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Abstract: Trichodimerol (1) is a synthetically attractive natural product because of
its potential medical use against septic shock and its striking molecular architecture.
We report herein the possible biosynthetic pathway for its formation from the
hexaketide sorbicillin (3) and our preliminary results towards the total synthesis of

trichodimerol (1) and its congener demethyltrichodimerol (2). These studies
provided a way to synthesize -ketal ketones by a novel variation of the Mukaiyama
Aldol reaction, afforded new insight into the mild and regioselective formation of
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silyl enol ethers, and allowed the preparation of the advanced intermediate 38.
Furthermore, a number of unprecedented cascade reactions were discovered
furnishing novel polycyclic, highly oxygenated compounds from simple starting

materials.

Introduction

Trichodimerol (1), demethyltrichodimerol (2),!'Y1 bissorbi-
cillinolide (4),”) and bisvertinolone(5)®! (Scheme 1) are
members of a growing family of natural products isolated
from different fungi.'-*! The unifying feature of these related
dodecaketides resides in their mechanistically related bio-
synthetic pathways involving the oxidatively initiated dime-
rization of the natural hexaketide sorbicillin (3)F! (vide infra).
Since there is no name available to summarize this class of
natural products, we would like to put forth the name
bisorbicillinoids.

The bisorbicillinoids are appealing synthetic targets be-
cause of their complex molecular architecture and interesting
biological properties. Antioxidant properties were reported
for 1, 2, and 4 and several other bisorbicillinoids,!'¢-2! while
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bisvertinolone (5) proved to be the first 3-1,6-glucan biosyn-
thesis inhibitor,’! making it a potential fungicide.

The most intriguing biological activity was reported for
trichodimerol (1), originally isolated from a fungus of the
genus Trichoderma in 1992 by Ayers and co-workers.'¥] In
1996, a team from Bristol-Myers Squibb demonstrated
trichodimerol’s ability to inhibit in vitro the lipo polysacchar-
ide (LPS)-induced production of tumor necrosis factor a
(TNF-a) in human monocytes and, therefore, to have
potential use for the treatment of septic shock.l'>7 Septic
shock is responsible for the death of about 200000 people in
the western hemisphere annually.[®! Since there is no effective
treatment yet available for this condition,! a synthetic
program which targeted this novel molecule, eventually
allowing us to probe facets of its chemical biology through
designed analogues, was deemed important. Trichodimerol’s
novel, cagelike and topologically symmetrical structure pro-
vides a particularly challenging synthetic target by virtue of
the wealth of chirality (eight stereogenic centers) embedded
in its core and the high degree of connectivity (six quatenary
centers) displayed in the pentacyclotetradecadiene core
skeleton. The underlying hope of our synthetic endeavor
was to charter a synthetic pathway which would be efficient
enough to generate a library of designed analogues for
biological screening. In addition, we planned to develop novel
synthetic tactics and strategies as well as to investigate and
utilize new reactions. Here, we present an account of a variety
of interesting and, in some cases, astonishing discoveries
resulting from our initial investigations in this field.
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Scheme 1. Structures of sorbicillin (3) and selected bisorbicillinoids.

There has been no clear pathway proposed thus far for the
biosynthesis of trichodimerol (1)—only the oxidation product
6a was suggested as a potential intermediate (Scheme 2).09)]
Here, we propose a detailed mechanism for the formation of
trichodimerol (1) from sorbicillin (3) by an oxidation—Mi-
chael-ketalization cascade as depicted in Scheme 2.

Our retrosynthetic analysis was formulated on the guiding
principles of the proposed biosynthesis (vide supra). Thus, we
planned to establish the core structure 9 by a biomimetic
intramolecular double Michael addition from the all-syn
tricyclic diendione 11 as depicted retrosynthetically in
Scheme 3. Alternatively, this key step might also be carried
out in a photochemical way by a [4+4] electrocyclization of
the related tetraene 10 to afford 8, a reaction performed
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Scheme 2. Proposed biosynthetic pathway from sorbicillin (3) to trichodimerol (1).
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successfully by Sikrishna and
co-workers in the all-carbon
case (Scheme 3).’7 These key
bond-forming events required
the synthesis of the central
tricyclic all-syn precursor 11,
which could conceivably be de-
rived from the fusion of a novel
electron-rich ketene acetal of
type 13 with two electrophilic
units of the general type 12
(Scheme 3). Although this se-
quence takes full advantage of
the inherent C,-symmetry of
the trichodimerol cage, we were
aware that at certain stages of
the synthesis we might be able
to desymmetrize the system in
order to gain access to deme-
thyltrichodimerol (2) and novel
analogues.

Results and Discussion

The requisite novel bisketene acetal 13 was synthesized in a
straightforward manner. Treatment of commercially available
racemic lactide 14 with LDA/TMSCI (for abbreviations of
reagents and groups, see legends in Schemes) at —100°C
afforded the thermally unstable!'"’! bisketene acetal 13 in
essentially quantitative yield and about 95% purity
(Scheme 4). Experimental fine-tuning proved to be essential
for this transformation since we also discovered that lactide 14
gave rise to the novel tricyclic lactone 15 in fair yield (41 %)
under different basic conditions (Scheme 4). The structure of
crystalline lactone 15 was confirmed by X-ray crystallographic
analysis (see Figure 1 for ORTEP structure). This trans-
formation is likely to proceed through an anionic cascade
commencing with an intramolecular lactide contraction!'!l to
form lactone 16 followed by
consecutive Claisen and Adol
reactions to finally afford 15
(Scheme 4).

A wide variety of possibilities
appeared to be logical for the
required transformation of ke-
tene acetal 13 into tricyclic
precursors of type 10 or 11
(Scheme 3). We first explored
an approach which could di-
rectly furnish the 8w system 10
OH in essentially one pot by using
an  inverse-electron-demand
double Diels - Alder reaction!*?!
(with concomitant CO, extru-
sion) cascade as retrosyntheti-
cally depicted in Scheme 5. Un-

H

7,
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Scheme 3. Retrosynthetic analysis of trichodimerol (1).

fortunately, all attempts so far to react bisketene acetal 13
under various conditions (e.g. Lewis acid catalyzed,'® pres-
sure 13 kbarl'l) with pyrone 18! and with more electron-
deficient pyrones like 19,120, and 211" did not lead to the
expected Diels— Alder adduct 17.

We, therefore, set out to access tricycle 11 via ketene acetal
13 in a more stepwise approach related to the Robinson
annulation as retrosynthetically depicted in Scheme 6. Thus,

0__0 o_ _OTMS
I I a. LDA, TMSCI ‘ I
2 oA, TVSH,
oo T™MSO™ 0

14 13
b. LITMP Iov o
o [0}
14
lactide
o Oe contraction O o
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I -
o "3
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Scheme 4. Reaction of lactide 14 under basic conditions. a) 2.2 equiv of LDA, 2.3 equiv of TMSCI, THF,
—110—10°C, “quantitative”; b) 2.2 equiv of LITMP, THF, —78°C, 4 h, 41 %. LDA = lithium diisopropylamide,
LiTMP = lithium 2,2,6,6-tetramethylpiperidyl, TMSCI = trimethylsilyl chloride.
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Figure 1. ORTEP drawing of tricyclic lactone 15.
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Scheme 5. Retrosynthetic analysis of key intermediate 10 based on Diels —
Alder chemlstry.

in a retrosynthetic sense, tricycle
11 could be derived from the
bisketal 22 by a double dehydro-
genation reaction. Arrival at the
bisketal 22 would require the
15 development of a novel Mukaiya-

Aldol T ma-type cyclization (vide infra)
reaction N to close the second and third rings
from the requisite diketodilac-

tone 23. Realization of this strat-

egy would rely on the utilization
of ketene acetal 13 in an unpre-
cedented double Mukaiyama Mi-
. chael reaction to construct dike-
todilactone 23.

