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Abstract: A number of naturally occurring substances, including hamigerans, contain ring systems which
are fused to an aromatic nucleus. A general and streamlined method for the construction of such
benzannulated bi- and polycyclic carbon frameworks has been developed, and its scope and limitations
were explored. On the basis of the photoenolization of substituted benzaldehydes and subsequent Diels—
Alder (PEDA) trapping of the generated hydroxy-o-quinodimethanes, this method was optimized to set the
stage for the total synthesis of several naturally occurring members of the hamigeran class. Specifically,
the developed synthetic technology served as the centerpiece process for the successful asymmetric
synthesis of hamigerans A (2), B (3), and E (7). In addition to the PEDA reactions, several other novel
reaction processes are described, including a high-yielding decarbonylative ring contraction and an oxidative
decarboxylation of a hydroxyl g-keto ester to afford an a-diketone. A number of analogues of these
biologically active natural products were also prepared by application of the developed technology.

Introduction OH O
Br (0]

In the preceding paper in this issteye described a total Me
synthesis of hybocarpone in which a photoenolization/Diels Me
Alder (PEDA) cascade sequence played a pivotal role. Specif- X H\\c
ically, this efficient process provided access to a benzocyclo- \\
hexane derivative which served as a precursor to hybocarpone’s X = H: debromo- X = H: hamigeran B (3)
monomeric unit. The abundance of such structural motifs in hamigeran A (1) X = Br: 4-bromo-
naturally occurring substanceand the need to synthesize them X = Br: hamigeran A (2) hamigeran B (4)
in the laboratory gifted us with an opportunity to explore this
reaction in detail and to apply it, in its intramolecular version, Ho HO
to the total synthesis of hamigerans A, B, and1E4 and 7, X o
Figure 1). Isolated from the poecliosclerid sporig@migera Q OH
tarangaensiBergquist and Fromont (family Achinoidae, syn. Me H Me
Phorbasidae) collected at a depth of 30 m near the Hen and w\\“
Chicken Islands off the coast of New Zealand, the hamigerans
contain within their molecular architectures a substituted ben- hamigeran G (5) X=H: g::‘fiozgn E®)
zenoid nucleus which is either fused onto a [4.3.0] or a [5.3.0] X = Br- hamigeran E)

bicyclic system featuring ais junction, three or four contiguous
stereogenic centers, and an isopropyl gralipg, hamigerans

A, B, and C; Figure 1) or appended to a cyclopentane moiety o, jsopropyi residues( 7, hamigerans E; Figure £ It should
carrying three stereogenic centers, a carboxylic acid group, andpe noteq that the absolute stereochemistry of hamigeran A (and
by extension B and C) has been proposed as shown by structure
(1) Nicolaou, K. C.; Gray, D. L. FJ. Am. Chem. SoQ004 126, 607-612.

(2) (a) Kupchan, S.; Morris, S.; Karim, A.; Marcks, @. Am. Chem. Soc. 2 by X-ray crystallographic analyS?S{The bi0|09ical prOpemeS

1968 90, 5923-5924. (b) Moir, L.; Thompson, Rl. Chem. Soc., Perkin  of these compounds range from moderate cytotoxicity against
Trans. 11973 1556-1559. (c) Pessoa, L.; De Lemos, T.; De Carvalho,
M.; Braz-Filho, R.Phytochemistryl995 40, 1777. (d) Takahashi, M.;

Figure 1. Molecular structures of selected hamigerahs7).12

Sachihiko, I.; Takahashi, YBull. Chem. Soc. Jpri98760, 2435-2443. (3) Cambie, R.; Lai, A.; Kernan, MJ. Nat. Prod 1993 58, 940-942.

(e) Nagahama, S.; Iwaoka, T.; Ashitani, Miokuzai Gakkaish2000 46, (4) (a) Wellington, K.; Cambie, R.; Rutledge, P.; BergquistJPNat. Prod
225-230. (f) Jianjun, G.; Guiqui, HPhytochemistryl 997, 44, 759-765. 200Q 63, 79-85. (b) Cambie, R. C.; Richard, C. E. F.; Rutledge, P. S
(g) Parish, E. J.; Miles, H. DJ. Pharm. Sci1984 73, 694—-700. Wellington, K. D.Acta Crystallogr.2001, C57, 958-960.
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Figure 2. General scheme for the synthesis of diverse bicytlefrom
benzaldehyde8 employed in the PEDA cascade reaction via hydroxy-
quinodimethanes.

the P-388 leukemia cells [e.g., 4-bromohamigerarB ICso
= 13.5uM] to strong antiviral activity against herpes and polio
viruses [e.g., hamigeran B), 100% inhibition at 132:g/disk]*
Given their scarcity and biological actions, the laboratory

which took special meaning in the context of hybocarpone
(intermolecular Diels-Alder trapping) and the hamigerans
(intramolecular Diels-Alder trapping). Encouraged by the
success of the hitherto unknown PEDA reaction with a 1,1-
disubstituted olefin (see preceding paper in this is$ue
proceeded to explore the reactivity of a series of activated
dienophiles toward benzaldehydes under photolytic conditions
as shown in Table 1. While the reaction appeared to be quite
general with a variety of substituted benzaldehydes, cyclizing
with olefins such as vinyl ketones, acrylate esters, acrylonitriles,
and acroleins to afford benzannulated systems, it was noticed
that certain dienophiles tended to polymerize rapidly under the
photolytic conditions employed. A systematic investigation of
reaction variables led to the identification of satisfactory
conditions for optimum results. As can be gleaned from Table
2, the effect of common reaction variables on reaction efficiency
was quite pronounced, and yields were improved substantially
from initial attempts (e.g., entries 1 and 2, Table 2). Thus, by

synthesis of these molecules was deemed important. In this papeemploying an excess of the polymerizable dienophiles, perform-

we describe the total synthesis of hamigerand Ar(d2), B (3
and4), and E {), and a number of their analogues, as well as
an investigation of the generality and scope of the photoeno-
lization/Diels—Alder reaction, which facilitated the construction
of the hybocarpone and hamigeran structural métifs.

Results and Discussion

Development of the PEDA ProcessDespite the early
discovery of the photoenolization and subsequent BiAlgler
trapping of o-methylbenzophenone by Yang and Rivase

ing the reactions in dilute toluene solution, and using ordinary
Pyrex vessels (as opposed to quartz glass), these reactions
proceed efficiently as shown in Table 1. It was also found that
in going from the parent 2-methylbenzaldehyd@;(entry 1,
Table 1) to more substituted and electron-rich substrates, the
efficiency of the reaction improved substantially (entries 2 and
3, Table 1). This trend appears to be general across a range of
dienophiles and benzaldehydes as demonstrated by the more
electron-rich substrates corresponding to entries-39,5and
11-15 (Table 1). Aldehydd6 also carries a methoxy substitu-

potential of this process in total synthesis remained, for the mostent ortho to the aldehyde which might stabilize the dienol

part, relatively unexplored. The works of Charlton, Kraus, and
Quinkert are notable exceptions, but do not represent a
systematic study since they pertain to special circumstaénées.

In contrast, the majority of the studies around this so-called
photoenolization process deal with its mechanis®tudies had
shown that dienollO (Figure 2) is a short-lived intermediate
which can either relax back to its ground state (i8.pr be
trapped in a DielsAlder fashion with electron-deficient di-
enophiles, leading to synthetically useful building bloéks'>

It was with this background that we initiated this investigation,

(5) We gratefully acknowledge Professor R. Cambie for communications
pertaining to the hamigerans.

(6) Nicolaou, K. C.; Gray, D.; Tae, Angew Chem., Int. EQ001, 40, 3675~
3678; Nicolaou, K. C.; Gray, D.; Tae, Bngew Chem., Int. EQ®001, 40,
3679-3683. For a recent elegant total synthesis of hamigeran B, see: Clive,
D. L. J.; Wang, JAngew Chem., Int. ER003 42, 3406-3409.

(7) Yang, N.; Rivas, CJ. Am. Chem. Sod.961, 83, 2213.

(8) Charlton, J.; Koh, K.; Plourde, Getrahedron Lett1989 30, 3279-3282.

(9) (a) Kraus, G.; Zhao, Gl. Org. Chem1996 61, 2770-2773. (b) Kraus,

G.; Chen, L.; Jacobson, Bynth. Commuril993 23, 2041-2049.

(10) Quinkert, G.; Stark, HAngew. Chem., Int. Ed. Endl983 22, 647-655.

(11) For an overview of this photoenolization process, see: (a) Sammes, P.
Tetrahedron1976 32, 405 and references therein. (b) Weedon, A. C. In
The Chemistry of Enal&®kappoport, Z., Ed.; Wiley: Chichester, U.K., 1990;
pp 591638 and references therein. (c) Charlton, J.; Alauddin, M.
Tetrahedron1987, 43, 2873-2889 and references therein.

(12) For early examples of the photoenolization/Diefdder reactions with
benzylic ketones, see: (a) Haag, R.; Wirz, J.; Wagnei{dr.. Chim. Acta
1977, 60, 2595-2607. (b) Pfau, M.; Combrisson, S.; Rowe, J.; Heindel,
N. Tetrahedrorl978 34, 3459-3468. (c) Nerdel, F.; Brodowski, \Chem.
Ber.1968 101, 1398-1406. (d) Wallace, T. W. Ph.D. Thesis, University
of London, 1974.

(13) For an early example of photoenolization/Diefdder reactions with
benzaldehydes, see: Arnold, B.; Mellows, S.; Sammes, P.; Wallade, T.
Chem. Soc., Perkin Trans.1974 3, 401—-409.

(14) (a) Charlton, J.; Plourde, G.; Penner,@n. J. Chem1989 67, 1010
1014. (b) Connolly, T.; Durst, TTetrahedron1997 53, 15959-15982.

