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Abstract: A unified synthesis of several quinone sesquiterpenes is described herein. Essential to this strategy
is a novel radical addition reaction that permits the attachment of a fully substituted bicyclic core 16 to a
variably substituted quinone 10. The addition product 15 can be further functionalized, giving access to
natural products with a high degree of oxygenation at the quinone unit. The quinone addition reaction is
characterized by excellent chemoselectivity, taking place only at conjugated and unsubstituted double bonds,
and regioselectivity, being strongly influenced by the resonance effect of heteroatoms located on the quinone
ring. These features were successfully applied to the synthesis of avarol (1), avarone (2), methoxyavarones
(4, 5), ilimaquinone (6), and smenospongidine (7), thereby demonstating the synthetic value of this new
method.

Introduction

Marine natural products exhibit an impressive array of
structural motifs, many of which are derived from biosynthetic
pathways that are exclusive to marine organisms. In addition,
some marine metabolites possess remarkable biological activities
whose potential benefit extends beyond the marine ecosystem
and embodies the development of new antifungal, anticancer,
and/or antiviral agents Among the many marine compounds
of biological and structural interest is a family of quinone
sesquiterpenes best represented by avdigl &varone 2),2
nakijiquinone A @),2 methoxyavarones4( 5),* ilimaquinone
(6),° and smenospongidin@)¢ (Figure 1).

From a structural standpoint, all these marine metabolites are
composed of drans-decalin ring, varying only at the relative

HO
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Figure 1. Selected members of the family of quinone sesquiterpenes.

7: R=HNCH,CH,Ph
smenospongidine

position of the double bond at the C4 carbon, and decorated at
the C9 position with a variably hydroxylated, or heteroatom-
substituted, benzoquinone substructure. Interestingly, this ubig-
uitous structural motif translates to a variety of biological
properties that are often unigue to each family member. For
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reverse transcriptageyhile their methoxylated relativesand s (=350 nm) |-
5 are reported to have tyrosine kinase modulatory propefties. N —-(—:O—-> [R ] o=<;>=o
On the other hand, the strong antiviral, antimitotic, and o\n/R T2

o)

8

example, avaroll) and avarone?) were shown to inhibit HIV-1 (1

antiinflammatory activities of ilimaquinones)® may be con-
nected to its ability to promote a reversible vesiculation of the
Golgi apparatus and interfere with intracellular protein traffick- l 8

ing.? Furthermore, the most recently identified member of this o
family, nakijiguinone A @), was reported to have excellent PYS ~ Py
activity as an inhibitor of theerbB-2 protooncogene that is \:—X -~ ——X
frequently implicated in the development of breast cadter. R R
Although the chemical origins of these biological properties ) 1:)

2

remain obscure, the redox properties of the hydroquinone
quinone system present in all of these compounds may accountigure 2. Radical decarboxylation and quinone addition reaction.
for their diverse medicinal profiles.

Intrigued with the interesting chemical structures and biologi- Peen published. A common characteristic to all these synthetic
cal activities, we sought to design a “unified” synthetic approach Strategies is the assembly of the entire backbone of the molecule
to these quinone metabolites. Central to this strategy is a novelby constructing the C9C15 bond. This is achieved by a
radical-based addition method that serves to connect the decalifeductive alkylation (Li/NH) of a suitably functionalized enone
fragment with the quinone unit. Herein we present the chemo- With an appropriately substituted benzyl bromide. A conse-
and regioselectivity of this reaction, expand upon its concept, duence of this approach is that the quinone unit is attached on
and define its overall scope and limitations. Moreover, we the decalin core relatively early during the synthesis, substan-
demonstrate the synthetic value of this new method with tially restricting access to different natural products from a

enantioselective syntheses of avam|}¢ avarone 2),12 meth- common intermediate. Moreover, due to functional group
oxyavarones4, 5), ilimaquinone 6),13 and smenospongidine  incompatibility issues, the quinone ring has to be introduced as
). an aromatic unit in which the phenolic groups are masked with