To avoid stereochemical com-
plications in the cyclization steps
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Scheme 6. Retrosynthetic analysis of key intermediate 11 based on
Mukaiyama-type chemistry.

we initiated our investigations with methyl vinyl ketone (25)
as electrophile. Indeed, bisketene acetal 13 reacted with
methyl vinyl ketone (25) under mild Lewis acidic conditions
(ZnI,)"¥in a double Mukaiyama — Michael reaction to give an
inseparable 1:1 mixture of cis- and trans-diketodilactones 28 a/
b (Scheme 7) in good overall yield (60 %, from lactide 14).
Interestingly, when we employed the originally reported

OTMS
I (otms
T™MSO oﬁ s
S
™SQ )

‘ b. Znl,

o l l l
o
O jLo TMSO j/o ~J 0.0\ _o
o OTMS + o oTMS
o o 0™\ 0" o

26a/b 27 28a/b

Scheme 7. Bis-Mukaiyama-Michael reactions of bisketene acetal 13.
a) 2.0 equiv of TiCl,, CH,Cl,, —78°C, 3 h, 9% 26a, 5% 26b, 5% 27, and
7% 28alb; b) 0.13 equiv of Znl,, CH,Cl,, 0°C, 4 h, then + aqueous HF,
acetone, 1 h, 25°C, 60% from 14.

conditions for the union of ketene acetals with methyl vinyl
ketone (25)P% we isolated the tri- and tetracyclic ketals 26a/b
(two diastereomers, stereochemistry not assigned) and 27 as
products resulting from the Mukaiyama cascade reaction
sequence depicted in Scheme 7. The structure of tetracyclic
ketal 27 was unambiguously confirmed by X-ray crystallo-
graphic analysis (see Figure 2 for ORTEP structure).

The intermolecular reaction of ketene acetals with lactones
to form the corresponding f-ketal esters was pioneered by
Mukaiyama et al.?!l and later applied to intramolecular cases
by others.’2l Understandably, there exist no reports on a
similar reaction employing the less reactive silyl enol ethers(>!

3654 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

Figure 2. ORTEP drawing of tricyclic ketal 27.

as nucleophiles. However, we reasoned that carrying out this
transformation in an intramolecular fashion should allow us to
overcome this hurdle.”l Indeed, treatment of diketo dilac-
tones 28a/b with TMSOTI/Et;N>] accomplished the initial
formation of the terminal silyl enol ethers (observation by
NMR spectroscopy) followed by a slow monocyclization
(Scheme 8). Ketal ketones 32 and 33 were obtained in 29 and

o & TMSOTf j:O O\ _oTms
__EtN
TMSO/<O o

28alb

OTMS
ﬂ -

‘ c. TBSOTf, EtzN

OTMS

U

b. TBSOTY, EtzN

OTMS OTMS
O

(0] O OTBS
TBSO\ 0% 0 ™SO\ 0% o
36
35
oTMs
o]~ _o
o o
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Scheme 8. Novel Mukaiyama-type cyclization of 28a/b. a) 2.3 equiv of
EtN, 2.5 equiv of TMSOTY, CH,Cl,, — 78 ——10°C, 7 h, 29 % 32 and 31 %
33; b) 1.3 equiv of Et;N, 1.1 equiv of TBSOTS, CH,Cl,, —78°C, 4 h, 90 %
c) 4.0 equiv of Et;N, 3.0 equiv of TBSOTf, CH,Cl,, — 78 —10°C, 5 h, 86 %.
TMSOTT = trimethylsilyl trifluoromethanesulfonate, TBSOTf = tert-butyl-
dimethylsilyl trifluoromethanesulfonate.
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31 % yields, respectively, and the structure of ketal ketone 33
was unambiguously proven by X-ray crystallographic analysis
(Figure 3).

Figure 3. ORTEP drawing of trans-ketal ketone 33.

Several points regarding this critical C—C bond-forming
maneuver to afford 32 and 33 (Scheme 8) are worth mention-
ing. First, as from the inspection of molecular models,
cyclization occurs in a syn-mode. More importantly, this
reaction represents an efficient desymmetrization of the C,-
symmetric precursor (28a). As alluded to earlier, this type of
symmetry disruption holds potential for the total synthesis of
the unsymmetrical demethyltrichodimerol (3) and designed
analogues. Also noteworthy is the observed stability of the
TMS-protected ketal moiety. In parallel experiments, we
found this compound to be extraordinarily stable towards
base-induced B-elimination,?®! elevated temperatures, and
even conditions suited for standard (CH;),Si—O cleavage.””!
Presumably, this unique and essential stability is due to the
strong attractive nonbonded OSi--- O interactions within the
R-O-C-O-Si system.! Finally, the high regioselectivity ob-
served in the formation of the terminal silyl enol ethers with
trialkylsilyl triflates/Et;N at low temperatures (see formation
of 31, 35, and 36) from the methyl alkyl ketone moieties
should be noted, as these results contrast with reports in which
dismal regioselectivities predominated with related unsym-
metrically substituted ketones at higher temperatures.””l An
explanation for this observation might be that the formation
of the silyl enol ether is very sensitive to the steric environ-
ment. Indeed, while the formation of a terminal silyl enol
ether such as in 35 proceeded at — 78 °C within 4 h, generation
of the more highly substituted enol ether function in 36
required warming to 10°C. All of these silyl enol ether
preparations proceeded in excellent yield under simplest
reaction and workup conditions.

All attempts to access the projected tricyclic bisketal 34
starting from diketo dilactones 28 a/b, ketal ketone 32 or the

Chem. Eur. J. 1999, 5, No. 12
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corresponding TBS-enol ethers 35 and 36 failed under a
variety of conditions (e.g. Lewis acid catalyzed,?” basic*!!
and/or thermal conditions). We believe that the 1,3-pseudo
diaxial interactions depicted in structure 35 (Figure 4) are the
primary cause for the missing second ring closure. A similar
explanation was offered by Mukaiyama and co-workers in
structurally related cases where ketene acetals failed to react
with lactones.[!

steric
congestion

steric
congestion

Newly formed
five-membered
ring should

facilitate the \ \7 AN
final ring closures M

H less hindrance
due to sp?-center

OTBS

35x

Figure 4. Possible explanation for the failure to cyclize 35 and design of a
new substrate 35x.

Undeterred by this seemingly detrimental outcome, we
reasoned that the reduction of these pseudo-trans-annular
repulsions should allow the generation of the coveted fourth
quaternary center on the central dioxane ring. Thus, an enol
ether of type 35x (Figure 4) should allow this critical bond
formation owing to two major structural changes: First, the
newly formed tetrahydrofuran ring should properly position
the side chain for the cyclization event, and, second, it was
reasoned that the introduction of a double bond into the
cyclohexanone moiety would relieve some of the steric
repulsions described earlier (Figure 4).

On the basis of these considerations, we designed a partially
altered approach to the trichodimerol core skeleton as
depicted retrosynthetically in Scheme 9. Thus, the core
skeleton 37 was expected to arise from two sequential aldol-
type reactions of tricyclic lactone 38. Lactone 38 could arise
from Diels— Alder adduct 39 by a retro-Michael reaction
opening the strained bond indicated in Scheme 9. Realization
that 39 could be assembled by using a stereocontrolled
intramolecular Diels—Alder reaction led to the bicyclic
trienone 40. The synthesis of a model trichodimerol skeleton
37 could, therefore, be traced back to the readily available
ketal ketone 32 (Scheme 9).