(15) For a recent review of the Dietd\lder reaction in total synthesis, see:
Nicolaou, K. C.; Snyder, S.; Montagnon, T.; VassilikogiannakisA@gew.
Chem., Int. Ed2002 41, 1668-1698.
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species (e.g.10; Figure 2) and increase the efficiency with
which the fleeting hydroxys-quinodimethane intermediate is
captured?dWe were pleased to find that commercially available
3-fluoro-2-methylbenzaldehyde (entry 10, Table 1) reacted with
methyl vinyl ketone to afford the corresponding bicyclic fluoride

in high yield under the developed photolytic conditions. An
example of a double PEDA reaction is also included in Table
1 (entry 17) in which a pentacyclic benzenoid system was
produced, albeit in low yield. It should also be noted that several
of the reported PEDA reactions represent new ground since they
involve hitherto unutilized-in-this-process dienophiles such as
cyclopentenone, acrylonitriles, and 1,1-disubstituted olefins,
leading to polycycles, nitrile products, and quaternary centers,
respectively (entries 4 and 17, 7 and 12, and 6, 8, and 14, Table
1).

In further investigations, attempts were made to employ the
NarasakaMikami catalyst [R)-BINOL)]TiCl,!® to obtain
PEDA products enriched in one enantiomer. This effort proved
largely unsuccessful, although at relatively high catalyst loading,
measurable ee’s could be obtained (e.g., entry 1, Table 3). Given
the fleeting nature of the hydroxy-quinodimethane intermedi-
ate, the lack of profound enantioselection in this process is not
surprisingt? Furthermore, the diastereoselectivity observed in
these PEDA reactions is not spectacular either, with the ratio
betweenendoandexoDiels—Alder products ranging between
1.5:1 and 8:1 (see Table 1).

The PEDA method is not without limitation. Thus, electron-
withdrawing groups on the aromatic nucleus block the produc-

(16) Mikami, K.; Motoyama, Y.; Terada, MJ. Am. Chem. Sod994 116,
2812-2820.
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Table 1. Benzannulation by Intermolecular Diels—Alder Trapping of Hydroxy-o-quinodimethanes Generated via Photoenolization (see
Figure 2)2
Entry Aldehyde Dienophile Product t[h] Yield[%]] Entry Aldehyde Dienophile Product t [h] Yield[%)]
o o oH o] OH O
H O < K
A ‘u\ b H .‘\U\
1 H | ©© 14 53° |10 | 2 92
Me F F
12 13 24 25
oH MeO O MeO OH O
Me O (o} Me 2 o] Me " 0 Me H "‘u\H
2 H (u\ .“u\ 8 720 11 H 2 93
| MeO Me | MeO
Me Me Me MeO MeO
14 15 16 26
MeO O [o] MeO OH O MeO O
H J CN
Me H Me W Me H
3 | 4 89 |12 I 6 53°
MeO Me MeO MeO Me
MeO MeO MeO Me MeO
16 17 16 27
%,
MeO O MeG. OH O
Me " 9 Me “\U\OMe
8 71§13 OMe 4 84
MeO Me l MeO
MeO 46 MeO o5
MeO O
Me
5 82 |14 H 82
MeO Me
MeO
16
MeO O o MeO HO Me O MeO O
Me Me X " Me
6 H Me\n/l(H 2 89 |15 3 8
MeO Me MeO MeO Me
M MeO MeO
0 4 20 16
MeO O MeO OH o oH ©
Me H CN Me ‘\\CN o H \IL
7 "/ 2 75 |16 H OFt “Nogt 16 53
MeO Me MeO " |
MeO Me ¢
16 o 21 12 31
MeO O MeO Ho Q OH o
, H ‘&'—OMe e o)
4 83 H
Me 17 2 16
Me
HO
07 'H
[o}
32 33
3 84° [Products were obtained as separable mixtures of
diastereoisomers. Major product shown, all products were
racemic. See footnotes for product ratios.)

a o-Alkylbenzaldehyde (0.52 mmol) and olefin (4-20 equiv) were dissolved in deoxygenated toluene (0.03 M) in a Pyrex flask and irradiated at ambient
temperature (reactions warmed on irradiation) with a 450 W Hanovia lamp at a distance of 5 cm. Produadtiesd as follows by entry number: (1)
ca. 4:1, (2) ca. 4:1, (3) ca. 3:1, (4) ca. 8:1, (5) ca. 12:4:1, (6) ca. 6:1, (7) ca. 4:1, (8) ca. 2:1, (9) ca. 9:3:1, (10) ca. 8:1, (11) ca. 6:1, (12)X3). &3:1,
2:1, (14) ca. 2:1, (15) ca. 2:1, (16) ca. 1.5:1, (17) ca. 2Rroduct ratio determined by NMR spectroscopy.
tive pathway to annulated systems (an exception to this generalin this reaction. A photocyclization employing a pyridylben-
trend is the moderate success of entry 17, Table 1). Halogenzaldehyde was likewise unsuccessful. While most of the
and nitro substituents (other than fluorine) were not tolerated activated olefins tested as competent Digldder partners, vinyl

J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004 615
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Table 2. Optimization of the Intermolecular Photochemically 0 H
Induced Diels—Alder Reaction? 0 X Y
N H X PR
MeO O Me O MeO OH O | , I
Me M = W A F Ay YOS
H + OMe hv e = “OMe R ) R 7
n=1,2
MeO Me Meo Me R R/ n=1,2
MeO MeO 34 35
16 A 22
amt of A conen A temp® yield®
entry (equiv) (M) (nm) (°C) solvent (%)
1 2.0 0.2 260 75 benzene 15
2 2.0 0.2 300 75 benzene 28
3 2.0 0.2 300 75 toluene 38
4 6.0 0.02 300 75 toluene 63
5 6.0 0.02 300 45 toluene 70 Figure 3. General scheme for the synthesis of tricy@égrom substrates
6 6.0 0.02 300 45 degassed toluene 83  34via the IMPEDA cascade via hydroxyquinodimethane8s.

a All reactions were performed by irradiation with a 450 W Hanovia
lamp on a 1.0 mmol scal&.Internal reaction temperature. The lower

chemical correlation was carried out to confirm this assumption,

temperature was obtained by increasing the distance of the reaction flaskparticularly because NMR (coupling constant analysis and NOE

from the lamp (3-8 cm).¢ Combined yield of pure compounds. Products
were racemic and obtained as a separable mixture (ca. 2:1) of diastereo
isomers.

Table 3. Effect of (R)-BINOL—TICI; on the Diels—Alder Trapping
of a Photochemically Generated Hydroxy-o-quinodimethane?

data) was inconclusive for several pairs of isomeric products.
The -hydroxy ester31 (entry 16, Table 1) was prepared by
microbial reduction of the correspondifigketo ester using the
fungusMucor racemosyswhich was reported to beynselective

at a level of>99:11%-21 From this whole-cell reduction, a single

Ye 0 i (R)-BINOL-TiCl, I ?H ‘lcj)\ product B1) was isolated whose optical rotation matched with
/C(‘LH + K‘\ _ > /@) the literature valué® This compound was, therefore, taken to
Me Me hv Me be thesynisomer. The producBl obtained by the PEDA
14 15 reaction (entry 16, Table 1) proved identical to the microbial
amt of reduction product byH NMR and*3C NMR spectroscopy (OH
(R)-BINOL-TiCl, temp ee’ time yield and electron-withdrawing grougynto each other). As can be
entry (equiv) (0 (%) ) (%) seen from Figure 2, theynisomer is the one which arises from
1 0.75 —40 25 12 30 endo approach of the dienophile onto the hydrasegruin-
g 8'28 _42% <g éz fsg odimethane. On the basis of this result and literature repbrts,

a A solution of aldehydd 4 (0.2 mmol), methyl vinyl ketone (4.0 equiv),
and R)-BINOL—TICl, were cooled to the indicated temperature and
irradiated (450 W Hanovia lamp) in deoxygentated toluene. Workup and
chromatography gave puli& along with significant amounts of recovered
starting matieral® The enantiomeric excess was measured by chiral HPLC.
The absolute configuration was not determin€80% recovered starting
material.d 50% recovered starting material.

the major reaction products were assigned asyineliastereo-
isomers.

Intramolecular Trapping of Photochemically Generated
Hydroxy-o-quinodimethanes.As seen in Figure 3, a powerful
extension of this benzannulation methodology would be its
intramolecular variant (IMPEDA). No example of IMPEDA
reaction involving an all-carbon tether between the reacting

sulfones and vinyl phosphates failed to give more than trace functionalities (e.g.34; Figure 3) had been reported at the outset
amounts of PEDA products. Interestingly, while methyl acrylate of this work, and it was clear that the successful implementation
(entry 13, Table 1), methyl methacrylate (entry 14, Table 1), of such synthetic technology would provide a useful entry into
and 3-penten-2-one (entry 5, Table 1) all reacted with substituted complex polycycles of the general for86.22 To ascertain the
benzaldehydd 6 in high yield to give the expected products, viability of this proposal, we proceeded to access the requisite
the reaction proved very poor with methyl crotonate (entry 15, photocyclization precursod6a—f, 47a—f, 48a—f, and52—54
Table 1)} via a general and efficient route (Schemes 1 and 2). Thus, the
It has been determined that th®-dienol9 (Figure 2) is not hydroxy aldehyde’d 37—39 (Scheme 1) were protected as their
important in the Diels-Alder chemistry because it can rearrange dithiane derivatives (BfOEL, 1,3-propanedithiol, 9695%
directly back to the starting materi8l by a 1,5-H shift (the yield) and subsequently oxidized with IBX to deliver the
(E)-dienol has some small barrier to this rearrangem€at). aldehydes40—42 in high yields. The aldehydes so obtained
Given that the dienols which are trapped in the PEDA reaction (40—42) were then reacted with various commercially available
are exclusively of the H)-dienol type and that the reaction phosphonatesA—D; Scheme 1), methylenetriphenylphospho-
proceeds in a concerted fashion, the stereochemistry-determining
facet of this process is thendo or exo approach of the (19) Buisson, D.; Cecchi, R.; Laffitte, J.-A.; Guzzi, U.; Azerad,TRtrahedron
dienophile to the dienol in the transition state (iX0, Figure Lett. 1994 35 3091-3094.