Retrosynthetic Analysis and Strategic Bond Disconnec-  robust protecting groups. Consequently, the final deprotection
tions. The combination of a challenging structure and intriguing Steps afford the natural product(s) in rather low yields.
biological applications has prompted several research groups The above observations led us to consider an alternative
to investigate the synthesis of the quinone sesquiterpenes. Indisconnection centered around the formation of the-&156
fact, the first synthetic entry to these compounds, a racemic bond. In principle, this connection could be accomplished by

synthesis of avarond), was reported in the literature in 1982, reacting a C15 carbon-centered radical with a quinone such as
and since then several synthesed 8% 2,15 3,16 and 66 have 10 (Figure 2). The concept of this method, herein referred to as
the radical decarboxylation and quinone addition reaction, is
(7) (a) Muler, W. E. G.; Sladic, D.; Zahn, R. K.; Baler, K.-H.; Dogovic, i i i i i veRl7
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6571. (b) Loya, S.; Hizi, AFEBS Lett199Q 269, 131—134. (c) Schider, and trapping it with quinond0 by a radical-chain proceds.
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1990 2009-2012. (b) Loya, S.. Hizi, AJ. Biol. Chem1993 268 9323 dou_ble bond of the_ semiquinone fr(_)m further attack by carbon

9328. (c) Rangel, H. R.; Dagger, F.; Compagnone, FE&!. Biol. Intern. radicals. A slow oxidation of1or 12in the presence of excess

1997 21, 337-339. ; ; 9
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gqt% (IE Ellisn;ark l\/lZ Malhot&a,él_:eDll 1993 73, ClC_)|7:9—}I?90- (Jb) DJa_lTAOrlﬁ, . A general retrosynthetic scheme based on the above discon-
V. Cell 1997, 91, 617626, (c) Wang, H. Benlimame, N.; Nabi, 1. . nection is shown in Figure 3. Photochemical decarboxylation
Cell Sci.1997 110, 3043-3053. (d) Pds, C.; Chabin, K.; Drechou, A.; of thiocarbonyl derivativel 6 and trapping of the derived C15
Barbot, L.; Phung-Koskas, T.; Settegrana, C.; Bourguet-Kondracki, M. I.; . . . R :

Maurice, M.; Cassio, D.: Guyot, M.; Durand, G. Cell Biol. 1998 142, radical with appropriately substituted quinob@could produce

153-165. (e) Radeke, H. S.; Digits, C. A,; Casaubon, R. L.; Snapper, M. 15. It w X hat further functionalization
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(10) For an interesting account on the synthesis and biological investigation of thlopyrldyl group of15would allow access to all structures of
this natural product, see (a) Stahl, P.; WaldmannAhfgew. Chem1999
38, 3710-3713. (b) Stahl, P.; Kissau, L.; Mazitschek, R.; Huwe, A.; Furet, (16) For other syntheses 6f see (a) Bruner, S. D.; Radeke, H. S.; Tallarico, J.
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11593. S.; Digits, C. A.; Bruner, S. D.; Snapper, M. L. Org. Chem1997, 62,

(11) (a) Miguel del Corral, J. M.; Gordaliza, M.; Castro, M. A.; Mahiques, M. 2823-2831. (c) Poigny, S.; Guyot, M.; Samadi, Nl.. Org. Chem1998
M.; Chamorro, P.; Molinari, A.; Garcia-Cravalos, M. D.; Broughton, H. 63, 5890-5894.
B.; San Feliciano, AJ. Med. Chem2001, 44, 12571267. (b) Molinari, (17) For selected reviews on the photochemical decarboxylation of thiopyridone
A.; Oliva, A.; Aguilera, N.; Miguel del Corral, J. M.; Castro, M. A.; derivatives, see (a) Crich, Bldrichim. Actal987, 20, 35—49. (b) Barton,
Gordaliza, M.; Garcia-Cravalos, M. D.; San Feliciano, Bioorg. Med. D. H. R. Pure Appl. Chem1994 66, 1943-1954. (c) Barton, D. H. R.
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Table 2. Addition of Carbon Radicals to Unsymmetric Quinones

functionalization
of quinone ring
e ——
14: R=H, OH
X=H, OR, NHR, radjcal decarboxylation
and quinone addition
e i
gl LI g
Me' -
me L X

&= O___(
Me O- \ o
(+)17 16 10

Figure 3. Strategic bond disconnections of quinone sesquiterpenes.