The investigations aimed at the Diels— Alder product 39
began with the bis-dehydrogenation of ketal ketone 32 into
the diendione 42 (Scheme 10). Utilization of the Sharpless
protocol (i. PhSeCl, ii. H,0,)P? allowed the straightforward
synthesis of diendione 42, but only in poor yield due to the
strong acidic conditions involved. Therefore, a two-step
procedure was adopted which proved to be superior.] The
ketal ketone 32 was first converted into a mixture of the
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Scheme 9. Retrosynthetic analysis of the trichodimerol core system 37.
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Scheme 10. Conversion of ketal ketone 32 to unsaturated systems 42 —45.
a) 3.0 equiv of HMDS, 0.5 equiv of TMSI, CH,Cl,, —20—25°C, 4 h,
quantitative; b) i.2.3 equiv of PhSeCl, EtOAc, 4 h; ii. excess of H,0,,
EtOAC/THF 1:1, 30 min, 30 %; ) i. 2.2 equiv of PhSeCl, THF, —78°C, 3 h;
ii. 7.0 equiv of H,0,, THF, 50°C, 50 min, 70 %; d) 2.0 equiv of Pd(OAc),,
3.0 equiv of Et;N, MeCN, 50 min, 46 %; e) i. 1.0 equiv of LIHMDS, THF,
—78 — — 50— —100°C, 2 h, then + 1.0 equiv of PhSeCl; ii. excess of H,0,,
THF, 1h, 47% based on recovered starting material; f) 2.3 equiv of
PhSeCl, THF, — 78 — — 50°C, 1 h, then +5.0 equiv of mCPBA, — 50 —0°C,
1h,34%. HMDS =1,1,1,3,3,3-hexamethyldisilazane, TMSI = trimethylsilyl
iodide, LIHMDS = lithium hexamethylsilazide, mCPBA = 3-chloroperben-
zoic acid.

thermodynamic trimethylsilyl enol ethers 41a/b.*¥ We found
the use of only catalytic amounts of TMSI in the presence of
an excess of HMDS to be a substantial improvement over the
published procedure.! Electrophilic addition of PhSeCl then
transformed the silyl enol ethers 41a/b into a diastereomeric
mixture of the corresponding a-seleno ketones (not shown)

3656 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

which smoothly furnished the desired diendione 42 in 70 %
overall yield from ketal ketone 32 upon oxidative treatment
(H,0,).

During the course of these studies, we also discovered ways
to synthesize the mono-unsaturated endiones 43 and 44 in a
selective manner, but only with moderate yields (unopti-
mized) (see Scheme 10).% Finally, in one instance, we
observed the formation of novel product chloro diendione
45 from a one-pot reaction of silyl enol ethers 41a/b with
PhSeCl at —78°C, followed by oxidation with mCPBA and
warming to 0°C (Scheme 10). A mechanistic rationale for the
formation of 45 traversing through a Pummerer-type inter-
mediateP” is depicted in Scheme 11.

QTMS OTMS 0 OTMS
J,K/j/ oTMS o
H
i. PhSeCl o7 o

ii. nCPBA /SePh
41alb A d

Pummerer-type | [+ H']
reaction [- H-0]

Reoxidation /
o OTMS o
o7
SePh

syn-elimination
o o Cl [¢] o
®
45 B

Q ™™
)Vio I o
Ocl

Scheme 11. Proposed mechanism for the formation of 45 from 41a/b.

With the diendione 42 in hand, we first attempted a shortcut
to the central tricyclic diendione type structure 11 (Scheme 3)
by irradiating 42 under a variety of conditions in an attempt to
isomerize the trans double bond of 42.7% Such an isomer-
ization could conceivably set the stage for an irreversible
collapse of the pendant enone onto the lactone to yield
tricycle 48 as projected in Scheme 12. Instead, irradiation of
diendione 42 gave rise to the novel cyclobutane 47 as the
result of an intramolecular [2+42] cycloaddition reaction
(Scheme 12).]

. 46
a. hv
v
oTMS
ﬁo 0
S o o
H OH
04\ 47 48

Scheme 12. Formation of cyclobutane 47 via an intramolecular [2+42]
cycloaddition. a) v, benzene, 30 min, quantitative.

We expected the construction of the requisite trienone 40 as
the precursor of the intramolecular Diels— Alder reaction to
be an easy task from diendione 42 (Scheme 13). However,
despite our efforts employing a broad variety of well-
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established reagent combinations (e.g. LDA/TMSCI, LiNH#z-
Bu/TMSCI, KHMDS/TMSCI, KH/TMSCl, TMSOT{/Et;N,
TMSI/HMDS, and others), a successful conversion of the
diendione 42 into the recalcitrant tetraene 51 eluded us.
Instead, we came upon the serendipitous isolation of novel
polycyclic frameworks. Thus, the tricyclic iodoenolether 50
arose in moderate yield from 42 presumably by a cascade
involving transformation of the acyclic enone into the 4x
system followed by double vinylogous “transannular” addi-
tion of TMSI to the cyclic enone moiety as depicted in
Scheme 13.141 On the other hand, treatment of diendione 42
under strongly basic conditions led to the formation of
tetracyclic lactone 53 as the sole product in 37 % yield. We
presume that the latter tranformation proceeds by a trans-
lactonization —Michael addition cascade (Scheme 13). Since
we suspected that this reaction was initiated by a nucleophilic
cleavage of the O—Si bond, we examined other conditions and
indeed could synthesize this unusual tetracycle (53) in 89 %
yield by treatment of 42 with catalytic amounts of LIHMDS in
THF/tBuOH at low temperature. The structure of the
tetracyclic lactone 53 was confirmed by X-ray crystallographic
analysis (see ORTEP drawing, Figure 5).

Thwarted in our attempts to access trienone 40, we
searched for reasons to explain the difficulty of what
essentially amounted to removing one methylene proton
adjacent to a cycloenone moiety. Based on the inspection of
molecular models founded on computational studies and
X-ray crystallographic data from the related structures 33 and
45, it appeared that the methylene protons adjacent to the
keto group in the cycloenone moiety are extremely shielded—
on the one side by the inherent concave folding of the
molecule and on the other side by the TMS group, which is

&
(o]
9
5
(o)
i
)
o]
Do
\

o} Q i
49 / 49
—
a.TMS!,
HMDS
[¢] OSiR3

42 51
b. TBSOTY,
Et;N

o OTMS o

O
d. LiHMDS, cat.

0§
H, Ti H C’SE\/\ lactonizati o 0
-C- ? Translactonization- S
52 C'Kr' Mscl, 16:¢6 THC 1 3G o Michael- /\

Figure 5. ORTEP drawing of spiroketal 53.

quasi-stationary due to a strong nonbonding OSi--- O inter-
action (vide supra), as depicted in Figure 6.4

Earlier studies (vide supra) had given us critical informa-
tion regarding the unusual stability of these compounds. In a
bold decision, we reasoned that simply heating diendione 42
at high enough temperature may provide the necessary energy
to effect an in situ tautomerization of the enone moiety,*!
generating the desired Diels— Alder precursor which would
be poised for the critical intramolecular cycloaddition
(Scheme 14). In the event, we were delighted to observe the

cationic
-cyclization

50 (single isomer)

o}
OTMS
Q. OSiR.
_____________ - )vi 3
O ¢}
40

cascade

Scheme 13. Synthetic investigations towards trienone 40. a) 5.0 equiv of HMDS, 2.2 equiv of TMSI, CH,Cl,, —20 —25°C, 8 h, 55%; b) 1.3 equiv of Et;N,
1.1 equiv of TBSOTY, CH,Cl,, —78°C, 4 h, 94 %; c) 4.0 equiv of KH, 2.3 equiv of TMSCI, [18]crown-6 (trace), DME, 0 —50°C, 6 h, 37 %; d) 0.3 equiv of
LiHMDS, THF/tert-butyl alcohol 10:1, —78 —0°C, 3 h, 89 %. DME = dimethoxyethane, LIHMDS = lithium hexamethydisilazide.
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hindered methylene group

Figure 6. Computer-generated minimum-energy structure of diendione 42 depicting the strong steric shielding of
the methylene protons next to the cyclic enone moiety. Carbon = gray, hydrogen =white, oxygen =black,
silicon = gray-white. Molecular dynamics and minimization calculations (CV Force Field) were performed on an
SGI Indigo-2 workstation using the program Insight II (Biosym Technologies Inc., San Diego, CA, USA). The
picture was created with AVS software (AVS Inc., Waltham, MA, USA) and locally developed modules running

on a DEC Alpha 3000/500 with a Kubota Pacific Denali graphics card.

