then 0°C, 30 min, 72% over two steps; (f) IBX (1.2 equiv), DMSO, 25
e: -

a Reagents and conditions: (a) MOMCI (3.8 equivpr.NEt (3.8 equiv),
CHyCly, 25°C, 1.5 h; (b) SEMCI (3.8 equiv);PrzNEt (3.8 equiv), CHCI,,
25°C, 1.5 h; (c) TBSCI (2.0 equiv), DMAP (0.25 equiv),#8t(2.5 equiv),
CH.Cly, 25°C, 24 h; (d) MeOTf (2.0 equiv);PrNEt (2.2 equiv), CHCI,,

°C, 2 h; (g) Grubbs | catalyst (0.04 equiv), 0.1 M solution,£CH, 30°C,
6 h, 91% over two steps. Abbreviation: IBX, 2-iodoxybenzoic acid.

Scheme 10. Synthesis of the Anthradihydroquinone Monomers
59a—59h2

25°C, 24 h; (e) PLE (1.0 equiv), phosphate buffer g8 (0.1 M),t-BuOH R'O o

(8% viv), 25°C, 4—48 h, 95% over two steps, 70% e£98), 40% (100%

based on 60% recovered starting materialp0% ee 49b), 45% (92% o

based on 51% recovered starting material), 90%#18¢) ( 35% (58% based R

on 40% recovered starting material), 65% 48d). For R= MOM, SEM, CN ]

TBS, or Me: (f) PCC (3.0 equiv), Ci€l,, 25 °C, 12 h: (g) DBU (1.0 460: R = OMe. R' = MOM RO OH O

equiv), CHCl,, 25 °C, 10 min, 68% over two step$1a), 96% 61b), 46f‘. R = Me ' R = MOM a) LHMDS

71% (610, 90% 61d). For R= TMS: (h) HFpy (10.0 equiv), CKCly, o o I OO‘

25 °C, 1 min; then TMSOMe, 30 min; (i) TMSCI (2.0 equivisPLNEt 14: R=0OMe, R'=Me R OR?

(2.2 equiv), CHCIy, 25°C, 1.5 h, (g) DBU (1.0 equiv), 10 min, 2%C, o OH

84% over three step§1€. Abbreviations: SEM, 2-(trimethylsilyl)ethoxy; CR= 1 _ 5

PLE, porcine liver esterase; PCC, pyridinium chlorochromate; DBU, 1,8- :g:'_ 2_ :)AMG’ R1 : Rz : MOM

diazabicyclo[5.4.0]undec-7-ene. *R=Me, R® = R"=MOM

OR? 59c: R=Me, R'=MOM, R?=TBS
. - 50a: R? = MOM 59d: R =0OMe, R' = MOM, R? = SEM
27 g ,

begap with a}ldehydeSZ, whose addition to a preformed 50b: R = SEM 59e: R=OMe. R'=Me. R2=MOM

solution of chiral allylborane, generated from){B-methoxy- 50c: R2 = TBS 59f: R=Me, R'=MOM. R2=Me

diisopinocamphenylborane and allyl magnesium bromide in  sod: R2 = Me o) HE 59g: R = OMe, R' = MOM, R? = TMS

Et,O at —78 °C, afforded allylic alcohol53 in 83% yield. soe: re=tms PPV gon R=OMe,R' = RZ=H

Mosher’s ester analysis of this alcohol indicated that it was
formed in 86% ee. Sequential protections@with MOMCI in

the presence ofPr,NEt at 0— 25°C in CH,Cl, and desilylation
(TBAF, THF, 25°C) furnished hydroxy compoungb, which

aGeneral conditions for Hauser annulation: (a) nitrile (1.01 equiv),
LHMDS (1.01 equiv), THF—78°C, 1 h, enone (1.00 equiv};78 °C, 1
h, =78 — 25 °C, NH,CI workup, 59a(80%), 59b (91%), 59¢ (69%), 59d
(98%),59e(83%),59f (52%),59g (41%); (b) HFpy (10.0 equiv), CHCla,
1 min, 75%.