Table 1. Addition of Carbon Radicals to Symmetric Quinones
Yield

Entry Quinone  Thiopyridone Product
derivative
1 18a 2
Py
2 18b
3 18c R
O 19 S
(0] [e]
4 18 p,
;00w 0
R
6 18c
O 2 0 2
o

14 'B
15

18b

(o]
Me
9 o 18¢ Me
3

0
10
11

(o]
12
13

4
O
18a Py
18b
R
O 2
18a Py
18b
R
O 28
18a
18b NR

20a:
20b :

24a:
24b:
24c:

26a:
26b :

28a:
28b:

83%
7%

148%

: 88%
22b:

71%

- 46%

7%
69%

47%

81%

70%

84%
75%

Entry Quinone Thiopyridone Products (Yield)
derivative
0, o) o)
1 . 5 e 18a Py e R e
5 3
2 7 18b R PyS
o o) o)
0 31a: 45% 32a: 37%
31b: 42% 32b: 32%
(o] o
3 - 18a Py h R Ph
5 3
4 4 18b R PyS’
o o) e}
3 34a: 39% 35a: 36%
o 34b: 40% 35b: 35%
M a
U™ NA
6 18b
O3
(o] (o]
(o]
’ Py OMe OMe
7 ‘ ~OMe 183
8 5 g 3 18b R PyS
o (o] (o]
%7 38a: 80% 39a: 7%
38b: 68% 39b: 5%
o (o] o
7
OPh P
9 6 A 18a y OPh OPh
s 3z
10 4 18b R PyS
(o] (o] (o]
40 41a: 76% 42a: 7%
41b: 72% 42b: 6%
fo) o (o]
7 SPh Py SPh SPh
1 ¢ 2 18a
5 3
12 ‘ 185 O Py
(o] o (0]
s a4a: 72% 45a: 4%
44b: 69% 45b: 4%
o o (o]
7 _NHAc Py HAc HAc
13 2 18a
& 3
14 i 18b R Py
(o] (o] (o]
46 47a: 48% 48a: 19%
47b: 45% 48b: 15%

Chemoselectivity and Regioselectivity of the Radical
Addition to Quinones. The chemoselectivity and regioselec-
tivity of the radical decarboxylation and quinone addition
reaction were examined with a variety of symmetric and
unsymmetric quinones (Tables 1 and 2, respectively). These
studies were performed with primary (2- phenylethyl), secondary
(cyclohexyl), and tertiarytért-butyl) carbon radicals generated
from precursorsl8a 18b, and 18¢ respectively (Figure 4).

quinone sesquiterpenes. Starting material for this strategy wouldOptimization of the reaction conditions was performed with

then be enond7, which following the necessary functional-

benzoquinonel() as the radical trap. Best results were obtained

izations at the C4, C8, C9, and C10 centers could provide when the thiocarbonyl derivatives were dissolved in dichlo-
thiocarbonyl derivativel6.

romethane together with 3 equiv df9, and the radical
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A N N The regioselectivity of the radical addition increased dramati-
Q s Q Q cally when the reaction was performed with quinones containing
g NTTS NS heteroatoms such &, 40, and43. For example, reaction of

OM o\n/tB“ compoundl8a with methoxybenzoquinones{) afforded dia-
o stereomer88aand38bin 87% overall yield and 12:1 ratio in

18a O 18p O 18c

Figure 4. Structures of thiopyridone derivativd8a 18b, and18c favor of 38a Similar effects were observed in the cases of

quinones40 and43 with both primary and secondary radicals.