18 R . o ) (20) Abalain, C.; Buisson, D.; Azerad, Retrahedron: Asymmetry996 7,
2).1% While one might assumendo selectivity, a simple 2983-2996.

(21) We gratefully acknowledge Professor D. Buisson for his generous and
timely gift of several fungal and yeast strains used in these experiments.

(17) We suspect that a trace contaminant in the commercial formulation of (22) For a report of an intramolecular photocyclization of a benzaldehyde moiety
methyl crotonate might be catalyzing rapid decomposition of the dienophile with a heteroatom tether, see: Oppolzer, W.; Keller,Atgew. Chem.,
upon photochemical irradiation in this reaction. Int. Ed. Engl.1972 11, 728-730.

(18) Charlton, J.; Plourde, G.; Koh, KCan. J. Chem1989 67, 574-579. (23) Huang, Q.; Hunter, J.; Larock, R. Org. Chem2002 67, 3437-3444.
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Scheme 1. Synthesis of Substituted Benzaldehydes 46a—f,
47a—f, and 48a—f for Intramolecular Photoenolization/Diels—Alder

Reactions?
a. BF;eOEt,, q
J ¥ S

0}
| CH,(CH,SH), S
b. IBX
—_——
OH _0
n

g; :ii ' ° 40: n=3
Sk ! _OEt 41: n=4
39:n=5 ewe K 42 n=5
A:R=H, EWG =CO,Et
a:EWG = COEt,R=H B:R=H EWG = C(O)Me c. NaH, A-D or
b:EWG =C(OMe,R=H |C:R=H, EWG=CN d. "CH,=PPh;" or
c:EWG=CN,R=H D: R = Me, EWG = CO,Et e. K.CO.. F
d: EWG = CO,Et, R = Me o5 I
e EWG=H R=H
f£.EWG,R= —czcH F: )J\'r};:\—OMe
OMe
4 N,

0
f. PhI(OCOCE,), Ci/:\)_
R R
-
F »Z
1 EWG EWG

n

46a-f: n=3 43a-f: n=3
47a-f: n=4 44a-f: n=4
48a-f: n=5 45a-f: n=5

aReagents and conditions: (a) BOE® (1.0 equiv), CH(CH,SH), (1.2
equiv), CHCly, 0 °C, 1 h, 96-95%; (b) IBX (1.5 equiv), THF-DMSO
(1:1), 2 h, 96-95%; (c) NaH (3.0 equiv), phosphonate reag&rtD (3.0
equiv), THF, 2 h; therd0, 41, or 42 in THF, 25°C, 2 h, 80-95%; (d)
CH3zPPhBr (3.0 equiv),nBuLi (3.0 equiv), THF,—20°C, 1 h; ther40, 41,
or42in THF, 25°C, 2 h, 86-93%); (e) KCOs (3.0 equiv), phosphonate
(1.5 equiv), add40, 41, or 42, MeOH, —30 to 0°C, 1 h, 96-93%; (f)
PhI(OCOCE); (2.0 equiv) in degassed MeCMN,0 (4:1), 0°C, 0.5 h,
75—-90%. IBX = 1-hydroxy-1,2-benziodoxol-3f)-one 1-oxide.

Scheme 2. Synthesis of Functionalized Benzaldehydes 52—54 for
Photocyclization?

OH a. TBSCI, Et;N oTBS
OH b. Pd(OAc),, H,0 OTBS
_—
Z o}
o O
M k-0Et
Et0 Yokt c. NaH, A
A
? d. HFepy 0TBS
OR e. MnO, 0TBS
e
Fa O 0
Me OEt Me OEt
::fﬁf':f f. Ac,0, collidine 51
o g. TBSCI,
54:R=TBS imid.

aReagents and conditions: (a) (TBS)CI (3.0 equiviNE(4.5 equiv),
CH.Clz, 12 h, 94%; (b) Pd(OAg)(0.15 equiv), Cu(OAg) (2.0 equiv),
DMA —H,0 (10:1), Q (1 atm), 16 h, 88%; (c) NaH (3.0 equivh (3.0
equiv), THF, G-25 °C; then addb0 in THF, 55°C, 3 h, 89% (3.5:F/2);
(d) HFpy (6.0 equiv), THF, 25C, 40 min, 90%; (e) Mn@ (20 equiv),

CH.Cly, 2 h, 87%; (f) AcO, collidine, 6 h, 74%; (g) (TBS)CI, imidazole,

CH.Cl;, DMAP(cat.), 12 h, 77%. DMA= N,N-dimethylacetamide.

rane, or the Bestmann reag&niF; Scheme 1) to furnish the

desired olefinic product$3a—f, 44a—f, and45a—f in good to

aldehydes were subjected to fast chromatography, affording
substrategl6a—f, 47a—f, and48a—f (see Scheme 1).

Cyclization substrate§2—54 were prepared according to
Scheme 2. Thus, diod9 was protected as a bis(silyl ether)
[(TBS)CI, EN, 94%] and then subjected to Wacker oxidation
[PA(OACc), Cu(OAc)y, HO, O to furnish ketone50 (88%
yield). Horner-Wadsworth-Emmons homologation of this
ketone 60) with the anion derived from ester phosphonoacetate
A proceeded smoothly to afford estet as a 3.5:1 mixture of
E/Z geometrical isomers. The protecting groups were removed
from this mixture B1) by the action of HFpy in THF to afford
a diol which was selectively oxidized at the benzylic position
with activated MnQto give the aldehyde cyclization precursor
52. The remaining free hydroxyl group was protected with
acetate (AgO, collidine) and silyl protecting (TBSCI, imid)
groups to deliver substrat&3 and54, respectively.

With a collection of suitably substituted benzaldehydes in
hand, their photochemical reactions were next investigated.
Thus, with the substrates bearing activated olefins connected
to the aromatic nucleus with a five- or a six-carbon tether (entries
1-13, Table 4), ultraviolet irradiation (450 W Hanovia lamp,
Pyrex filter) at ambient temperature led to a remarkably fast,
stereoselective, and efficient ring closure, furnishing the indi-
cated tricycles56—68 (Table 4) in high yields.

The examples of Table 4 demonstrate the power of this
method in constructing both [4.4.0] (entries4) and [4.3.0]
(entries 5-13) bicyclic systems which are fused onto aromatic
nuclei. Characteristically, the fusion between the two newly
formed rings is exclusivelyrans. Furthermore, the substituents
on the three contiguous centers C-9, C-10, and C-11 asymll
to each other when disubstitutclefins are employed (entries
1-3 and 57, Table 4). The results also demonstrate the
formation of quaternary centers (entries 4, 8, and 13, Table 4).
Limitations of the method include the inability to generate seven-
membered rings (e.g., entry 14, Table 4) even after prolonged
irradiation, and the failure to accommodate unactivated olefins
or alkynes as dienophiles (e.g., entries 15 and 16, Table 4). On
the other hand, the reaction performs admirably well with
substrate55 (entry 13, Table 4) carrying a tetrasubstituted
activated olefin to afford a produc6®) with two adjacent
guaternary centers, one of which carries a methoxy group. One
should also note the tolerance of an acetate or a TBS group
within the substrate (entries 10 and 11, Table 4).

Scheme 3 shows a possible transition state for the IMPEDA
reaction of 52. Among the successful IMPEDA examples,
entries 9 and 12 (Table 4) shed light on the stereochemical
aspects of this process and the possible transition state which
leads to the observed outcome. Thus, whgR52 (E olefin)
was irradiated, thall-synproduct64 (at C-9, C-10, and C-11;
see Scheme 3) was isolated as the major product, with its C-10
epimer [in which the ester group wasti to the neighboring
two substituents §7)] being formed in very small amounts
(>25:1 ratio). Anendoapproach of the dienophile onto the
reactive diene explains this stereochemical result (transition state,
X = COEt, Y = H; Scheme 3). To our surprise, when pire
olefin (2)-52was irradiated under identical conditions, a mixture

excellent yields. The dithiane protecting group was then removed © the same products5(:64 ratio ca. 3:1) was isolated, with

[PhI(OCOCER),, 0 °C, 75-90% yield]?®> and the resulting

(24) Mueller, S.; Liepold, B.; Roth, G.; Bestmann, HS¥nlett1996 6, 521—
522.

stereoisomeB7 (64 inverted at C-10) predominating. Assuming
a concerted mechanism, this observation requiresexm

(25) Stork, G.; Zhao, KTetrahedron Lett1989 30, 287—290.
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Table 4. Synthesis of Tricycles 36 from Substrates 34 through Intramolecular Photoenolization/Diels—Alder Cascade via
Hydroxy-o-quinodimethanes 35 (See Figure 3)2

Entry Aldehyde Product t[min] Yield[%]] Entry Aldehyde Product t[min] Yield[%]

o)
o] o]
O H Me OEt okt
1 H | OEt 45 94 | 8 | 20 92
47a 46d 63
0
o] 0 O H | OEt
OR
47b 9 E-52: R=H 64:R=H 20 94[b!
10 §3: R=Ac 65:R = Ac 20 gt
1 §4: R = TBS 66:R = TBS 20 g3t
.9 OH
" CN A CN o
3 | WH 70 81 Nt g0
12 | gglel
H Me
47c 58 oH
Z-52
0 o)
Me
4 H J °¢ 45 94 o
OsH MeO OMe
13 I 75091
47d Me
OH

0
ik

o

OEt

OEt

14 no cyclization product

20 90

15 no cyclization product

D [4,]
o o
I pu f
F-S
-4
(Y
o o
o
m
S =
o
I
o 3 o
T 1Y
o

IS
o
T

Y

S

)