was oxidized under Swern conditions to yield the corresponding
ketone56, to which was added vinyl magnesium bromide (3.0
equiv), leading to a 1:1 mixture of diastereomeric alcotils

Total Syntheses of 2,2epiCytoskyrin A and Rugulosin.
With all the required fragments available, we then proceeded
in 64% yield over the four steps. IBX oxidation of this mixture {0 construct the monomeric anthradihydroquinones needed for
led to ketone58, which underwent smooth ring-closing me- the pending cascades toward the targeted bisanthraquinone

tathesis in the presence of Grubbs | catalyst to afford the desiredNatural products. Thus, treatment of the corresponding nitriles
enone5lain 91% vield for the two steps. (46ef, 14) in THF with LHMDS at —78 °C, followed by

addition of the appropriate enonél@—e) (=78 — 0 °C),
furnished, upon addition of saturated aqueousGlHand
standard workup, the anthradihydroquinor&8a-h) required
for the intended cytoskyrin cascade. In considering these
cascades, we were encouraged and guided by a number of

(26) (a) Hertweck, C.; Boland, W. Prakt. Chem1999 341, 83—87. (b) Jadhav,
P. K.; Bhat, K. S.; Perumal, T.; Brown, H. Q. Org. Chem.1986 51,
432-439. (c) Nicolaou, K. C.; Ahn, K. HTetrahedron Lett1989 30,
1217-1220.

(27) Kopecky, D. J.; Rychnovsky, S. D. Am. Chem. So2001, 123 8420-
8421.
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Scheme 11. Cytoskyrin Cascades: Synthesis of (+)-2,2'-epi-Cytoskyrin A (2a), (+)-Rugulosin (2b), and Analogues 64a—e and 42 from
Anthradihydroquinone 59a,b,d—f2

R'O OH O RO O ©
a)i. MnO,
949 o] SJII, .
2 oxXiaaton 2 enolizaton R
R OR R OR dimerization]
CH o]
59a; R = OMe, R’ = RZ2=MOM 60a: R =0OMe, R' = RZ=MOM 61a: R =0OMe, R' =  RZ=MOM
59b: R=Me, R' = RZ=MOM 60b: R=Me, R' = RZ=MOM 61b: R=Me, R' = RZ=MOM
59d: R = OMe, R' = MOM, R? = SEM 60d: R = OMe, R' = MOM, R? = SEM 61d: R = OMe, R' = MOM, R2 = SEM
59e¢: R=0Me,R'=Me, R?=MOM 60e: R=0Me, R'=Me, RZ=MOM 61e: R=0Me,R'=Me, R2=MOM
59f. R=Me, R'=MOM, R?=Me 60f. R=Me, R'=MOM, R?=Me 61f. R=Me, R'=MOM, R?=Me
R'O O OH
. 65a:R = OMe, R' = MOM [rupture
a)ili- 'g'g? g‘e 65b:R = Me, R'=MOM of oxygen
e R 29: R=0Me,R' = OMe bridge]
o]
[2" Michael [1% Michael
reaction] reaction]
B E—— -
a) ii. Etz;N
64a: R=0OMe,R!" = RZ=MOM 63a: R=OMe,R' = RZ=MOM 62a: R=0Me,R' = RZ=MOM
—64b: R=Me, R' = RZ=MOM 63b: R=Me, R' = R2=MOM 62b: R=Me, R' = R2Z=MOM
64d: R = OMe, R' = MOM, R? = SEM 63d: R =OMe, R' = MOM, R? = SEM 62d: R = OMe, R' = MOM, R? = SEM
<|— 64e: R=0Me, R'=Me, R?=MOM 63e: R=0OMe,R"=Me, R2=MOM 62e. R=0OMe, R'=Me, R?=MOM
© R=Me, R'=MOM, R?=Me 63f. R=Me, R'=MOM, RZ=Me 62f. R=Me, R'=MOM, RZ=Me

b) HCI
2a: R = OMe, R' = R? = H: (+)-2,2"-epi-cytoskyrin A
2b: R = Me, R" = R? = H: (+)-rugulosin
42: R=0OMe, R'=Me, R?=H

aReagents and conditions: (a) Ma(1.0 wt equiv), CHCI, (0.4-0.5 M), 25°C, 1 h; then EN (5.0 equiv), CHCI,, 25— 45°C, 12 h; 60% over seven
steps 64a), 50% ©4b), 34% ©4d), 40% 646, 40% ©4f); (b) HCI (conc; excess), MeOH:THF (20:1), 8C, 12 h, 93% 2a), 98% b), 91% @2).