decarboxylation was performed at® with two halogen lamps The remarkable regioselectivity of these additions can be
(500 W each). In all cases, the photochemistry was carried out rationalized on the basis of the strong electron-donating effects
until all starting thiopyridone derivative had been consumed Or: thg methboxy-l, phenoxy-, ar:d. th;ophenyl grogp?f,ét%i:a;'shleld
(typically 1-3 h) and the products were purified by chroma- the C4 carbonyl group via a "vinylogous esfcer effecthis .
tography and spectroscopically characteriZedinder these renders the C5 carbon center a better conjugate electrophile,

conditions the addition produc2®a 20b, and20cwere isolated since it isf3 to the most electronicall_y deficient C1 carbonyl
as the corresponding quinones in 83%, 77%, and 48% yieldsgrOUp' Consquently, the preferred site for new ca.mut.)on
respectively (Table 1, entries—B)2! Similar yields were bond formation is the C6 atom. As expected, the ratio of isomers

obtained with naphthoguinon@1) (Table 1, entries 46) and 47:48is significantly decreased with the weak electron-donating

suggested that this reaction is synthetically useful in the case""CTe_th""m'Olt()e functlor;ghty loquumon%das the dlrectllng gr?up_.
of both primary and secondary carbon radicals. e above studies led Us to draw several conclusions

L . o regarding th nd limitations of the radical rboxyl-
The chemoselectivity of the radical addition was explored €9a ding t € scope a d tatio 150 the radica deca. boxy
. ) : ation and quinone addition reaction that are summarized as
with quinone23, 25, and27 as radical traps. In all these cases ) . .
- . follows: (a) both primary and secondary carbon radicals can
the only isolated products were formed from the reaction of

radicals with conjugated and unsubstituted double bonds. This be trappe_d with a _vanety of qw_none.s giving rise to add|_t|_on
. . : . . products in synthetically useful yields; (b) the quinone addition
chemoselectivity may explain why quinoB@did not participate : . .
: L2 . . is chemoselective and takes place only at conjugated and
as a radical trap in this reaction. In this case, the rearrangement . ) . R
. . . unsubstituted double bonds; and (c) the radical addition is

product of the corresponding thiocarbonyl derivative was

isolated as the sole produ. strongly influenced by the resonance effegt (vmylpgous e;ter
effect) of heteroatoms located on the quinone ring. Having

To define how alkyl or heteroatom groups on the qUINONE efineq the chemo- and regioselectivity issues of this reaction,
trap affect the regiochemistry of the radical addition, we tested we sought to validate its synthetic utility by applying it to a

the reactivity of unsymmetrlcally sybstltuteq quinones. These “unified” synthesis of several members of quinone sesquiter-
results are shown in Table 2. Trapping of radicals with quinones j s

30and33occurred at the nonsubstituted double bonds and gave’ ., Synthesis of Avarol (1) and Avarone (2).Our

rise to addition products in good overall yields. As expected, synthetic approach toward the core fragment of avaphad
quinone36 was not reactive under these conditions, reinforcing avarone 2) began with enantiomerically enriched ench

the previously drawn conclusion that the double bond needs to,, i \as readily available through.gphenylalanine-mediated
be unsubstituted at bpth carbon atoms. It was interesting to asymmetric Robinson annulation (665% yield, >95% ee)
observe that the reaction dBawith quinone30 gave rise to (Scheme 1%# Selective protection of the more basic C4 carbonyl

two addition p-roducts31g and 323, isolated in 82% overall 4.5 followed by reductive alkylation of the enone functional-
yleld and a 1.2:1 molar ratio in favor of addu&ta The reaction |ty with a”yl bromide, afforded ketond9in 70% overall y|e|d