45 78
no cyclization product

~
O
:: T
o
z
T
o]
/ T
z
>
o)
T
\;

46¢ 62 46f

ao-Alkylbenzaldehydes (0-20.5 mmol) were dissolved in deoxygenated toluene (0.05 M) in a Pyrex flask and irradiated at ambient temperature (reactions
warmed slightly upon irradiation) with a 450 W Hanovia lamp at a distance of 5 cm. Products were obtained as separable mixtures of isomers, the ratio of
which was related to be th&:Z ratios of the starting olefins. All products were racemic. Starting aldehydes and products shown are the major isomers.
b Starting olefinE:Z > 25:1; product, C-10 epimers25:1. ¢ Starting olefin,E:Z > 20:1; product, C-10 epimers ca. 34Starting olefinE:Z 1.2:1; product,
C-10 epimers 2.5:1.
approach (transition state, % H, Y = CO,Et; Scheme 3) of 64. In support of this notion is the fact that the two reaction
the incoming dienophile onto the hydroxyguinodimethane to products64 and 67 do not interconvert under the reaction
explain the formation of the major produ&T from (2)-52, and conditions. Similarly, irradiation of bothzZ-51 and ¢)-52 in
an isomerization of olefin geometry under the irradiation ds-benzene followed byH NMR spectroscopic analysis dem-
conditions to account for the formation of tladl-syn isomer onstrated that olefin isomerization within the starting materials
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Scheme 3. Stereochemical Course of the Intramolecular OH O 0
Photocyclization with a Substituent at C-6 and the Observed CO,Me
cis/trans Isomerization of Reaction Substrate (2)-52 Br. 0O Br L \OH
(o} OH 0O Me C—— Me
Ox H i Me N Me g
| OEt hv? O@ MOEt [Decarboxylation] o
e N )
Me (fast) H2) A\ \
OH [endo] HO_ 3: hamigeran B 2: hamigeran A
E-52 (1)-64 [Photochemical
cyclization}
A
MeO O
I meo_o
hv \Nf hv \T
N Me  Me 7 <{———
/
y Alkylation R Horner-Emmons
71:R=Pr 69: R = iPr
0 72: R = OMOM 70: R = OMOM
O M EtO Figure 4. Retrosynthetic analysis of the hamiger&wnd3 based on the
| intramolecular trapping of a hydroxg-quinodimethane9 or 70).
OH to speculate on the possibility that the entire family of these
Z-52 (£)-67 natural products might arise biosynthetically via interconversion

a|rradiation of E)-52 Leads Predominantly t64 in 94% yield 64:67
> 25:1). Irradiation of Z)-52 Leads Predominantly t67in 89% yield 67:
64 = 3:1).

of a few members. The required cyclization precurstirand

72 (Figure 4) were to be constructed using standard®ond
forming reactions. It was anticipated that much of the chemistry
employed for the synthesis of the IMPEDA methodology

does occur to a significant extent on the time scale of these gypstrates would be directly applicable to the hamigeran
processes. Many of the substrates used in these IMPEDAgynthesis.

reactions were irradiated as mixturesfand Z geometrical
isomers, and in most cases the ratios of the two cyclization
products (C-10 epimers) were similar to the ratios of isomers
in the starting materials. In a few cases [importantly those which
took longer to react, including those of entries 12 and 13 (Table
4)], the products (as determined By NMR spectroscopy) were
slightly, but clearly, enriched in the isomer corresponding to
the endocyclization of theE olefin.

Manual inspection of molecular models confirmed the high
strain associated with both tlexoapproach for thés isomer
[(E)-52] and theendoarrangement for th& isomer [)-52],
precluding formation of tricycles with thegCC;o Synjunction,
which would require such modes of reaction. A final element

of stereocontrol is exerted by whatever substituent is placed at

the homobenzylic position (C-6) along the tether (transition state,
Scheme 3). The product% and 67 were obtained as single
diastereoisomers with the methyl (C-9) and hydroxymethyl (C-
6) groupsanti to one another. The minimization of steric

repulsion between these two groups in the transition state must

An additional cyclization substrate7%; Scheme 4) was
prepared as a model system to explore the IMPEDA approach
to hamigerans. This was to be a demanding test of the IMPEDA
process (vicinal quaternary centers) and an important model
study which would shape the hamigeran synthetic route. The
requisite substrat&5 was prepared as outlined in Scheme 4.
Thus, the previously described ketd®@(Scheme 2) was added
to a solution of the lithium enolate of methytmethoxyacetate
at low temperaturé leading to the tertiary alcohdl3, obtained
as a mixture of diastereoisomers. This crude mixture was treated
with SOCL in pyridine followed by exposure to NaOMe (to
isomerize nonconjugated elimination products), this sequence
affording the tetrasubstituted olefii# as an inseparable mixture
(ca. 1.5:1) of isomers. Exposure of the latt@d)(to HF-py
afforded a mixture of diols (not shown, high yield) which was
subjected to the action of activated Mn@s before to access
the targeted intermediafés (a ca. 1.5:1 mixture oE andZ
isomers, 79% for two steps, not separated). Irradiation of this
mixture provided a ca. 1.5:1 mixture of racemic photocyclization

be responsible for the formation of a single product. This products76 and 68 (favoring 68) in 76% yield.

reaction feature raised the possibility of placing a stereocenter

at this site (C-6) and using it to template the formation of the
remaining four stereocenters in an IMPEDA reaction which
would lead to enantiomerically enriched products.

Initial Forays toward the Total Synthesis of the Hamig-
erans. In contemplating potential synthetic routes to the
hamigerans, we focused on utilizing the intramolecular trapping
of photochemically generated hydroryguinodimethane spe-
cies as shown retrosynthetically in Figure 4. The methodological

developments described above set a strong foundation for this
retrosynthetic blueprint. Thus, the hamigeran B series was

envisioned to derive from hamigeran A by a decarboxylation/
oxidation process2— 3, Figure 4). Incidentally, it is interesting

At first glance, this was an excellent result, but, upon closer
inspection of the reaction products, a problem was uncovered.
The surprising outcome of this study was the finding that the
major IMPEDA product wa$8 with the incorrect stereochem-
istry at C-10 (and also at C-5 as expected) irrespective of the
geometrical ratio of the starting materials (i.€5). Despite
numerous attempts to separate EHendZ isomers of the starting
aldehydes and irradiate them separately, the 1.5:1 ratio between

incorrect and correct C-10 isomers in the product was relatively
constant even when the cyclization precurgbwas enriched

(26) Hiersemann, M.; Lauterbach, C.; Pollex,Rur. J. Org. Chem1999 11,
2713-2724.
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Scheme 4. Synthesis of Substituted Benzaldehydes 75 (E and Z
Isomers) and Their Photocyclization to Tricycles 68 and 762

a.i. LDA,
oTBS MeOCH,CO,Me oTBS
OTBS ii. 50 OTBS OMe
—_—
(0] (o]
HO
50 73 OMe
b. SOCI,, py
c. NaOMe
|O d. HFepy OoTBS
OH
OMe e. MnO, OTBS OMe
a0 Foa 0
75 OMe 74 OMe
| £.hv
OH OH
: OMe T co,Me
*1CO,Me “MOMe
«Me + ~Me
HTe ) H7Ye )
HO HO
+)-76 +)-68
®) 76:68 ca. 1:1.5 *)

aReagents and conditions: (a) MeOgIO,Me (9.0 equiv), THF~78
°C; then add LDA (8.0 equiv) over 2 h; then af@lin THF over 2 h,—78
to 0°C, 2 h, 90%, mixture of isomers; (b) GHI,-py (3:1), —50 °C; then
add SOd] (10.0 equiv), 15 min~50 to —20 °C, 2 h, 90%, mixture of
isomers; (c) NaOMe (2.0 equiv) in MeOH, 5C, 4 h, 85% (1:1.52/Z
mixture, unassigned); (d) Hpy (2.0 equiv), THF, 23C, 40 min.; (e) MnQ
(20 equiv), CHClI,, 25°C, 2 h, 79% for two steps; (fv, 450 W Hanovia
lamp, Pyrex flask, toluene, ambient temperature, 1 h, 76%. ED&hium
diisopropylamide.

the expected incorrect stereochemistry at the benzylic position
(C-5) was considered to be correctable via epimerization due
to its potential to be activated under basic, radical, or acidic
conditions, coupled with the usual preference for hydrindanes
to adopt acis ring junction. The designed substra®&sand72
(Figure 4) were destined to be derived from a common
intermediate (i.e.80) as shown in Scheme 5. For the isopropyl
substrate (i.e.71), the commercially available racemic epoxide
(£)-78 was utilized as a suitable precursor, whereas, for the
protected alcohol substrate (i.82), enantiomerically enriched
(>99% ee) epoxideS)-78 (obtained via the Jacobsen hydrolytic
kinetic resolution method employing th§ $)-cobalt catalysg/

was required (vide infra). Thus, to a solutionteft-butyl amide

77 (Scheme 5) was added 2 equivtuLi (—78 — —20 °C)

to form the deep-red dianion which opened terminal epoxide
(£)-78or (9-78 at —78 °C, leading to a secondary alcohol in
69% vyield (Scheme ¥ Following crude chromatographic
purification, this product was heated in benzene in the presence
of p-TsOH, causing expulsion of the amide nitrogen moiety by
the free secondary hydroxyl group and closure todtactone
(£)-79 or 79 in 91% vyield. The latter compound4{)-79 or

79] was then reduced with LAH, leading to the corresponding
diol, which was selectively monosilylated [(TBS)CEN, 89%
yield] to afford the desired common intermediat®-80or (—)-