observations and considerations. First, we took comfort in the of 61a or 61b and the complete consumption of the starting
fact that freshly prepared MnQvas capable of initiating and  material as revealed by TLC analysis, followed by dilution with
propagating such reactions, as described above. Second, we wer€H,Cl, (5- to 7-fold) and stirring until the formation &3aor
cognizant of the fact that elimination of the alkoxy group 63bwas complete. Addition of BN (5.0 equiv) and warming
followed by aromatization could present a problem, but we were to 45 °C with stirring fa 6 h then furnisheds4a or 64b.
confident with regard to the stability of the advanced intermedi- Treatment of the latter compounds with concentrated HCI in a
ates and final products by virtue of Bredt's rule. Third, we knew mixture of MeOH:THF (20:1) at 60°C resulted in global
from our model studies that impurities carried through from deprotection, affording «)-2,2-epicytoskyrin A a, 93%
the Hauser annulation reaction impeded the cascade, causing gield) and @)-rugulosin @b, 98% yield). TheH NMR
shutdown after the initial dimerization step and funneling of spectroscopic data of synthetic rugulosin matched those refforted
varying amounts of material into the undesired pathway toward for the naturally occurring substance. Although){2,2-epk
aromatized products (i.e65ab and29). cytoskyrin A (2a) had not yet been isolated from nature at the
Employing purified anthradihydroquinon&9a or 59b and time of its total synthesis, its stereochemistry was anticipated
sequential addition of Mn@and EgN led to the development  on the basis of the arguments presented above (Figure 4) and
of an impressive seven-step cascade sequence that involved thproven by spectroscopic techniques. Thus, #he NMR
conversion of these tricyclic substrates to the nonacyclic systemsspectrum of the syntheticH)-2,2-epicytoskyrin A 2a) ex-
63a and 64b in 60 and 50% yields, respectively. Proceeding hibited doublets for H3 and H36 = 2.85 ppm and] = 4.8
through the intermediacy dd0a or 60b, 61a or 61b, 62a or Hz, respectively) and H2 and H@) = 4.49 ppm and = 4.8
62b, and63aor 63b, these sequences feature alternate oxidations Hz, respectively), while in the reported spectrum of natural
and double Michael reactions, as exemplified in Scheme 11. cytoskyrin A (L&), both signals for H3 and H3and H2 and
These cascades were initiated by treatmeri9afor 59b with H2', appeared as singlets@at 2.85 and 4.00 ppm, respectively.
MnO; (10 wt equiv) in CHCI, (0.35-0.5 M) for 30 min at Had ()-2,2-epicytoskyrin A 2a) possessed the same stere-
ambient temperature, conditions that led to the initial generation ochemistry at C2 and Cas cytoskyrin A 1a), its dihedral
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Figure 5. ORTEP drawing of rugulosin2p) derived from X-ray crystal-
lographic analysis. The molecule ofsEtper molecule oRb is not shown.
Crystallographic analysis did not reveal the absolute stereochemistry of the