of 18b with 30 exhibited comparable regioselectivity, giving  conyersion of ketond9 to silyl ether50 was accomplished
rise to product$1band3zb (74% overall yield and 1.3:1 ratio). ;5 3 sequence of three steps including ozonolysis of the terminal
In both cases, the major products had the carbon ra_dlcal attachedyq pje bond, reduction of the resulting aldehyde, and selective
at _the <5 cz_;\rbon center, para to_ t_he alkyl subs_n_tuent of the silylation of the primary alcohol (64% combined yield). The
quinone. This modest regioselectivity of the addition may be g yatone functionality that also suffered reduction during the
explained by the weak, but not negligible, electron-donating 5,6 procedure was subsequently restored upon treatment with
effect of the methyl group, which increases the electron density Dess-Martin periodinane (87% yield§ Functionalization of
s carbonyl_ group. The C1 carbo_nyl grouBofis then the G stereocenter was achieved by Wittig olefination, followed
more electron-def|0|ent,_ thereby rendering more favorable the by a Pd-catalyzed hydrogenation of the resulting exocyclic
attack of the carbon radicals on fiscarbon center (C5 carbon). — athyiene unit. This procedure installed the methyl group at
A similar trend of regioselectivity was observed with quinone the C8 carbon in an 8:1 ratio in favor of the desifepimer
33and may also be attributed to a weak electron-donating effect ;4 g50t combined yield. These stereoisomers were easily

of the phenyl group. separated after fluoride-induced deprotection of the silyl ether

20 F ot — p 4 charactoration data. of all functionality, furnishing alcohdb2in 75% overall yield (starting
or complete experimental procedures and characterization data of a . .
compounds, including copies &f and3C NMR spectra, see Supporting  110m 50). Acid-catalyzed deprotection of the C4 ketal 2

Information.

(21) Thermal decarboxylation of thiopyridone derivativiE3a—c can also be (23) The “vinylogous ester” effect of alkoxy groups in benzoquinone and related
employed as an alternative to the photochemical treatment, by heating a compounds has been explored in regioselective Biglder reactions. For
toluene solution of these compounds in the presencEofn this case, selected reviews on this topic, see (a) Oppolzer, WCbmprehensie
however, the addition produc0a—c were isolated in 6635% yields. Organic SynthesijsTrost, B. M., Ed.; Pergamon Press: Oxford and New

(22) In the absence of any radical trap, decarboxylation of a thiopyridone York, 1991; pp 315399. (b) Woodward, R. B.; Katz, T. JTetrahedron
derivative produces the corresponding thioether of generic structu®PR. 1959 5, 70—-89.

This compound, referred to herein as rearrangement product, is the major (24) Hagiwara, H.; Uda, HJ. Org. Chem1988 53, 2308-2311.
side product of this reaction and accounts for the remaining of the mass (25) (a) Dess, D. B.; Martin, J. . Am. Chem. Sod.99], 113 72777287.
balance. (b) Ireland, R. E.; Liu, LJ. Org. Chem1993 58, 2899.
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Scheme 1. Total Synthesis of Avarol (1) and Avarone (2)2
0 c[)\'o
e (c) O,; LiAIH
“ (@) (CH,OH),, H* ‘ (d) TIPSOTY
—_—
Y (b) Li, NH,, (¢] o F! (e) Dess-
Me CH,=CHCH,Br Me" = Martin
(+)17 (70%) ( (65%)
(>95% ee) 4
(9) H,, Pd/C
(i) 0.1N HCI (h) TBAF*THF
B E——
(93%) (8:1 ratio at C8)
(84%)
OTIPS
50:X=0
(f) E 51: X= CH2
(n) DCC,
H
(91%)
@0_ /@ A
(57)

hv
(81%)
_ 58
(p) Raney® Ni (q) MnO,
(84%) (97%)