80. For the series bearing the isopropyl group prior to photo-
cyclization, the more accessible racemic compound was ex-
ploited since the integrity of the stereocenter would be lost in
the oxidation step. Thus, the free alcohol withih){80 was
oxidized (SQ-py—DMSO, 94% vyield) to afford ketond1,
which served as a substrate for the installment of the isopropyl
group. The addition ofPrMgCI to ketone81 did not occur
without prior addition of CeGlto the Grignard reagent to
generate the less basic cerium speéieghich smoothly reacted

in one or the other geometrical isomer. The outcome of these ith the substrate to afford, in 94% yield, tertiary alcoBal

experiments might be explained B/Z isomerization of the
starting material in a fashion similar to what was observed for
(2)-52 (Scheme 3). This proposal, however, remains unsub-

Elimination of the tertiary hydroxyl group from the latter
compound 82) was accomplished in a regioselective fashion
by the action of SOGLpy at —50 °C, leading primarily to a

stantiated because we were unable to cleanly separate th%ingle diene (not shown, 80% yield;10:1 ratio with the

isomers of75 (Scheme 4), and because an additional pathway

for C-10 epimerization was subsequently discovered (vide infra).
Despite the failure of the first model study to deliver the

desired product, the attractiveness of the IMPEDA methodology

alternate geometrical olefin isomer), which was subjected to
Wacker oxidation to afford the expected methyl ket@&3ein
81% yield. Hydrogenation ()1 10% Pd/C) of the remaining
double bond in the latter compound proceeded smooth®bPo

was too good to abandon, particularly as it appeared ideal for yie|q) and the material thus obtained was homologated employ-

the benzannulated carbocyclic framework found within the
hamigeran structures (e.@+4; Figure 1). The looming obstacle

ing standard conditions [(Me@B(O)CHCO,Me—NaH]. This
treatment afforded est@4 as a ca. 3.5:1 mixture of olefinic

to reaching the hamigerans appeared to be the correct settingsomers (94% combined yield). Desilylation of this substrate
of the relative stereochemistry at the contiguous stereocenters(84) was accomplished by careful treatment with-BiFin THF
situated at C-6, C-5, C-9, and C-10. In a new attempt to solve (25 °C, 40 min). The final operation in accessing the targeted

this problem, two cyclization precursors were designed, one in
which the isopropyl group at the C-6 position of the targeted
structure71 (Figure 4) was already installed, and another in
which this position was occupied by a protected oxygen
functionality (72, Figure 4) which could serve as a handle to
introduce the obligatory isopropyl group after cyclization, the
latter functionality providing the flexibility for epimerization

at C-5 at some later stage. Priority was given to the C-5 position
in light of the results in Table 2 (all compounds have the
undesiredrans Cs-Cq junction). Establishing early on theans
relationship between the C-6 isopropyl group and the C-9 methyl

photocyclization precursatl (Scheme 5) was a facile benzylic
oxidation initiated by exposure of the latter compouB#) (to
SO;-py—DMSO (high yield). Pleasantly, the planned photocy-
clization occurred as expected, and the tricyclic sys8ééwas
obtained in 91% yield when benzaldehyte(Scheme 5) was
irradiated in deoxygenated benzene solution (450 W Hanovia
lamp, Pyrex filter). All stereocenters were formed as single

(27) O'Neil, I.; Cleator, E.; Southern, J.; Hone, N.; TapolczaySipnlett2000
5, 695-697.

(28) Watanabe, M.; Sahara, M.; Furukawa, S.; Bilodeau, R.; Snieckus, V.
Tetrahedron Lett1982 23, 1647-1650.

substituent was a necessity because these two positions appeardé?) (@) Imamoto. T, Takiyama, M., Nakamura, K.; Hatajima, ¥, Kamiya, Y.

to be inert (toward a possible subsequent correction). In contrast,

620 J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004

. Am. Chem. Sod 989 111, 4392-4398. (b) Takeda, N.; Imamoto, T.
Org. Synth.1999 76, 228-238.
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Scheme 5. Synthesis of Racemic Aldehyde 71 and Its
Photocyclization to 862

a. tBuLi, TMEDA,
OMe O (£)-78 or (S)-78 OMe O
NH@Buy b.p-TsOH 0
e
Me Me
77 (*)-79
(+)-79
o) _ H,0 o, c. LAH
NS = N AP d. TBSCI
(£)-78 Jacobsens cat® (.78 (99% e.e.)
OMe OTBS OMe OTBS
e. SO,epy-DMSO
B e ]
Me ~ [with ()-80] Me N
81 O HO™
(+)-80
-)-80
f. iPrMgCI-CeCl, ¢
OMe OTBS OMe OTBS
g. SOCl,, py
h. Pd(OAc)z- H,0
o)
Me I
83
[single isomer,
geometry unassigned]
i. PdIC, H,
j. H-W-E
OMe OH O

(I o™
Me
N0

\\‘

86

[ca. 3.5:1 ratio of
C-10 isomers]

[3.5:1 E:Z ratio]

84: X =CH,0TBS —
85: X =CH,0H ——
71: X=CHO «——

k. HFepy
I. SOzepy

aReagents and conditions: (@uLi (2.2 equiv), TMEDA (2.0 equiv),
—78t0—20°C; then &)-750or (S-75 (1.0 equiv), THF,—78 to 0°C, 2 h,
69%; (b)p-TsOH (2.0 equiv), toluene, reflux, 2 h, 91%; (c) LIAJH2.0
equiv), THF, 25°C, 0.5 h, 91%; (d) (TBS)CI (1.1 equiv), £t (2.0 equiv),
12 h, 89%; (e) S@py (3.0 equiv), EN (6.0 equiv), DMSG-CH.Cl, (1:
1), 0°C, 2 h, 94%; (f)iPrMgCl (2.0 equiv), CeGl(2.0 equiv),—78 to O
°C, 1 h, 94%; (g) CHCl>-py (3:1), —50 °C; then add SOGI(10.0 equiv),
—50t0—20°C, 0.5 h, 80%; (h) Pd(OAg)0.1 equiv), Cu(OAg)(2.0 equiv),
DMA—H,0 (10:1), Q (1 atm), 16 h, 81%; (i) 10% Pd/C, H1 atm),
NaHCG; (solid, 5.0 equiv), EtOAc, 2 h, 95%; (j) (MegR(O)CHCOMe
(3.0 equiv), NaH (3.0 equiv), THF, 6T, 3 h, 94% (mixture oE/Z isomers,
ca. 3.5:1); (k) HFpy (2.0 equiv), THF, 25C, 10 min, 91%; (I) S@py
(3.0 equiv), E4N (6.0 equiv), DMSO-CH,CI; (1:1), 0°C, 2 h, 88%; (m)
hv, 450 W Hanovia lamp, Pyrex filter, benzene, 20 min, 91%. MGM
methoxymethyl, and HW—E = Horner—Wadsworth-Emmons reaction.

isomers except for the expected mixture at C-10 (ca. 3.5:1 ratio),

which arises as a consequence ofi& mixture in the starting
material 71.

With the entire hamigeran ring framework in place in
compoundd6, we were now in a position to address the issue
of C-5 stereochemistry and the final functional group manipula-

tions required to arrive at the targeted structures. The next

Scheme 6.  Synthesis of the 5-epi-Hamigerans 88—932

a. HCI, MeOH
OMe b. OSO‘. NMO

DMSO

f.i. KOH
ii. nBu,NIO,

91: X =H, R = Me 88: X =H,R = Me

d. BBr. -
3E92:X=H,R=H d'zggPNHEaszxw,R:H
9-NBS|_g3.x=Br,R=H © NBS.Pr 90: X =Br,R=H

[5-epi-hamigeran B series]

2 Reagents and conditions: (a) 1% HCI in MeOH, &5 0.5 h, 90%;
(b) OsQ (0.1 equiv), NMO (3.0 equiv), THFtBuOH-H,O—py (20:20:
4:1), 12 h (a ca. 12:1 mixture of isomers), 92%; (c):59 (3.0 equiv),
EtsN (6.0 equiv), DMSG-CH.CI; (1:1), 0°C, 2 h, 88%; (d) BBg (10.0
equiv), CHCl,, —78 °C, 3 h, 96%; (e) NBS (1.05 equiv)PrNH (0.1
equiv), CHCIl,, 0 °C, 3 h, 90%; (f) (i) KOH, MeOH, 70°C, 2 h; (ii)
nBuwyNIO4 (2.0 equiv), dioxane, 100C, 1 h, 65%; (g) NBS (3.0 equiv),
DMF, 25°C, 3 h, 92%. NMO= 4-methylmorpholineN-oxide, and NBS
= N-bromosuccinimide.