[e) [e]
)J\/ OTMS o OTMS OH
/io O 4. 250 °C =

o) (o) o (0]

42 54
Intramolecular Intramolecular
Diels-Alder reaction Michael reaction

T™so Y. oTMS

Scheme 14. Thermal intramolecular Michael reaction of diendione 42.
a) hydroquinone (trace), toluene, 250 °C, 50 min, 23 % 38, 34 % 56 and 55
(trace); b) HF - py, MeCN, 0 —25°C, 91 %.

formation of the two diastereomeric tricyclic lactones 38
(23 %) and 56 (34 % ) upon heating a solution of diendione 42
in benzene in a pressure vial at 250°C.*1 Although the
expected intramolecular Diels—Alder product 57
(Scheme 14) was not formed, this was of no consequence,
since the next step would have involved the conversion of 57
to 38. The stereochemistry of tricycles 38 and 56 was secured
upon observation of key NOE enhancements and finally
proven by the X-ray crystallographic analysis of the depro-
tected lactone 58 (see Scheme 14 and Figure 7 for ORTEP
structure). The excitement of forming the coveted lactone 38,
however, was somewhat tempered by the soon to come
realization of the capricious nature of this rare reaction. For
instance, the reaction needed to be performed nearly neat in a
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small amount of solvent, so that
the actual reaction temperature
at the bottom of the vial ap-
proached the temperature of
the oil bath (250°C). But run-
ning the reaction completely
neat led to rapid and complete
decomposition. More “mild”
conditions (e.g. 200°C in triiso-
propylbenzene) increased the
selectivity towards the unde-
sired lactone 56 (50% yield).
A number of solvents (e.g.
DME, DMSO, MeCN, toluene,
mesitylene, chlorobenzene, trii-
sopropylbenzene) and different
reaction conditions (e.g. neu-
tral, basic (pyridine, Et;N) and

Figure 7. ORTEP drawing of tricyclic hemiketal 58.

acidic (PPTS)) were investigated, but showed no improve-
ment for accessing lactone 38.

Since we placed high confidence on lactone 38 as a key
synthon in our journey to trichodimerol (1), we required a
more efficient protocol for its procurement. Because the
thermal conditions had succeeded in forcing the fleeting
tautomerization of the cycloenone moiety of 42, we under-
took another attempt towards a Diels— Alder adduct of type
39/57 by subjecting the readily available trienone 52 lacking
the Michael acceptor system in the side chain to the thermal
conditions. But not surprisingly, trienone 52 led to the
electronically matched, but substantially strained, Diels—
Alder adduct 59 resulting from the attack of the diene moiety
onto the electron-poor cycloenone, followed by a consecutive
double bond migration (Scheme 15).14

Because Michael reactions are normally performed at
relatively low temperatures under basic conditions, we inves-
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Conclusion

Our adventurous journey into
the chemistry of bisorbicilli-
noids has resulted in a number
of new and interesting discov-
0TBS eries. Namely, the reactive bis-

OTMS
) o
)kél[ p/ b. LIHMDS
o,

Scheme 15. Successful Diels— Alder reaction of diendione 42. a) toluene, 200°C, 2 h, 32%; b) 0.3 equiv of
LiHMDS, THF, —78 —0°C, 3 h, 52% 57 and 5% 38 and 16 % 53 and 10 % 56.

tigated such conditions to access either lactone 38 by a direct
Michael addition (see Scheme 14), or the formal Diels — Alder
adduct 57 by two consecutive Michael additions from
substrate 42.11 Indeed, under the auspices of base at reduced
temperature (i.e. LIHMDS cat., THF, — 78 to 0°C), we have
been able to isolate the formal Diels — Alder adduct 57 as the
main product formed from diendione 42 (Scheme 15). Though
the structure of 57 was unambiguously assigned by NMR
spectroscopy, we submitted this crystalline substance to X-ray
crystallographic analysis, which gave final proof for the
formation of this novel and rather strained molecule (see
ORTEP drawing, Figure 8).

Figure 8. ORTEP drawing of Diels— Alder adduct 57.
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ketene acetal 13 as a versatile
building block, the extension of
the borders of known Mukaiya-
ma-type chemistry by intramo-
Formal ™ 0o lecular formation .of. ﬁ-k.etal
reaction ketones, and new insight into
- the mild and regioselective for-
mation of silyl enol ethers laid
the foundations for the synthe-
57 (52%) sis of tricyclic lactone 38 as an
+ 38 (5%) advancc?d intermediate in our
+ 53 (16%) synthetic endevor towards tri-
+56 (10%) chodimerol (1) and demethyl-
trichodimerol (2). Last, but not
least, the serendipitous con-
struction of a number of novel
polycyclic, highly oxygenated
compounds, which were efficiently assembled from simple
starting materials using unprecedented cascade sequences,
arose from our studies. Scheme 16 summarizes these novel
reactions and molecular frameworks. In retrospect, these
novel polycycles owe their formation to the close positioning
of functionalities with complementary reactivity. Thus the
described chemistry should add further information to the
pool of knowledge regarding the synthesis of congested
molecules of unique functional group interposition. Finally,
the intelligence harvested during this stage of the program will
serve as a strong foundation towards the total synthesis of
trichodimerol (1) and its classmates.

Experimental Section

General techniques: All reactions were carried out under an argon
atmosphere with dry solvents under anhydrous conditions, unless otherwise
noted. Dry tetrahydrofuran (THF), toluene, diethyl ether (ether) and
methylene chloride (CH,Cl,) were obtained by passing commercially
available predried, oxygen-free formulations!*® through activated alumina
columns.

Reagents were purchased at the highest commercial quality and used
without further purification, unless otherwise stated. Irradiation experi-
ments were performed with a Hannovia 450-W medium-pressure mercury
lamp. Reactions were monitored by thin-layer chromatography (TLC)
carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV light
as visualizing agent and an acidic mixture of phosphomolybdic acid/cerium
sulfate,*’] and heat as developing agents. E. Merck silica gel (60, particle
size 0.040-0.063 mm) was used for flash column chromatography. Prep-
arative thin-layer chromatography (PTLC) separations were carried out on
0.25, 0.50, or 1 mm E. Merck silica gel plates (60F-254).