aReagents and conditions: (a) 1.0 equiv of ¢CH),, 0.1 equiv of
TsOH, 80°C, benzene, 12 h, 90%; (b) 5.0 equiv of Li(0), &yH-80 to
—30°C, 1.0 equiv of HO, 5.0 equiv of CH=CHCH,Br, —80 to—30 °C,
5 h, 78%; (c) Q, CH,Cl,, —78°C, then 3.0 equiv of LiAlH, EtO, 0 to 25
°C, 1 h, 65%; (d) 1.0 equiv of TIPSOTHf, 1.3 equiv of 2,6-lutidine, £CH},
—80°C, 0.5 h, 98%); (e) 1.6 equiv of Des#lartin periodinane, CkCly, 1
h, 25°C, 87%; (f) 3.0 equiv of CEPPhBr, 2.5 equiv of NaHMDS, THF,
65 °C, 10 h, 89%; (g) 0.1 equiv/weight of Pd/C (10%), I€H:CO.EL, 25
°C, 12 h, 95% (8:1 ratio at C8); (h) 1.3 equiv of TBAHF (1 N), THF,
25°C, 0.5 h, 100%; (i) 0.1 N HCI, THF, 3 h, 28, 93%; (j) 3.0 equiv of
CHsPPhBr, 2.5 equiv of NaHMDS, THF, 68C, 10 h, 91%,; (k) 0.01 equiv
of I, xylenes, 150C, 12 h, 89%; (1) 1.2 equiv of DessMartin periodinane,
CH.Cly, 1 h, 25°C, 90%; (m) 2.0 equiv of NaCl§ 2.0 equiv of NaHPQy,
2.0 equiv of CHCH=C(CH),, tBUOH/H,O 2/1, 25°C, 1 h, 90%; (n) 1.0
equiv of 56, 1.0 equiv of57, 1.0 equiv of DCC, CKCl,, 12 h, 25°C,
(dark), 91%; (0) 3.0 equiv df9, CH,Cl,, hv (2 x 500 W), 2 h, 0°C, 81%;
(p) Raney Ni (excess), Gi€l,, 45°C, 10 min, 84%; (q) 5.0 equiv of MnQ
Et,0, 25°C, 0.5 h, 97%.

gave rise to ketong3in 93% yield, which after a second Wittig
methylenation provided the exocyclic alkebéin 91% yield.

Compoundb4 has the desired functionalities and stereochemistry
encountered in the structure of all quinone sesquiterpenes and

Scheme 2. Total Synthesis of C19-Methoxyavarone (5)2
e e

(a) OMe
79
o} o}
(37) 75

"-_l;l o}
15
N\ h (-coy 7\ ’5

p— (78% ) Q— S OMe

58 o)
C,o OMe: C,;0Me
=74: 1 61a

(b)
Raney® Ni

Me 15 -~
16 (79%)
18 78
0" 79 HO™ 9
OMe OMe
5 62a

C19-methoxyavarone

a2 Reagents and conditions: (a) 3.0 equiv3df CHxCl, hv (2 x 500
W), 2 h, 0°C, 84%,61a61b = 14:1; (b) Raney Ni (excess), G8l,, 45
°C, 10 min; then air [O], 79%.

is defined as the most advanced common intermediate for our
synthetic ventures.

For the synthesis of avarol and related natural products, the
exocyclic double bond 054 was isomerized to produce the
more substituted alker®5, which, after a two-step oxidation
involving Dess-Martin periodinane and sodium chlorite, pro-
duced the desired carboxylic adé in 81% overall yield. The
stage was now set for the attachment of the aromatic residue
on the decalin ring. This was accomplished by DCC-induced
esterification of56 with commercially available 2- mercapto-
pyridineN-oxide G7), furnishing the photolabile est&B (91%
yield). Light-induced decarboxylation of estf$in the presence
of benzoquinonel9 (3.0 equiv), under identical experimental
conditions as optimized during our model studies, produced the
substituted quinoné0 in 81% vyield. Similar to our previous
mechanistic hypothesis, the formation of compo60dnay be
rationalized by considering an initial formation of a semiquinone
adduct that epimerizes to hydroquino® and is further
oxidized in situ with exces$9.26 At this point, brief treament
of 60 with Raney nickel produced synthetic avart) {n 84%
yield. Consequently, avaron&)(was produced fronil via
heterogeneous oxidation with Ma@ 97% yield (Scheme .