[5-epi-hamigeran A series]

operation was the acid-induced (H&WMeOH) elimination of
water from 86 (Scheme 6), leading to the corresponding
conjugated olefin (95% yield), which was then subjected to
dihydroxylation with NMO-OsQy(cat.) in the presence of
pyridine to afford, stereoselectively, diBF in 92% yield (ca.
12:1 diastereoselectivity). This sequence makes it obvious that
the stereochemistries at C-10 and C-11 in intermedé@igere
inconsequential since both diastereoisomers led smoothly to the
same intermediate olefin. At this stage the benzylic position
within 87 was oxidized with S@py—DMSO, leading to the
expected hydroxy keto est&8 (88% yield) whose methoxy
group was smoothly cleaved through the action of Br-78

°C to afford, in 96% yield, Sepidebromohamigerar89.
Attempts to epimerize compour@® at C-5 as planned under a
variety of conditions failed, however, as did experiments
intended to bring about the same result with some of its
precursors (i.e., the olefinic substrate betw&&rend 87 and

the keto methoxy derivativ@g). With an efficient route to these
compounds, and with an eye for future chemical biology studies,
we proceeded to synthesize a number of hamigeran derivatives,
albeit epimeric at C-5 (Scheme 6). Thus, selective monobro-
mination ortho to the phenolic group iB9 was smoothly
effected by following the conditions described by Kro#in,
which entail the utilization of stoichiometric amounts of NBS
and catalytic quantities 6PNH in CH,Cl, at 0°C. This highly
regioselective bromination furnishedepihamigeran A 90)

in 90% yield. Remarkably, omission of the bader{NH, 5—10

mol %) in this procedure led to a completely random bromi-
nation of the aryl nucleus i89. Additional members of the
hamigeran family were obtained upon exposuré®to base

(30) Krohn, K.; Bernhard, S.; Floerke, U.; Hayat, lN.Org. Chem200Q 65,
3218-3222.
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Scheme 7. Postulated Mechanism for the Photochemically
Induced Isomerization (Inversion at C-10) of Compounds 88 and

[Norrish Type-I
fragmentation]

95

hv
[Inversion]

[93% yield of an
equilibrium mixture
of C-10 epimers

[No epimerization
observed when

free phenol N Me (88:95 ca. 1:3
counterpart of 88 H ratio) when either
was irradiated] \i“ 8§ or ?5 was
94 irradiated]

(KOH—MeOH) followed by treatment withnBusNIO4 in
dioxane at refluX! a sequence that led to diketo8& in 65%
overall yield from88. Cleavage of the methyl ether (BBr78
°C) afforded92, which was subjected to aromatic bisbromination
by employing an excess of NBS in DMF to providespi-4-
bromohamigeran B93) in 94% vyield.

Among conditions which were employed in our attempts to
invert the C-5 stereochemistry, the irradiation of hydroxy keto
ester88is of special interest. Thus, upon exposure to light from
a UV Hanovia lamp in benzene solutiod8 was converted to
an equilibrium mixture of C-10 epimer8§95 ratio ca. 1:3;
see Scheme 7). A likely reaction course for this equilibration
may involve a Norrish type | homolysi&32of the Go-Ci1 bond
to form a fleeting diradical specie84) which can either reclose
back to88 or invert its stereochemistry at the radical center
prior to recombination, which would lead to the formation of
the C-10 epime®5 (Scheme 7). Notably, no epimerization was
observed upon irradiation of compouB8 (Scheme 6), which

OMe O

88 [natural]
19.21 kcal/mol

OMe (:)>\g_

CO,Me
Me

96 [5-epi-]
18.57 kcal/mol

ar)

Me

(o]
97 [natural]
19.65 kcal/mol

Figure 5. Relative strain energies of 6@3s and 6,9transhamigeran-type
structures88 and 96—98. See ref 34 for computational parameters.

98 [5-epi-]
24.72 kcal/mol

positioned very near the aromatic ring in computationally
minimized structures. This alignment is supporteddyNMR
spectroscopic data recorded 88 in which the two methyl
groups are in significantly different chemical environments
(chemical shifts at 1.02 and 0.74 ppm). The close interactions
of the isopropy! group with the tricyclic portion of the molecule
are relieved in the ®pi compounds, which may account for
thetrans-hydrindane being uncharacteristically more stable (by
computation) than the natureis isomer 88 vs 96; Figure 5).
We noted that replacing the isopropyl-group-bearintcspbon
with an sp center (such as a carbon@I7 and98; Figure 5) in
the modeling studies had a rather drastic effect on the energy
difference between theis andtransisomers, with theisisomer
now being highly favoredq7 vs 98; Figure 5). In light of these
computational studies and experimental results, we embarked
on a second approach to the hamigerans which would proceed
through key intermediaté2 (Scheme 8).

The synthesis of the required compouticommenced from
the enantiomerically enriched alcohoet)-80 (ee > 99%) as

has a free phenol. If the proposed mechanism is correct, theshown in Scheme 8. Thus, protection of){80 as its MOM
ketone chromophore plays a central role in this rather unusualether [(MOM)CI, EtNPr,, 83% yield] led to derivatived9,

but potentially useful transformation.

whose Wacker oxidation [Pd(OAg) Cu(OAc), H0, O]

At this stage, we performed molecular modeling and com- furnished methyl keton&00 as the major product (81% yield)
putational studies which indicated that epimerization of com- together with small amounts of the corresponding aldehyde
pounds such a88 (Figure 5) would not be productivi&.At the (9%). Extension of the chain withia0OO was carried out as
same time, these studies suggested that our alternate strategyefore (see Scheme 5), furnishing tBex,S-unsaturated ester
(delay of isopropyl group installation) could be successful. Thus, 101as the major product, together with Egjeometrical isomer
it appears that the isopropyl moiety resides in an extremely in a ca. 3.5:1 ratio and in 94% combined yield. Desilylation of
hindered position. In particular, one of its methyl groups is 101 proved problematic at first, since the olefinic bond was

(31) Santaniello, E.; Ponti, F.; Manzocchi, Petrahedron Lett198Q 21, 2655~
2656.
(32) Barltrop, J.; Coyle, 1. Chem. Soc. [1969 19, 1081-1082.

(33) For recent computational studies on the Norrish type | reaction and further

references, see: (a) Diau, E.; Kotting, C.; ZewailGhemPhysChe2001,
2, 273-293. (b) Diau, E.; Kotting, C.; Zewail, AChemPhysCher2001,
2, 294-309.

(34) The hamigeran diastereoisomeric pairs were modeled with Accelrys Insight

II, 1998. Molecular dynamics calculations were performed with Accelrys
Discover v. 2.98 on a cluster of SGI Origin servers running Irix 6.5. The

relative energies of the diastereoisomeric were computed with the class I

pairwise force field cff91 v. 2.0 (see: Dinur, U.; Hagler A. Reviews in
Computational Chemistry.ipkowitz, K., Boyd, D., Eds.; VCH: New York,
1991; Vol. 2, p 527), with library parameters for bond, valence, torsion,

and out-of-plane terms. A total of 1000 structures were generated within
300 ps at 800 K. They were annealed to 300 K in 5 ps. The structures

found to rapidly deconjugate to iy-unsaturated isome&i03
following removal of the protecting group. The nonconjugated
olefin would not return to conjugation under any of the several
basic or acidic conditions screened. This side reaction, which
was observed to a lesser extent in the isopropyl counterpart of
101, was finally overcome by employing Hpy in THF at
ambient temperature (20 min) for the desilylation step, leading
to the desired benzylic alcoh@bD2in 91% yield. Oxidation of
102 was cleanly accomplished by exposure to the;-$®-
DMSO protocol (92% yield), marking our arrival at the second
photocyclization precursaf2. And, gratifyingly, irradiation of

were further minimized to convergence using a conjugate gradient this substrate under the developed conditions gave cleanly the

algorithm, and the lowest energy structure cluster was selected as the

preferred structure. We thank Dr. C. N. C. Boddy for performing these
calculations.
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expected mixture of C-10 tricyclic epimers in high yield. The
crude product so obtained was then treated with 1% methanolic
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Scheme 8. Synthesis and Photocyclization of Precursor 722 Scheme 9. Correction of the Stereochemistry at C-5 via
OMe OTBS OMe OTBS Egﬁ;}lg?::seollfgémenzanon and Elaboration toward the
b. Pd(OAc),, H,0
—_— OMe o
Z 0 0s0,
Me Me a. 080
RO% MOMO™
a. MOMCI ,: 80: pTsOH: R=H 100 '
99: R = MOM b. i. 2-methoxy- 105:R=H
(> 98.5 % e.e. by chiral HPLC) c. H-W-E Moty ;ZBSH[: 106: R = acetonide
R c.i. DMP
[epimerization at C-5] o
OMe OR ii. DBU
OMe OH d. HF epy MeO._0O S
MeO.__O
PR Me. .~ d. iPrMgCl,
prolonged Me CeCl,
-
Me ' exposure MOMO® -———
- [exo attack]
MOMO 4 HEepy [ 101: R = TBS
103 P L q02:R=H 107
. f. SOCI,, lutidine,
e. SO,epy e EuSih. l -50t0 -20 °C
OMe O , OMe o
f.i. hv, OMe
OMe i. H® OG Me
Me Me ’ Me’
Me H
H
HO'
108 110 (endo, 11%)°
104 72 111 (exo, 6 %)°

aReagents and conditions: (a) (MOM)CI (2.0 equiP:NEt (6.0 equiv),

CH.Cly, 25°C, 12 h, 83%; (b) Pd(OAg)0.1 equiv), Cu(OAg) (2.0 equiv), g. H,, various

DMA —H,0 (10:1), Q (1 atm), 16 h, 81%; (c) (MeQP(0)CH.CO:Me (3.0 catalysts

equiv), NaH (3.0 equiv), THF, 60C, 3 h, 94% (mixture oE/Z isomers, [see Tables]
-

ca. 3.5:1); (d) HFpy (2.0 equiv), THF, 25C, 20 min, 91%; (e) S®py

(3.0 equiv), E4N (6.0 equiv), DMSG-CH,Cl, (1:1), 0°C, 2 h, 92%; (f)

hv, 450 W Hanovia lamp, Pyrex filter, benzene, 25 min; then 1% anhydrous
HCI in MeCH, 60°C, 1 h, 85%.