NMR spectra were recorded on Bruker DRX-600, DRX-500 or AMX-500
instruments and calibrated by using residual undeuterated solvent as an
internal reference. The following abbreviations were used to explain the
multiplicities: s =singlet, d = doublet, t=triplet, q = quartet, m = multip-
let, br.=broad. DEPT spectra are quoted as CH;, CH,, CH, and C.
Assigned protons and carbons are cited with position numbers (e.g. Pos 3)
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Scheme 16. Summary of novel structures derived from diendione 42.

as shown in the appending structures. IR spectra were recorded on a
Perkin-Elmer 1600 series FT-IR spectrometer and are presented as: s
(strong), m (medium), w (weak) and br. (broad). Electrospray ionization
mass spectrometry (ESIMS) experiments were performed on an API 100
Perkin Elmer SCIEX single quadrupole mass spectrometer at 4000V
emitter voltage. High-resolution mass spectra (HRMS) were recorded on a
VG ZAB-ZSE mass spectrometer under fast atom bombardment (FAB)
conditions with nitrobenzyl alcohol (NBA) as the matrix. Melting points
(m.p) are uncorrected and were recorded on a Thomas-Hoover Unimelt
capillary melting point apparatus.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publications no. CCDC-123396
(15), CCDC-123392 (27), CCDC-123395 (33), CCDC-123393 (53), CCDC-
123391 (57) and CCDC-123394 (58). Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Ketene acetal 13: nBuLi (48 mL, 1.6M solution in hexanes, 77 mmol,
2.2 equiv) was added slowly to a solution of dry diisopropylamine (10.9 mL,
84 mmol, 2.4 equiv) in THF (250 mL, 0.1m) at 0°C. After 60 min the
solution was cooled to —110°C (cooling bath temperature) and TMSCI
o.__0OTMS (102mL, 80.5 mmol, 2.3 equiv) was
)I ]/1\ added within 5 min, directly followed
™SO” ~07n by slow addition (within 10 min) of a
3 solution of lactide 14 (5.0 g, 35 mmol,
13 1.0 equiv) in THF (25 mL). The solu-
tion was kept at —110°C for a further 40 min and then warmed slowly to
10°C over 3 h. The solvent was removed in vacuum (water bath 15°C) to
afford a white slurry (ca. 10 mL). The white solid (LiCl) was removed by a
fast filtration (celite 545 [Fisher Scientific|; dry ether [40 mL]) and the
resulting solution was concentrated under vacuum (water bath 15°C) to
afford ketene acetal 13 (10.2 g, =10.2 mL, quantitative yield, purity ~95 %
(NMR spectroscopy), liquid contains about 2 % wt ether) as a clear, slightly
yellow liquid. All workup procedures were performed under argon. IR
(thin film): 7, (cm™") =2960 w (C—H), 1767 s (C=C), 1254 s (C—0), 1099 s,
848 s; 'H NMR (500 MHz, CDCl;, all signals x 2): 6 =1.66 (s, 3H, Pos 3),
0.21 (s, 9H, Si(CH;);); *C NMR (125 MHz, CDCl;): 6 =141.2 (Pos 1),
114.5 (Pos 2), 12.4 (Pos 3), 0.0 (Si(CHy);).

Tricyclic lactone 15: nBuLi (9.5 mL, 1.6 M solution in hexanes, 15.2 mmol,
2.2 equiv) was added slowly to a 0°C cold solution of dry 2,2,6,6-
tetramethylpiperidine (2.8 mL, 16.6 mmol, 2.4 equiv) in THF (50 mL).
The solution was stirred for another 30 min and then cooled to
—78°C whereupon lactide 14 (1.0 g, 6.9 mmol, 1.0 equiv) was added in
two portions while the solution turned intensively yellow-orange. After
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50 (single isomer)

M-cascade TMSQ

$ _0o reaction o oTMS -
cascade =
-f——————— e
A Formal
0 o)

Diels-Alder

o 120 min a —78°C cold solution of
formaldehyde (excess) in THF
(150 mL) was added slowly.*! After
another 120 min the reaction was
stopped by addition of saturated
NH,CI (30 mL) and warmed to room
temperature. Ether (100 mL) and wa-
ter (20 mL) were added. The organic
layer was washed with brine, dried
(MgSO,), and concentrated. The resi-
due was purified by flash chromatog-
raphy (silica gel, hexanes:ethyl acetate
1:1) to afford tricyclic lactone 15
(411 mg, 1.43 mmol, 41%) as a white
crystalline solid. M.p. 233°C (decomp;
after recrystallization from CH,Cl,);
R;=0.23 (silica gel, hexanes:ethyl ace-
tate 1:1); IR (thin film): 7, (cm~) =3409 s br. (O—H), 2958 w (C—H), 1782
s (C=0, y-lactone), 1754 s (C=0, ¢-lactone), 1362 s, 1281 m, 1181 s, 1121 s,
1075 s; 'H NMR (500 MHz, CDCly): 6 =4.55 (q, °/5,=7.5 Hz, 1H, Pos 5),
2.10-1.85 (s br, 3H, OH), 1.57 (s, 3H, CHs), 1.56 (s, 3H, CH3), 1.54 (s, 3H,
CH;), 148 (d, /,;=75Hz, 3H, Pos 4); C NMR (125 MHz,
CDCl;:CD;0D 4:1): 6 =174.0, 167.4 (Pos 1+ Pos 10), 99.6 (Pos 6), 91.9,
83.4, 82.7, 74.6, 18.7, 18.0, 15.6, 15.2; HRMS: calcd for C;,H,;Og [M+Na*]
311.0743, found 311.0750.