Total Synthesis of C18- and C19-Methoxyavaroneslhe
structure of C19-methoxyavaroné)(is highlighted by a
benzoquinone unit in which a methoxy functionality is attached
para to the decalin core. This regiochemistry suggested that
compound5 can be constructed via a radical decarboxylation
and quinone addition reaction with methoxybenzoquin@& (
as the radical trap. This synthetic effort is summarized in Scheme
2. Thiopyridone derivativé8 underwent photoinduced decar-
boxylation in the presence of quinoB&to produce compound

(26) Compound9was independently produced by reductio®0fvith Na,S,04
and was quantitatively reoxidized 6® upon treatment with benzoquinone
(19).
(27) Synthetic avaroll) and avarone2) were spectroscopically and analytically
identical to the natural compounds, provided to us by Professor D. J.
Faulkner (Scripps Institute of Oceanography). See also Supporting Informa-
tion for more details.

J. AM. CHEM. SOC. = VOL. 124, NO. 41, 2002 12265



ARTICLES Ling et al.

Scheme 3. Total Synthesis of C18-Methoxyavarone (4)2 Scheme 4. Synthesis of llimaquinone (6) and Smenospongidine
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C18-methoxyavarone (65%)
a2 Reagents and conditions: (a) 5.0 equiv of MeONa (0.5 M in MeOH),

THF, —20 °C, 2 h; then aqueous NiEI, AcOEt, 5.0 equiv of Mn@, 25 O ®
°C, 1 h, 76%,61a61b= 1:4.2; (b) Raney Ni (excess), GHI,, 45°C, 10 Me (f) MeO o"éa
min; then 5.0 equiv of Mng 0.5 h, 77%. M i 50

= OMe (72%)
6laas the major isomer together with a small amount of the 2,
C18 methoxy adductlb (61a6lb = 14:1, overall yield of </__\>—s
84%) (for the structure dd1b see Scheme 3). After purification N ssbo

on silica gel,61awas subjected to a reductive desulfurization
with Raney nickel, producing, after a smooth air oxidation,
synthetic C19-methoxyavaronB)(in 79% yield?8

Although the above sequence can also produce C18-meth-
oxyavarone 4) from manipulation of the minor diastereomer
61b, we decided to examine an alternative approach in order to
maximize its formation. With this concept in mind, we turned
our attention to quinong0, an advanced intermediate produced 21 21

(h) PhCH,CH,NH,
NaHCO;, MeOH

~~—

(91%)

during the avarone synthesis. We hypothesized that the C17 o N~_Ph o Somte
carbonyl group 060 is more electronically rich as compared 7 H 6
to the C20 functionality due to the electron-donating effect of smenospongidine ilimaquinone

the thiopyridyl group at C21. By virtue of this effect, the C18 aReagents and conditions: (a) 1.2 equiv of Dertin periodinane
carbon center could be viewed as a better electrophilic carboncp,cy,, 1 h, 25°C, 96%: (b) 2.0 equiv of NaCI© 2.0 equiv of NaHPOy, '

for conjugate additions and could be functionalized with 2.0 equiv of CHCH=C(CH),, tBUOH/H,O 2/1, 25°C, 1 h, 89%; (c) 1.0

methoxide anioi? Indeed, treatment o060 with 5 equiv of
sodium methoxide at20 °C, followed by one-pot oxidation
with MnO,, gave rise to a mixture cdlaand6lbin a 1:4.2
ratio in favor of the desired addu6tlb in 76% overall yield.

equiv of 63, 1.0 equiv of57, 1.0 equiv of DCC, CkCl, 12 h, 25°C,
(dark), 94%; (d) 3.0 equiv df9, CHxCl, hv (2 x 500 W), 2 h, 0°C, 75%;
(e) 5.0 equiv of MeONa (0.5 M in MeOH), MeOH; 20 °C, 2 h; then
aqueous NECI, CH,Cly, 5.0 equiv of MnQ, 1 h, 65% for66b and 16%
for 66a(C19 adduct); (f) 3.0 equiv of MeONa (0.5 M in MeOH), MeOH,
50°C, 1 h; 72%; (g) 1.2 equiv of HCIE(70% aq), THF, 25C, 4 h, 78%j;