2b, which was assigned as shown on the basis of the absolute stereochem{—

istry of its precursob9a

angles H1/H1-H2/H2 and H2/H2—H3/H3 would have been
78 and 88, respectively, on the basis of manual molecular
models, and hence thiél NMR signals for H2/H2 and H3/
H3 would have been singlets according to Ejiri et?aln
addition, the X-ray crystallographic analy$igsee ORTEP
drawing, Figure 5) of a crystal of synthetic rugulosizby,
obtained by slow crystallization from acetone containing 1%
EtsN over MeOH vapors, confirmed its structure and indirectly
rendered further support for the assigned structureffg+2,2 -
epicytoskyrin A 2a) by virtue of the striking similarities
between théH NMR spectra of the two compounds.
Mechanistic Studies.As mentioned above, the cytoskyrin
cascade was envisaged to proceed from the monoanthradihyd
roquinone substrates, through initial oxidation to the monoan-
thraquinone systems, followed by regioselective enolization and
dimerization. The latter process could, in principle, proceed
through either a concerted{£2] cycloaddition reaction (hetero
Diels—Alder reaction, see Scheme 3) or a sequential double
Michael process, as shown in Scheme 12. In order to distinguish
between the two pathways, we chose the TBS-protected
anthradihydroquinonB9c as a substrate for the cascade in the
hope that the bulkiness of the TBS moiety as compared to the
MOM group would serve to retard the progress of the cascade.
It was further reasoned that such a slow-down of some of the
reactions within the cascade may allow the isolation of some
of the intermediates along the sequence, thus shining light on
the mechanism involved. Thus, exposures8tto MnO, (1.5
wt equiv) in CHCI, (0.35 M) at ambient temperature for 30
min produced, in sequence, anthraquindd@c dimer 67,
O-bridged dimei61c and aromatized compourtdbb (Scheme
13). While compound$1c and 65b were stable60c and 67
were rather labile, but stable enough for purification and
spectroscopic characterizatiold(NMR spectroscopy). It was
also observed that, upon standing in Cp&i ambient temper-
ature, dimer67 was slowly and quantitatively converted to
O-bridged dimei61cand aromatized produébb (61c65b ca.
1:3 by 'H NMR spectroscopy). This finding implies that
compound$0c¢, 66, and67 exist in equilibrium with each other
and that the rate of aromatization & to 65b is considerably
faster than the second Michael reaction leading 6o 61c

Scheme 12. Mechanistic Investigation of the Dimerization
Cascade (59¢c — 61c)?
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dependent on reaction time.
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Attempts To Synthesize Cytoskyrin A. Realizing the
difficulties associated with the direct conversion of stereochemi-
cally appropriate anthraquinones to cytoskyrin-like structures
discussed above and summarized in Figure 4, we opted to make
use of the facile entry into the epimeric series of compounds
with the expectation that their hydroxy groups at the C2 and
C2 positions could be inverted at the end of the synthesis. To
this end, the required anthradihydroquinone subst&@dand
59e (Scheme 10) were synthesized and subjected to the
cytoskyrin cascade under the standard conditions shown in
Scheme 11, affordingpicytoskyrin-like bisanthraquinonégid
and64ein 34 and 40% overall yields (unoptimized), respec-
tively. While the SEM-protected compouiédd resisted selec-
tive deprotection to the desired diol system needed for the
intended inversion (under various fluoride or acidic conditions),
the bis-MOM derivative64e yielded smoothly the desired
product42, and in 91% yield, upon exposure to concentrated
HCI at 60°C (12 h). Unfortunately, attempts to invert the two
cyclohexane-bound hydroxy groups within compoutiby
either Mitsunobu reaction (PBhEtOOCN=NCOOEt, 4-ni-

These observations were consistent with a stepwise mechanisntrobenzoic acid) or mesylation (MsCl, 4&), followed by

for the cytoskyrin cascade involving two sequential Michael

nucleophilic displacement, led to exclusive formation of the

reactions as opposed to a concerted mechanism involving adouble retro-Michael reaction produ80 (85% for the Mit-

hetero Diels-Alder process, at least in the case of the TBS-
protected substratg9c

sunobu attempt; 91% for the mesylation attempt), as shown in
Scheme 13.
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Scheme 13. Attempts To Synthesize Cytoskyrin A (2a)@ Scheme 14. Attempt To Synthesize Cytoskyrin A (2a) Using the
MeO. MeO Monomeric Anthradihydroquinone 59h with Free Hydroxy Group
M
OMe a) Et0,CN=NCO, £t HO OH O HO OH OH
various oxidants
O OH PPh;, RCOOH
o oH/f — X
OR MeO ——™MeO
[ellmlnatlon
g O OMe 59h aromatization]
' b) MsCl, Et;N [oxidation/
enolization]