H

59 0OTBS

Tricyclic ketals 26a/b and tetracyclic ketal 27: Freshly destilled methyl
vinyl ketone (25) (0.12 mL, 1.4 mmol, 2.0 equiv) was added to a solution of
ketene acetal 13 (0.2 mL, 0.7 mmol, 1.0 equiv) in CH,Cl, (4 mL) at —78°C.
After 15 min TiCl, (1.4 mL, 1.0M solution in CH,Cl,, 1.4 mmol, 2 equiv)
was added slowly dropwise. The reaction mixture was stirred for 3 h at
—78°C and then quenched by addition of saturated NaHCO; (3 mL). After
the mixture was allowed to warm to room temperature, more CH,Cl,
(20 mL) was added, and the two-phase slurry was filtered (Celite 545,
CH,Cl,). The organic layer was washed with brine, dried (MgSO,), and
concentrated. The residue was purified by gradient flash chromatography
(silica gel, hexanes:ethyl acetate 2:1 —1:1) to afford tetracyclic lactone 27
(14 mg, 0.033 mmol, 5%) as a white crystalline solid and trcyclic lactones
26a (23 mg, 0.065 mmol, 9%) and 26b (12 mg, 0.034 mmol, 5%) as
colorless oils, accompanied by diketo dilactones 28 a/b (14 mg, 0.049 mmol,
7%; vide infra). 26a: R,=0.47 (silica gel, hexanes:ethyl acetate 1:1); IR
(thin film): 7,,, (cm™)=2961 w (C—H), 1750 s (C=0, lactone), 1716 s
(C=0, ketone), 1254 s, 1184 m, 1141 s, 1097 s, 872 s, 848 s; 'H NMR
(500 MHz, CDCly): 6=3.73 (t, °J5;,1,=38.5Hz, 1H, Pos 2), 2.73 (ddd,
2Jouop =18 Hz, 3]y, 4,=9.5 Hz, 3]y, 5,= 5.5 Hz, 1 H, Pos 9a), 2.60 (dd, %], ;, =
13 Hz, J,,,=8.5 Hz, 1H, Pos 1a), 2.55 (ddd, /g9, = 18 Hz, °Jy,5,= 10 Hz,
Jonsy=5.5Hz, 1H, Pos 9b), 2.42 (ddd, /g, =19 Hz, 3/, 4, =10 Hz,
3Jsa0a=15.5Hz, 1H, Pos 8a), 2.24 (s, 3H, CH,), 2.17 (s, 3H, CH;), 1.95
(dd, %/;41,=13 Hz, 3J;,,=8.5Hz, 1H, Pos 1b), 1.86 (ddd, */g,s,=19 Hz,
3gn0a=9.5 Hz, /3,0, =5.5 Hz, 1H, Pos 8b), 1.58 (s, 3H, CH;), 1.47 (s, 3H,
CHs;), 0.12 (s, 9H, Si(CH,);); assignment of 'H NMR signals was aided by
H,H-COSY; “C NMR (125 MHz, CDCl,): 6 =207.6,204.0 (Pos 3 + Pos 10),
170.2 (Pos 12), 106.8 (Pos 5), 88.9, 81.6 (Pos 6 + Pos 13), 53.0 (Pos 2), 37.5 br.
(2 carbons), 31.2, 30.1, 28.4, 19.8, 19.6, 1.8; HRMS: calcd for C;;H,50,Si
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[M+Nat] 379.1553, found 379.1564. 26 b: R, = 0.53 (silica gel, hexanes:ethyl
acetate 1:1); 'H NMR (500 MHz, CDCl,): 6 =3.81 (t,°J,,,,,=8.5Hz, 1H,
Pos 2), 2.80 (ddd, %/, = 18 Hz, /4,4, = 10.5 Hz, *Js, 5, =5 Hz, 1 H, Pos 9a),
2.61 (ddd, 2Ty, = 18 Hz, 3Ty, 5,= 10 Hz, 3,4, =5.5 Hz, 1H, Pos 9b), 2.59
(dd, ;. =13 Hz, *J,,,=8.5 Hz, 1H, Pos 1a), 2.30 (ddd, %/, =16 Hz,
3T a0o =10 Hz, 3J4,0,=5 Hz, 1H, Pos 8a), 2.26 (s, 3H, CH;), 2.20 (s, 3H,
CH,), 2.02 (ddd, /g5, =16 Hz, 3Jg,9,=10.5 Hz, 3Jg,9,=5.5 Hz, 1H, Pos
8b), 1.92 (dd, 2/, = 13 Hz, %J,,=8.5 Hz, 1H, Pos 1b), 1.56 (s, 3H, CH,),
140 (s, 3H, CHj), 0.09 (s, 9H, Si(CHj);); 27: M.p. 201°C (after
recrystallization from CH,Cl,); R;=0.57 (silica gel, hexanes:ethyl acetate
5:1); IR (thin film): 7, (cm™')=2959 w (C—H), 1714 s (C=0, ketone),
12515,1174 m, 1121 m, 1066 s, 1002 s, 844 s, 737 s, 704 s; '"H NMR (500 MHz,
CDCl,, all signals x 2): 6 =3.52 (dd, 3/, ,,=9 Hz,%/,,,=5.5 Hz, 1 H, Pos 2),
2.21(dd, %/, =12.5 Hz, 3J,,,=5.5 Hz, 1 H, Pos 1a), 2.17 (s, 3H, CH,), 1.96
(dd, %J;,,=12.5Hz, °J};,,=9 Hz, 1H, Pos 1b), 1.34 (s, 3H, Pos 7), 0.07 (s,
9H, Si(CH,);); ®C NMR (125 MHz, CDCL,): 6 =206.8 (Pos 3), 109.6 (Pos
5), 85.3 (Pos 6), 54.7 (Pos 2), 33.2, 31.2, 18.8, 1.9; HRMS: calcd for
CyoHyO4Si, [M+Na+] 451.1948, found 451.1935.

Diketo dilactones 28a/b: Anhydrous Znl, (140mg, 0.125 mmol,
0.13 equiv) was added to a solution of freshly distilled methyl vinyl ketone
(25) (0.7 mL, 8.6 mmol, 2.4 equiv) and ketene acetal 13 (1.0 mL, 3.5 mmol,
1.0 equiv) in CH,Cl, (5mL) at 0°C
4 under vigorous stirring. The suspen-
7(1{:0 3.0\ _o sion was stirred for another 4 h at 0°C
;Fjs and then acetone (15 mL) and aque-
O fo) o 2 ous HF (0.2 mL, 48% wt solution in
7 1 water, 13 mmol, 3.8 equiv) were add-
28a/b ec.l aF room temperature. After further
stirring (2 h), CH,Cl, (150 mL) and
water (10 mL) were added. The or-
ganic layer was washed with saturated NaHCO; (2 x25mL), brine
(25 mL), dried (MgSO,), and concentrated. The residue was purified by
flash chromatography (silica gel, hexanes:ethyl acetate 3:2) to afford
diketo dilactones 28a/b (596 mg, 2.10 mmol, 60% over two steps from
lactide 14; ~1:1 mixture of epimers) as a white crystalline solid.[”) R;=0.23
(silica gel, hexanes:ethyl acetate 1:1); IR (thin film): 7, (cm™)=2926 w
(C—H), 1742 s (C=0, lactone), 1721 s (C=0, ketone), 1188 m, 1108 m;
'"H NMR (500 MHz, CDCL): 6 =2.64-2.50 (m, 4H, CH,), 2.39-2.26 (m,
2H, CH,), 2.22-2.17 (m, 2H, CH,), 2.17 (s, 3H, CH;), 2.14 (s, 3H, CHs;),
1.71 (s, 3H, CHj), 1.68 (s, 3H, CH;); ®C NMR (125 MHz, CDCL): 6 =
206.1, 206.0, 167.43, 167.40, 83.1 br. (2 carbons), 37.5, 37.2, 34.0 br. (2
carbons), 29.9, 29.8, 26.5, 25.9; HRMS: calcd for C,;H,,O4 [M+Na*]
307.1158, found 307.1168.