Treatment of61b with Raney nickel, followed by Mn©® !
oxidation of the resulting hydroquinone, afforded C18-meth- ghf(yijf’ equiv of PRCECHNH,, NaHCQ (excess), MeOH, 40C, 10 h,

oxyavarone 4) in 77% vyield (Scheme 3§

Total Synthesis of llimaquinone (6) and Smenospongidine  fy|ly substituted decalin core & and 7, was oxidized to the
(7). The chemical structures of ilimaquinone and smenospon- corresponding carboxylic aciB (Dess-Martin periodinane and
gidine differ from those of avarone-like molecules at the position ¢qqium chlorite) in 85% combined yield. Coupling &8 with
of unsaturation of the decalin core and the additional oxygen- g proceeded in the presence of DCC and afforded compound
ation at the C21 centgr of the quinone ring. These is;ues Wer€g4in 94% yield. Light-induced decarboxylation 850 nm) of
addressed as shown in Scheme 4. Alcdilrepresenting the 64 in the presence of excess benzoquinat® produced the

. . . o i . .
(28) Spectroscopic and analytical data of synthetic methoxyavarbaesl 5 SUb.StItUIed QUIH.OHGS n 705 % yleld’ WhIC.h upon treatment Wlth
were identical to the ones reported for the natural products (cited herein as sodium methoxide at-20 °C afforded quinoné6b as the major
ref 4). See also Supporting Information for more details. product in 65% vyield. Under these conditions the C19-

(29) For a related study on vicinally substituted quinones, see Cox, A. L.; X .
Johnston, J. NOrg. Lett.2001, 3, 3695-3697. methoxylated addu@6awas also isolated as a minor product
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(16% vyield) and was chromatographically separated from desiredradicals are trapped by a quinone trap, giving rise to addition
compoundé6h. products in good to excellent yields. This addition reaction is
Next task was the exchange of the thiopyridyl grou$6b characterized by good chemoselectivity, taking place only at
with a hydroxyl equivalent. Our initial attempts to perform this  conjugated and unsubstituted double bonds, and regioselectivity,
displacement in a direct way, by reactifgb with hydroxide being strongly influenced by the resonance effect of heteroatoms
anion, led to formation of multiple products, arising presumably |4cated on the quinone ring. The synthetic value of this reaction
by reaction of hydroxide anions at both the C18 and C21 centers., .« yemonstrated by the synthesis of selected members of a

Thls_problem was.cwcumver.\ted by_ using a twc_)-step procedure family of quinone sesquiterpenes. Both symmetric and unsym-
that involved reaction dd6b with sodium methoxide at elevated ; : . . .
metric quinones can be used as radical traps and provide facile

temperature (3 equiv of sodium methoxide at°®) to furnish . : .
access to heteroatom-substituted quinone sesquiterpenes. The

dimethoxyquinone?7, followed by selective hydrolysis of the - :
C21 methoxy unit under dilute perchloric acid conditighdt ~ Versatility of our strategy was further expanded by developing

This sequence of reactions gave rise to synthetic ilimaguinone '¢action conditions that allow subsequent oxygenation of the
(6) in 56% overall yield®? Finally, exposure o6 to phenyl- quinone adducts, providing access to complementary oxygenated
ethylamine under basic conditidisfforded synthetic smeno-  Structures.
spongidine 7) in 91% yield (Scheme 4).
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one arising from conjugate addition at the C18 center.
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(33) Synthetic ilimaquinoned) was found to be spectroscopically and analyti- . ) ) )
cally identical to the natural compound, provided to us by Professor D. J. material is available free of charge via the Internet at
Faulkner (Scripps Institute of Oceanography). Spectroscopic and analytical htto://oub
data of synthetic smenospongiding (vas identical to the ones reported p://pubs.acs.org.
for this natural product (see ref 6). See also Supporting Information for
more details. JA027517Q
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