® ¥
R = PPhy or Ms HO
3 o OoH
" 2y S S
(1% retro- O YIS~ —="0Me
— Michael] — b O]
MeO 0: 0 —_~__OMe
=
" H --_%\%OH
[2™ retro-Michael] OH )
- v
g/ H [dimerization] [double
Michael]
Ll
R=PPh30rM5690 OH O  OH OMe
— [tautomerization] — [rupture of
HO H OMe oxygen bridge]
HO,, % OMe
MeO O OH i Meo— )
MeO Q.‘ OH O OH O H
73 74
MeO O‘G structural motif (Figure 2) and, as such, provided an unusual
and attractive target for total synthesis. It so happened that
MeO O OH rugulin’s stereochemistry at the C2 and' @Bsitions is in line
30 with the expected outcome of the most favored dimerization
aReagents and conditions: (42 (1.0 equiv),p-nitrobenzoic acid (4.1 mode of the corresponding monoanthraquinone precursors, as
equiv), PPB (3.8 equiv); then EtOOCKRNCOOEL (4.5 equiv), THF, 6C, outlined in Figure 4. Indeed, the facile formation of the model

10 min, 85%; (b)¥2 (1.0 equiv), MsCI (3.0 equiv), 2,6-lutidine (3.0 equiv),

0°C, 10 min, 91%. Abbreviation: Ms, methanestlfonyl. system 28 from 27 (Scheme 5) and the previous work of

Shibat4P°were encouraging in this regard. Initial concerns about
Having failed to achieve the required inversion of the two the methoxy group eliminating at the early stages of the
hydroxyl groups of theepi-cytoskyrin-type compound2, we sequence quickly dissipated following our successful construc-
then attempted to use the monomeric anthradihydroqui®he  tion of the required enon®ld, as shown in Scheme 8. Thus,
with a free hydroxy group as a precursor, reasoning that the the requisite monomeric anthradihydroquinds@ was syn-
relatively small size of this group will allow at least partial entry thesized, as shown in Scheme 10, by the Hauser annulation
into the desired stereochemical course of the initial dimerization involving nitrile 46f (Scheme 7) and enorfgld (Scheme 8).
step of the cascade. The suspicion that cytoskyrin and its closeAs expected, wheB9f was subjected to the standard conditions
relatives, graciliformin and rugulosin, may very well be formed for the cytoskyrin cascade [Mn{1.0 wt. equiv), CHClI,, 25
in nature through such hydroxyl-free intermediates fueled our °C, 1 h; then EN (5.0 equiv), CHCl,, 25 to 45°C, 12 h], the
drive to test this daring approach. The required substrate, cytoskyrin-like cage compour@4fwas formed in 40% overall
compound 59h, was synthesized by a Hauser annulation yield (unoptimized), as shown in Scheme 11. Further oxidation
involving the MOM-protected nitrild6eand the TMS-protected  of the latter compound with Mn£(10.0 wt equiv) in CHCI,
enoneb1f (41% yield), followed by global deprotection through at 25°C for 18 h furnished the desired protected rugulin-type
brief exposure €1 min, 75% yield) to HFpy, as shown in structure75f in 70% vyield, as depicted in Scheme 15. Finally,
Scheme 10. Exposure of this rather labile monomeric anthradi- global deprotection o¥5f under acidic conditions (TFA:CH
hydroquinone to the standard Mp®©ytoskyrin cascade condi-  Cl,, 1:1, 0°C, 10-15 min) resulted in the formation of the
tions (Scheme 14), however, disappointingly resulted in rapid targeted rugulin structur® in quantitative yield. Much to our
decomposition and aromatizationa (ca. 45%, yield depend-  dismay, however, théH NMR spectral data of the synthetic
ent on reaction time). No detectable dimerization products were material did not match those reported in the literdattioe the
observed. Other oxidants (e.g., PhI(OTEAAQ.O, CAN) natural rugulin. That our synthetic material crystallized (acetone,
employed led to similar results. slow crystallization) and yielded to X-ray crystallographic
Total Synthesis of the Alleged Structure of Rugulin and analysi4® (see ORTEP drawing, Figure 6) provided the unam-
Analogues Thereof The naturally occurring substance rugulin  biguous proof that the originally reportestructure for rugulin
(3) is reported to include in its structure the novel “skyrane” was erroneous. In fact, there was previous skepticism about the
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Scheme 15. Synthesis of the Alleged Rugulin Structure and
Analogues Thereofd