OTMS

lluu

271 371

Ketal ketones 32 and 33: Dry triethylamine (0.56 mL, 4.04 mmol, 2.3 equiv)
was added to a solution of diketo dilactones 28a/b (500 mg, 1.76 mmol,
1.0 equiv) in CH,Cl, (6 mL, 0.3m) at —78°C. Then TMSOTf (0.88 mL,
4.85 mmol, 2.8 equiv) was added dropwise over 20 min. The clear solution
was stirred for a further 30 min at —78°C and then the reaction
temperature was slowly raised to —10°C over 2h. After an additional
Sh at —10°C the reaction mixture was quickly warmed to room temper-
ature and saturated NaHCO; (10 mL) was added under vigorous stirring.
After 15 min, ether (50 mL) was added. The organic layer was washed with
saturated NH,CI (10 mL), the combined aqueous layers were extracted
with ether (2 x 10 mL), and the combined organic layers were washed with
brine (20mL), dried (MgSO,), and concentrated to afford a mostly
crystalline, yellow solid (585 mg). The crude material was pulverized and
then added to refluxing ether (80 mL; incomplete dissolution). The
suspension was partially concentrated (—35mL) and kept at 0°C for
12 h. Filtration afforded anti-ketal ketone 33 (195 mg, 0.547 mmol, 31 %) as
colorless, crystalline solid and 355 mg of a yellow oil after concentration of
the mother liquor. The residue was purified by flash chromatography (silica
gel, hexanes:ethyl acetate 2:1) to afford syn-ketal ketone 32 (182 mg,
0.511 mmol, 29%) as a white crystalline solid. 32: M.p. 101°C (after
recrystallization from ethyl acetate); R=0.36 (silica gel, hexanes:ethyl
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acetate 1:1); IR (thin film): 7,,, (cm™!) =2959 w (C—H), 1728 s br. (C=0),
1256 m, 1150 m, 1087 s, 847 s; 'H NMR (600 MHz, CDCl;): 6 =2.81 (dd,
2L asy=14Hz, *J,,,,=2 Hz, 1H, Pos 4a), 2.65 (d, 2,4, =14 Hz, 1H, Pos
4b), 2.56 (t, Tsopsas =75 Hz, 2H, Pos 9a + Pos 9b), 2.49 (d br, 2y, =
15.5 Hz, 1H, Pos 2a), 2.34 (ddd, %J,,,,=15.5Hz, 3/5,;,,=12.5Hz, 31, ;,=
7 Hz, 1H, Pos 2b), 2.13 (s, 3H, Pos 11) and 2.22-2.07 (m, additional 3H,
Pos 1la-+Pos 8a+ Pos 8b), 2.02 (dtr, %J;,,,=14.5 Hz, 3/,,,,2,=7 Hz, 1H,
Pos 1b), 1.56 (s, 3H, CH,), 1.51 (s, 3H, CHa), 0.20 (s, 9H, Si(CH,),);
13C NMR (125 MHz, CDCl;): 6 =207.1/203.4 (Pos 3 + Pos 10), 171.7 (Pos
12),97.3 (Pos 5), 84.4/76.0 (Pos 6 + Pos 13), 50.4 (Pos 4), 37.5,37.1,34.2, 33.6,
30.1,26.3,21.6, 1.9; HRMS: calcd for C;;H,304Si [M + Na*] 379.1553, found
379.1565. 33: M.p. 155°C (after recrystallization from CH,Cl,); R;=0.43
(silica gel, hexanes:ethyl acetate 1:1); IR (thin film): 7,,, (cm™')=2962 w
(C—H), 1726 s br. (C=0), 1257 m, 1150 m, 1088 5, 847 s; 'H NMR (600 MHz,
CDCLy): 6=2.83 (dd, /5 =14 Hz, I ,,,,=2 Hz, 1H, Pos 4a), 2.68 (ddd,
Jguop =18 Hz, 35, 5, =10.5 Hz, Ty, 5,=6 Hz, 1H, Pos 9a), 2.60 (d, 2/, ;.=
14 Hz, 1H, Pos 4b), 2.58 (ddd, 2Jy,g, = 18 Hz, /s, 4, = 10 Hz, *Jsy 5, = 4.5 Hz,
1H, Pos 9b), 249 (dddd, %/, =15Hz, ,,;,=6.5Hz, J,;,=6Hz,
Tous=2Hz, 1H, Pos 2a), 2.32 (ddd, /., =15 Hz, /,,,,=9 Hz, I, , =
6.5 Hz, 1H, Pos 2b), 2.24 (ddd, 2/, 5, = 14.5 Hz, *Jy, 4, = 10 Hz, *Jy, 4, = 6 Hz,
1H, Pos 8a), 2.15 (ddd, 2y, 5, = 14.5 Hz, /g, 5, = 10.5 Hz, 3,4, = 4.5 Hz, 1 H,
Pos 8b), 2.14 (s, 3H, Pos 11), 2.11 (ddd, %, = 14 Hz, "/, =9 Hz, 3T, =
6 Hz, 1H, Pos 1a), 2.04 (dt, %/, ,, = 14 Hz, *J  5,,, = 6 Hz, 1 H, Pos 1b), 1.55
(s,3H, CH,), 1.41 (s, 3H, CH,), 0.17 (s, 9 H, Si(CH;),); ®C NMR (125 MHz,
CDCL,): 6 =207.1, 203.9 (Pos 3 + Pos 10), 171.9 (Pos 12), 97.8 (Pos 5), 84.1 /
76.6 (Pos 6 + Pos 13), 50.3 (Pos 4), 374, 37.2, 34.2, 33.4, 30.1, 25.5, 21.6, 1.8;
HRMS: calcd for C;;HaO¢Si [M+Nat] 379.1553, found 379.1566.

TBS-enol ether 35: Dry triethylamine (200 pL, 1.43 mmol, 1.6 equiv) was
added to a solution of syn-ketal ketone 32 (320 mg, 0.90 mmol, 1.0 equiv) in
CH,Cl, (6 mL) at —78°C. TBSOT( (228 pL, 1.00 mmol, 1.1 equiv) was then

added dropwise over 20 min. The 14

clear solution was stirred for a further 9 81,5 ™S o
4h at —78°C and then the reaction to 13] 8 3
was quenched by addition of saturat- TBSO o 05 2
ed NaHCO; (4 mL). Further CH,Cl, 11 1 35 21

(30 mL) was added and the temper-
ature was raised to room temperature.
The organic layer was dried (MgSO,) and concentrated. The residue was
purified by rapid flash chromatography (silica gel, hexanes:ethyl acetate
3:1) to afford TBS-enol ether 35 (381 mg, 0.81 mmol, 90 %) as a colorless
oil. R;=0.50 (silica gel, hexanes:ethyl acetate 2:1); IR (thin film): ¥,
(em™')=2957 m (C—H), 2928 w (C—H), 2858 w (C—H), 1732 s br. (C=0),
1254 m, 1150 m, 1087 s, 843 s; '"H NMR (600 MHz, CDCl;): 6 =4.02 (s, 1H,
Pos 11a), 4.00 (s, 1H, Pos 11b), 2.85 (dd, %/,, 4, =14 Hz, *J,,,,= 1.5 Hz, 1H,
Pos 4a), 2.63 (d, % 4,,,= 14 Hz, 1H, Pos 4b), 2.50-2.46 (m, 1H, CH,), 2.36-
2.30 (m, 1H, CH,), 2.19-1.97 (m, 6H, all CH,), 1.56 (s, 3H, CHj), 1.55 (s,
3H, CHj;), 0.89 (s, 9H, SiC(CH;);), 0.19 (s, 9H, Si(CHj;);), 0.13 (s, 6H,
Si(CHj;),); BC NMR (150 MHz, CDCly): 6 =203.6 (Pos 3), 172.2 (Pos 12),
158.4 (Pos 10), 97.5 (Pos 5), 90.1 (Pos 11), 84.1, 77.0 (one carbon hidden in
CDCl, signals, Pos 6 + Pos 13), 53.4, 50.4, 38.5, 37.4, 33.5, 30.5, 30.3, 25.7,
21.7, 18.0, 1.8, —4.8; HRMS: caled for C,;H,,04Si, [M+Na™] 493.2418,
found 493.2404.