[110 and 111 are not
reduced in any
. significant wa
112: [major product] 9 1 109 (77%)?
[H, delivered from

HCI at 60 °C to furnish the desired hydroxyolefih04 by undesired endo face]
concomitant elimination of water and cleavage of the MOM +

[local steric crowding on
exo face around C-6]

group, in 85% overall yield fron72.
Our next attempt at the total synthesis of the hamigerans @ ¢ H Me

utilized the alternate tricycl&04 (Scheme 9), which incorpo-

rated an oxygen functionality at C-6, in the hope that this W -

position could be manipulated to give the necessary activation ? d 0E°Me

for the required C-5 epimerization. Although less direct, this

strategy had the potential to allow for an enantioselective 1&*5’;:32{‘:;‘;"“” 114

synthesis of the targeted compounds since an enantiopure desired ox0 face] R dodiic il

starting material was employed to synthedifd. The efficiency aReagents and conditions: (a) Qs@.1 equiv), NMO (3.0 equiv).
of the synthetic sequence leading to compo(i0d facilitated THF—tBUOH—H,0—py (20:20:4:1), 12 h, 94% (ca. 12:1 diastereoselec-

its multigram production with over 99% enantiomeric purity tivity); (b) (i) 2-methoxypropene (20 equiv), PPTS (0.3 equiv),2CH, 0
as determined by chiral HPLC. Borrowing from the successful °C: 0-5 It (i)) p-TSOH (1.0 equiv), MeOH, 0C, 0.5 h, 93%; (c) () DMP

dvancement of the isopropyl substrate (see Scheme 6), h {L.7 equiv), CHCl 0°C, 1 i (i) DBU (0.5 equiv), CHClz, 0 °C, 10
aav propy » Ny min, 93% for two steps; (d)PrMgCl (2.0 equiv), CeGI(2.0 equiv),—78

droxyolefin 104 was dihydroxylated with NMO and catalytic  to 0°C, 1 h, 95%; (e) BSiH (50 equiv), TFA (20 equiv), CkClp, 25 °C,
0sQ, giving triol 105 (94% vyield) as shown in Scheme 9. 1h, 65%; (f) SOCI (6.0 equiv) py-lutidine—CHCl, (1:5:5), =50 to —20

; ; Sty ; ; °C, 2 h, 94%; (g) H, catalyst; see Table 5 for conditions, yields, and product
Again, the facial selectivity in this reaction was excellent (ca. dictributions. DMP— Dess-Martin periodinane, PPTS: pyridinium
p py

12:_1 in fa_V‘_)r 0f10_@, preSl_JmabW controlled by an approach in  p tolyenesulfonic acid, and DB 1,8-diazabicyclo[5.4.0Jundec-7-ene.
which minimum interactions between the reagent and the P Product distributions determined Bt NMR spectroscopy.

angular methyl group at the ring junction were encountered.

Selective protection of the vicinal hydroxyl groupslifi5was group), leading to acetonid&06 (93% yield for two steps).
achieved with the combination of 2-methoxypropene and Dess-Martin oxidation of the remaining hydroxy group 196
catalytic amounts of PPTS, a reaction that was followed by then gave the corresponding ketone aceto®i@¢see Figure
exposure of the crude product peTsOH in MeOH (to cleave 5) in high yield. With the ketone at the homobenzylic position
the somewhat stable hemiketal formed at the C-6 hydroxyl (C-6), base-induced epimerization at C-5 became facile, requir-

J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004 623



ARTICLES

Nicolaou et al.

Table 5. Attempted exo Reduction of Trisubstituted Olefins 109—111

H,, catalyst!®

Y

starting ratio
109:110:111 ca. 14:2:1

[H, delivered from [H, delivered from
endo face] desired exo face]

product distribution by *H NMR
spectroscopic analysis (%)

entry conditions 110 111 endo-112 exo-113
1 PtQ, 3 atm of K, EtOAC, 6 h 6 3 71 20
2 Pd(OH}, 3 atm of B, EtOH, 12 h 24 10 50 15
3 10% Pd/C, 50 atm of i EtOAc, 6 h 40 7 33 19
4 Rh—AIl,03, 50 atm of B, EtOH, 48 h 7 3 6 21
5 Rh black, 20 atm of b} EtOH, 48 h negligible conversion to products
6 IrP(cyhex}(COD)(py)PFs, 10 atm of H, CHxCly, 48 h negligible conversion to products

a A mixture of olefins (09-111, 0.05 mmol) was dissolved in the indicated solvent and stirred und@réssure (Parr bomb) for the indicated times,
at which time the catalyst was removed by filtration and product ratios were determiriéti MR spectroscopic analysis.

ing only a brief exposure to DBU at°CC to afford, in 93%
yield for two steps, the desired produéf with the cis
[C5—C9] junction. Addition of the reagent formed by mixing
iPrMgCIl and CeGl to ketone97 proceeded smoothly and
stereoselectively to afford tertiary alcoldl7as a single product
(95% yield) through convexekg face attack.

of the bicycle is suprising. The entries in Table 5 reveal the
unusual reluctance toward hydrogenation that these molecules
display, resisting even elevated pressures of hydrogen and highly
active catalyst systems. These observations, when taken together
with the completelyexaselective alkylation of keton@7 with

the bulky isopropyl nucleophile, point to the isopropyl group

Having installed the entire carbon skeleton of the hamigeransitself as the dominant stereochemistry-directing force around
within 107 (see Scheme 9), ways were then sought to excise the C-6 atom, overriding any effects inherent within the fused

the extra hydroxyl group at C-6. An attempt to reductively
remove the free hydroxyl frorh07 by reaction with TFA-Ets-

SiH failed, leading instead to the novel polycyclic eti€x8

(65% vyield), presumably via acetonide collapse, followed by
concomitant trapping of the incipient tertiary carbonium ion by
the resulting proximal C-10 hydroxyl group and reductive
cleavage of the benzylic-€0 bond. The steric hindrance around

ring system. The undesired product2 was isolated together
with unreactive (and inseparable) tetrasubstituted olefinic
isomers110and111 as well as small amounts of the desired
reduction produciil3 The observed distribution of unreacted
olefins110and111was, in some experiments (entries 2 and 3,
Table 5), higher than in the starting mixture, suggesting that
olefin isomerization was a preferred reaction course under some

C-6 is probably responsible for the recalcitrance at this position of the conditions employed. Having reached that far into the
toward reduction. Nevertheless, conditions were eventually sequence, it was decided to complete it with the C-6 epimeric

found for the regioselective elimination of this hydroxyl group.
Thus, exposure 0107 to SOC}—lutidine—pyridine in CHCl»
at—50 to—20°C resulted in the formation of the trisubstituted
olefin 109as the major product (77% yield) together with small
amounts of the tetrasubstituted olefft0 (11%) andl11(6%).
However, the intended reduction of this olefinic mixture to

(major isomer) intermediatil2 with the aim of validating the
proposed route to the hamigerans and to obtain analogues of it.
Scheme 10 summarizes these efforts, which culminated in
the synthesis of four &pirhamigeran analogue$17—120 A
mixture 0f110, 111, 112 and113(ca. 6:3:71:20) obtained from
reduction ofl09—111according to entry 1 (Table 5; P$(CH,)

furnish the desired hamigeran stereochemistry at C-6 as expectedvas subjected to the actiori 8 M aqueous HCI in THF (1:1)

from anexoface attack [cf. the addition of an isopropyl group
to the carbonyl group at C-6 @7 (97 — 107)] proved elusive.
Thus, upon hydrogenation, the major product obtairket?)(

at 80°C, conditions which not only cleaved the acetonide group
but also randomized the benzylic hydroxyl group, complicating
the mixture even further. Oxidation of this mixture (Sy—

exhibited consistently the wrong orientation of the isopropyl DMSO), however, resulted in a new mixture from which ketone
moiety, despite the many catalysts and conditions employed (se€l16 was chromatographically separated in 45% overall yield
Table 5). Examination of manual and computational models of from the mixture 0f109-111 Unfortunately, we were unable
109 raises the possibility that one of the methyl groups from to isolate any material possessing the correct C-6 stereochemistry
the isopropyl moiety is responsible for this unexpected result at this stage, despite the presence of that isodE3) @fter the

as demonstrated by structut&4 (Scheme 9). Nevertheles, the initial hydrogenation step. Demethylation of the phenolic group
strong preference for hydrogen to be delivered toethéoface within 116 with BBr3z at —78 °C proceeded smoothly, forming
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Scheme 10. Completion of the 6-epi-Hamigerans 116—1202 Scheme 11. Total Synthesis of 2 and 32
a. BH eMe,S,
Hel sonication;
a.aq. HCl, A H,0,, NaOH
> e P
[C-11 racemization]
[Inseparable mixture: 110, 111, 109 i;:;g:‘lge(zi)'za({?g]
112, 113 ca. 2:1:20:6) b. SO3epy- e
DMSO b.i. PhOC(S)Cl;
ii. nBu3SnH
e.i. KOH
OH O ii. nBu,NIO,

X o c. BBr,
L Twe ——
G
X H

H
f NBS [: 119: X = H [desired C-6 epimer not observed] 96\\
120: X =Br c. BBr, 116:R=Me, X=H
117:R=H,X=H
e 118:R=H,X =B l e B8,
iPryNH PRERA=D

aReagents and conditions: ) (@& M aqueous HCHTHF (1:1), 80°C, 4
h, 70%; (b) SG-py (3.0 equiv), EN (6.0 equiv), DMSG-CH,Cl (1:1), 0
°C, 2 h, 93%; (c) BBs (10.0 equiv), CHCl,, —78 °C, 3 h, 93%; (d) NBS
(1.05 equiv),iPpNH (0.1 equiv), CHCIy, 0 °C, 3 h, 94%; (e) (i) aqueous
KOH, MeOH, 70°C, 2 h; (ii) nBusNIO4 (2.0 equiv), dioxane, 108C, 1 h,
65%; (f) NBS (3.0 equiv), DMF, 25C, 1 h, 93%.

f.NBS-Pr,NH  B"

——
Me

117, whose spectroscopic analysis (NOEs) established its (-)1: debromohamigeran A ()-2: hamigeran A
identity as 6epidebromohamigeran A. This compound was
converted to Gepihamigeran A 118 94%) by exposure to 9 Ba(OH),

stoichiometric amounts of NBS in the presence of catalytic
guantities o PLNH. As with the 5epirhamigeran series, €épi