64a: R =0Me, 75a; R = OMe,
R'=R%=MOM R'=R2=MOM
64b: R = Me, 75b: R = Me,
R'=R%=MOM R'=RZ=MOM
64d: R =OMe, 75d: R = OMe,
R'=MOM, R? = SEM R' = MOM, R? = SEM
64e: R =0OMe, 75e: R =0OMe,
R'=Me, R? = MOM R! = Me, R = MOM
64f R = Me, 75f. R =Me,

R'=MOM, R? = Me R'=MOM, R? = Me

b) TFA
c) TFA

3 76a: R = OMe, R2 = H
76b:R=Me, RZ=H
76d: R = OMe, R2 = SEM
aReagents and conditions: (a) Mp(L0.0 wt equiv), CHCI,, 25 °C,
18 h, 100% 75a), 82% (75b), 73% (75d), 98% (756, 70% (751); (b) TFA:
CH.Cl, (1:1), 0°C, 1.5 h, 97% 164), 98% (76b), 89% (76d); (c) TFA:
CH.ClI; (1:1), 0°C, 10— 15 min, 100%.

Figure 6. ORTEP drawing of the alleged ruguliB)(derived from X-ray
crystallographic analysis.

originally assigned structure for rugulin based on its IR
spectrum, as noted by Snider et?alAttempts to contact the

discoverers of rugulin for a sample proved in vain, leading us
to abandon our quest for the true structure of rugulin, a puzzle

that will have to await further experimentation for its solution.

Despite the rugulin mystery, however, we were able to construct
several siblings of its alleged structure through the developed

technology. Thus, the rugulosin-type compou6ids 64b, 64d,

and64e(Scheme 15) were converted to the protected rugulin-

type structures5a (100%), 75b (82%), 75d (73%), and75e
(98% vyield), respectively. From these compoundsg 75b,
and75dwere globally deprotected by the action of TFA in £€H
Cl; (1:1, 0°C, 1.5 h) to afford76a(97%), 76b (98%), and76d
(89% yield), respectively.

Conclusion

The described cascade reactions provide a stunning demon-
stration of the power of such synthetic sequences in constructing
high molecular complexity from relatively simple building
blocks. Originally introduced by Sir Robert Robinson in 1817
with his impressive synthesis of tropinone, and subsequently
highlighted most impressively by W. S. Johnson in his biomi-
metic steroid synthes®, and by us in our endiandric acid
cascade this concept has by now been adopted in myriad
cases of total synthesis.The present sequences, termed “the
cytoskyrin cascade”, provided rapid entries into the growing
class of the bisanthraquinone natural products exemplified by
2,2-epicytoskyrin A &) and rugulosin Zb) and their precur-
sors. Due to the rather strict stereochemical requirements of the
initial dimerization step, however, this cascade failed to deliver
cytoskyrin A (La), and, although successful in delivering the
reported structure of rugulir8), it only proved that the latter
was erroneous. The true structure of rugulin, therefore, remains
a mystery. These shortcomings notwithstanding, the reported
chemistry provides an example of aesthetically pleasing cascades
orchestrated by the simplest of reagents (i.e., MERN, CSA).
Furthermore, besides being efficient, these high-complexity-
yielding processes are both economical and environmentally
friendly, for they require minimal amounts of reagents and
solvents.
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