4-bromohamigeran B1Q0) was accessed by ester hydrolysis, g h NBS
oxidative decarboxylation, and finally dibromination (NBS) of
119in 60% overall yield as shown in Scheme 10. Me'
The Final Drive to the Hamigerans The failure of the last Br
plan to reach the hamigerans sent us on a new search for a viable
sequence toward their total synthesis. Our new strategy began (.)-4: 4- bromohamggeran B (-)-3: hamlgeran B

with intermediatel09and proceeded along the lines delineated . Reagents and conditions: (a) BMe;S (40 equiv), THF, sonication,
in Scheme 11. The decisive observation was made when olefingo °c, 8 h, 68% (a ca. 2:1 mixture of two isomers favorit@d): (b) (i)
109 was subjected to hydroboration with Bt¥le,S under FZ)th(S_)CI t(J2 .0 equiv), ny, 225% §4tl/ (ItalnBlthSnH %8/'0 equiv), ﬁlng
sonication conditions, leading, upon _()deat|ve workup, to the gl'HFe((}.%J]I_\)I,),SO%’r(]:Z,e{]?, FSS(‘;;’ @ 'PDC"(gBOeZ;S;)% m;g‘éﬁgfssieves,
desired 6§),7(R)-alcohol121as the major product (45% yield)  ch,ci,, 3 h, 83%; (e) BBs (10.0 equiv), CHCl,, —78°C, 3 h, 94%; (f)
arising fromexo addition, together with its &),7(9-stereo- NBS (1.05 equiv)iPLNH (0.1 equiv), CHCI,, 0°C, 3 h, 95%; (g) Ba(OH)
isomer (23% yieldendoaddition). The reasoning behind this (5.0 equiv), MeOHH.0 (2:1), air, 25°C, 2 h, 87%; (h) NBS (3.0 equiv),
attempt was predicated on the expectation that hydroboration IF, 25 °C, 1 h, 94%. AIBN= azobisisobutyronitrile, and PD&

. ) Y pyridinium dichromate.
would not be overly sensitive to the steric shielding of the
isopropyl group at C-6, and that, rather, diastereoselection wouldthat the use of S@py—DMSO (as in the case df16 Scheme
be based upon the steric environment around C-7. The chro-10) in this last step failed to deliver the desired ketone, an
matographically separated isomE21 was then expeditiously  observation providing a possible explanation as to why we did
converted to the desired compoubti3 by sequential reaction  not detect any of the correct isomer in the conversion of the
with PhOC(S)Ctpy (85% vyield) anchBuzSnH—-AIBN (75% mixture containingl12to 116 (see Scheme 10). Compou$d
yield) via the intermediacy of the corresponding thionocarbonate. served admirably to deliver first{)-debromohamigeran AL}
The arrival at the latter intermediaté1(3) paved the way for (upon exposure to BBy 94% vyield) and {)-hamigeran A 2)
the completion of the synthesis of all four targeted natural (upon bromination ofl with NBS—iPrNH, 95% vyield).
productsl—4. Thus, removal of the acetonide group frdrb3 Although we had previously employed a successful sequence
was accomplished by heating at 80 with 1 M aqueous HCI to convert members of the hamigeran A series to their hamigeran
in THF (1:1), affording the corresponding di@P8 (Scheme B counterparts (se88 — 91, Scheme 6), for the natural series
14, 88% yield), which was oxidized with PDC to furnish the we devised a more efficient approach based on a cascade
desired hydroxy keton@6in 83% yield. It is interesting to note  reaction initiated by Ba(OH)in MeOH—H,O (2:1) under
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Scheme 12. Oxidative Cleavage of Hydroxy Ketone 96 to Scheme 13. Proposed Mechanism for the Decarbonylative Ring
Diketone 122 and Ring-Contracted Ketone 1232 Contraction of 122 to 123
OR O OMe Ci
© hv N 59.
Me —_— ClaMe
Me H [Norrish Type-I Me H
™ fragmentation] &

—

122: R = Me
a. KOH 124: R = H [does not ring-contract]
b. nBu,N*IO,, A
OrR O OR o OMe o
0 + Me Me [coupling]
Me 87%
Me H Me HO\ Me H7\ (87%)
B = o 123 127
::i 2 _'_ Me ;l c. BBry c. BBr; 123: R : Me
‘R=H 125:R=H Scheme 14. Synthesis of 7 and Related Analogues 129 and 1322
aReagents and conditions: (a) agueous KOH, MeOH;@02 h; (b) MeO HO o
nBusN*104~ (2.0 equiv), dioxane, 100C, 1 h, varied yields 122 10— B QHO MeO H

50%,+ 123 10-40%); (C) BB (10.0 equiv), CHCl,, —78°C, 3 h, 86%. a. MnO, o O

Me Me OMe

aerobic conditions. In this novel cascade, initial saponification w
of the methyl ester (the generated carboxylic acid can be 1 28_\ 7
detected by TLC) is rapidly followed by a decarboxylation event

and, finally, autoxidation, with the net result of the keto hydroxy

OR O RO Q
ester of2 being converted to the diketone functionality3in o] OH
87% overall yield. Careful investigation of this reaction revealed Me ¢ H:0; NaOH Q oH
the following aspects: (a) oxygen gas is necessary for good Me H T M Me
= A

129

conversion; (b) the free phenolic group is essential for clean,
room-temperature reaction; (c) the nature of the base is important
to some extent. Finally4 was generated fron3 by NBS- b. MOMCI Es

3: R = H: hamigeran B G 131: R = MOM

0: R = MOM 7:R=H:

. . X hamigeran E

(94% vyield). The spectroscopic data for all four synthetic
hamigeransl—4 matched those reported for the natural sub- oH O Ho O
stances, and so did their optical rotations, confirming both their g o Br OH
absolute structures and enantiopurities. Me b-d. o] on

In our initial attack on the hamigeran B series, we utilized Me 8 HY Me Hwr—tMe
the periodate-based oxidative cleavage protocol, which gave Ly Br <
considerable amounts of a side product which was characterized 93_\ \

he intriqui . d hami | 132: 5-epi-4-bromohamigeran E
as the intriguing ring-contracte amigeran anaio aReagents and conditions: (a) MpQ0 equiv), CHCI,, 25°C, 2 h,

(Scheme 12). Careful monitoring of the reactions involved 90%; (b) (MOM)CI (2.5 equiv)iPLNEE (3.5 equiv), CHCly, 0 °C, 0.5 h,
revealed that compoundi22 was formed initially and then 76%, (c) 30% aqueousD,-dioxane-2 M aqueous NaOH (1:8:2), T,
transformed slowly intd 23 although the yields were low and 10 min, 70%; (9 3 M aqueous HCFTHF (1:1), 25°C, 3 h, 70%.
rather erratic. It was, however, soon realized that this ring
contraction was a photo-induced process, proceeding under UV
irradiation consistently and in high yieldZ2— 123 87% yield)

as shown mechanistically in Scheme 13. This process is
presumed to proceed via a Norrish type | fragmentation to afford family (Scheme 14). Thus, when vicinal dib28was exposed

diradicgllza which, “PO” expulsion of a moilecgle of ca.rbon to activated Mn@, a clean oxidative cleavage was observed,
monomde followed by |ntramglecglar.recomblnatlon, furmshed leading to keto aldehyd&29 (90% yield). This intermediate
ring-contracted producl23 via diradical 127. Interestingly, may lead to hamigeran G(see Figure 1), although this goal
debromohamigeran B1g4), in which the methyl protecting  as not pursued at this juncture. Instead, we targéteishown
group on the phenol has been removed, fails to undergo thisin Scheme 14. Thus, MOM protection 8fvith (MOM)CI and
fragmentation reaction, being stable under the irradiation EtNiPr, led to diketonel30in 76% yield. The latter compound
conditions. Hydrogen bonding between the phenolic OH and (130) was subjected to oxidative cleavage with basic hydrogen
the proximal carbonyl group may be responsible for the peroxide in a biphasic medium (2 M aqueous Na€H4O, in

deactivation of the 1,2-diketone system toward this photolytic
rupture.

With the hamigerans Al(and?2) and B @ and4) at hand,
we then turned our attention to other members of the hamigeran
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dioxane, 10 min, @C), and the crude reaction mixture was and demonstrated convincingly, while its applicability to natural
acidified (3 M aqueous HCI) prior to chromatographic purifica- product synthesis has been illustrated in a compelling manner.

tion on acid-washed silica gel, furnishing pufeia its MOM Stereochemical features of the IMPEDA process were character-
derivative 131 in 50% overall yield from130 The same ized and parlayed into a successful asymmetric synthesis of
sequence of reactions was applied in the conversic®3db several naturally occurring hamigeraris-@) and analogues
5-epi4-bromohamigeran ELB2) in similar overall yield. The thereof. Further studies employing the developed chemistry
IH NMR signals in the spectra of both compourtiand 132 toward compound library construction and chemical biology

were broad, presumably due to restricted rotation around thestudies are both warranted and viable.

bond linking the two rings, a phenomenon that was somewhat

suppressed by using wet @ON as solvent and running the Acknowledgment. This work was financially supported by
spectra at 70C. Even under those conditions, however, the the National Institutes of Health, The Skaggs Institute for
signals were still noticeably broad, and several of the quaternaryChemical Biology, a Louis R. Jabinson fellowship (to D.L.F.G.),
carbons were not observable in € NMR spectrum. Despite ~ and grants from Amgen, Merck, and Pfizer.

this, 7 and 132 were fully characterized as pure compounds,
confirming their structures. It should be noted that, even though
compound?7 was identified as a natural proddétthis is the
first time it was isolated in pure form.

Note Added after ASAP Posting.There was an error in the
Scheme 4 reagents and conditions in the version posted on
12/17/03; the corrected version was posted on 1/6/04.

Conclusion Supporting Information Available: Experimental procedures
The described PEDA and IMPEDA chemistry opens new and compound characterization. This material is available free

avenues to complex molecular frameworks via photo-induced of charge via the Internet at http://pubs.acs.org.
cascade reactions. Its generality and scope has been exploredA030498F

J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004 627