8 1 OTMS
9 o OTBS
10{ 13{ & 0 3
TBSOY\ g7~ 2
n o221
36

TBS-enol ether 36: Dry triethylamine (182 pL, 1.31 mmol, 4 equiv) was
added to a solution of syn-ketal ketone 32 (117 mg, 0.328 mmol, 1.0 equiv)
in CH,Cl, (3 mL, 0.1m) at —78°C. TBSOT( (226 pL, 0.985 mmol, 3 equiv)
was then added dropwise over 20 min. The clear solution was stirred for
further 20 min at —78°C and then the reaction temperature was slowly
raised to 10°C over 4 h. The reaction was quenched by addition of
saturated NaHCO; (2 mL) and then further CH,Cl, (20 mL) was added.
The organic layer was dried (MgSO,) and concentrated to afford an orange
emulsion. This was purified by rapid flash chromatography (silica gel,
hexanes:ether 10:1) to afford TBS-enol ether 36 (165 mg, 0.282 mmol,
86 %) as a colorless oil. R;=0.58 (silica gel, hexanes:ethyl acetate 5:1); IR
(thin film): 7., (cm™!)=2956 m (C—H), 2930 m (C—H), 2858 m (C—H),
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1746 s (C=0, lactone), 1682 m (C=C), 1362 m, 1254 s, 1207 s, 1151 5, 1110 s,
1058 s, 896 s, 841 s, 780 s; 'H NMR (500 MHz, CDCl;): 6 =4.68 (d br,
31,1.=6Hz, 1H, Pos 2), 4.00 (s, 1H, Pos 11a), 3.98 (s, 1 H, Pos 11b), 2.52—
2.45 (m, 3H, all CH,), 2.33-2.27 (m, 1H, CH,), 2.17-2.13 (m, 2H, both
CH,), 1.94-1.88 (m, 1 H, CH,), 1.53 (s, 3H, CH3), 1.35 (s, 3H, CHj3), 0.91 (s,
9H, SiC(CH;)s), 0.89 (s, 9H, SiC(CHj;)5), 0.21 (s, 9H, Si(CHj;);), 0.13 (s, 3H,
Si(CH3)), 0.13 (s, 6H, 2 x Si(CH,)), 0.12 (s, 3H, Si(CH,)); *C NMR
(125 MHz, CDCl;): 6 =173.0 (Pos 12), 158.4, 1.46.0 (Pos 3 + Pos 10), 100.2
(Pos 2),95.8 (Pos 5), 89.7 (Pos 11), 83.7,76.1 (Pos 6 + Pos 13),41.7,39.1, 36.4,
30.5, 26.7, 25.7, 25.6, 22.5, 18.0 br. (2x carbon), 2.1, —4.4, —4.5, —4.76,
—4.79; HRMS: calcd for C,yHs4O4Si; [M+Na*] 607.3282, found 607.3292.

OTMS8 14 OTMS

™ Q.
111079 1 gs
2

0%50
12778 4

41a/b

Silyl enol ethers 41a/b: Dry hexamethyldisilazane (2.40 mL, 11.36 mmol,
3 equiv) was added to a solution of syn-ketal ketone 32 (1.35 g, 3.79 mmol,
1.0 equiv) in CH,Cl, (40 mL) at —20°C. Then TMSI (0.27 mL, 1.90 mmol,
0.5 equiv) was added slowly dropwise over 10 min. The solution was then
stirred for additional 4 h at room temperature. The reaction was quenched
by addition of saturated NaHCO; (20mL) and then further CH,Cl,
(200 mL) was added. The organic layer was dried (MgSO,) and concen-
trated in high vacuum to afford silyl enol ethers 41a/b (1.90 g, 3.79 mmol,
quantitative; ca. 2:1 mixture of geometrical isomers, double bond stereo-
chemistry not assigned) as a colorless oil. R;= 0.57 (silica gel, hexanes:ether
2:1); IR (thin film): #,,, (cm™')=2958 m (C—H), 1742 s (C=0, lactone),
1682 m (C=C), 1253 s, 1204 m, 1150 m, 1107 m, 1059 m, 900 s, 845 s;
'H NMR (500 MHz, C(Dy): 6 =5.03 (t, %Jy 5,5, =8 Hz, 0.3H, Pos 9-B), 4.86
(t, 39508, =8 Hz, 0.7H, Pos 9-A), 4.67-4.62 (m, 1H, Pos 2), 2.97-2.59 (m,
SH, all CH,), 2.23-2.17 (m, 1H, CH,), 1.84 (s, 2H, CH;-A), 1.80 (s, 1H,
CH,-B), 1.75 (s, 1H, CH;-B), 1.73 (s, 2H, CH;-A), 1.38 (s, 2H, CH;-A), 1.37
(s,2H, CH;-B), 0.25 (s, 3H, Si(CH;);-B), 0.18 (s, 12 H, Si(CH;);-A), 0.18 (s,
3H, Si(CH;);-B), 0.11 (s, 3H, Si(CH;);-B), 0.10 (s, 6H, Si(CH;);-A);
3C NMR (125 MHz, CDCLy): diastereomer A: 6 =173.1 (Pos 12), 149.2,
145.8 (Pos 3 +Pos 10), 101.5, 100.4 (Pos 2 + Pos 9), 95.7 (Pos 5), 83.6, 76.9
(Pos 6 + Pos 13), 41.7,37.4,36.4,27.1,22.7,22.5, 2.1, 0.7, 0.1; diastereomer B:
0=173.2 (Pos 12), 151.0, 145.9 (Pos 3 + Pos 10), 101.6, 99.7 (Pos 2 4 Pos 9),
95.7 (Pos 5), 83.7, 772 (Pos 6+ Pos 13), 41.9, 39.5, 36.6, 27.2, 22.4, 18.0,
2.1, 0.3, 0.2; HRMS: caled for C,;H,,O4Si; [M+Na'] 523.2343, found
523.2350.

OTMS

Diendione 42: A solution of phenylselenenyl chloride (2.29 g, 11.95 mmol,
2.2 equiv) in THF (10 mL) was added slowly over 50 min to a solution of
silyl enol ethers 41a/b (2.72 g, 5.43 mmol, 1.0 equiv) in THF (50 mL) at

—78°C. After two more hours, the

o 14 reaction was quenched at —78°C by

8 o OTMS o adding saturated NaHCO,; (40 mL)

11 10 9/1 5 e 3 under vigorous stirring.  Ether
%> 06 2 (100 mL) was added and the slurry

7 1 was warmed to room temperature.

42 The aqueous layer was extracted with

ether (2 x 50 mL); the combined or-

ganic layers were washed with saturated NaHCO; (40 mL), saturated
NH,CI (40 mL), and brine (40 mL), dried (MgSO,), and concentrated to
afford a yellow oil (4.1 g). The crude material was then dissolved in warm
THF (320 mL, Ty, i0n = 50 °C) and aqueous H,O, (3.7 mL, 30 % wt solution
in water, 36.3 mmol, ~7 equiv) was added. After 50 min at 50°C the
solution was partially concentrated in vacuum (—100mL). CH,Cl,
(400 mL) was added and the organic layer was washed with saturated
NaHCO; (2x50 mL), saturated NH,Cl (50 mL) and brine (50 mL), dried
(MgSO,) and concentrated. The residue was purified by flash chromatog-
raphy (silica gel, hexanes:ether 1:2) to afford diendione 42 (1.336 g,
3.79 mmol, 70 %) as a white crystalline solid. M.p. 136°C (after recrystal-
lization from CH,Cl,); R,=0.27 (silica gel, hexanes:ethyl acetate 2:1); IR
(thin film): 7, (cm™!)=2959 w (C—H), 1750 s (C=0, lactone), 1690 s
(C=0, enone), 1628 w (C=C, enone), 1255 s, 1123 s, 1085 s, 1044 m, 915 m,
848 s; 'H NMR (500 MHz, CDCl,;): 0 =6.73 (d, %J,,=10 Hz, 1H, Pos 1),
6.55 (d, %Jg9=16 Hz, 1H, Pos 8), 6.06 (d, *Jys=16 Hz, 1H, Pos 9), 5.97 (d,
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3],,=10Hz, 1H, Pos 2), 3.05 (d, 2/, =16 Hz, 1H, Pos 4a), 2.80 (d,
2] 1 w=16 Hz, 1 H, Pos 4b), 2.19 (s, 3H, Pos 11), 1.66 (s, 3H, CH,), 1.58 (s,
3H, CH,), 0.26 (s, 9H, Si(CH,);); *C NMR (125 MHz, CDCL,): 6 = 1973,
193.9 (Pos 3+ Pos 10), 168.1 (Pos 12), 149.1, 144.8 (Pos 1 + Pos 8), 129.9,
127.5 (Pos 2 + Pos 9), 96.5 (Pos 5), 84.1, 76.4 (Pos 6 + Pos 13), 48.0 (Pos 4),
28.5,278,23.8, 1.8; HRMS: calcd for C;;H,,0Si ([M H']) 353.1420, found
353.1414.

Endione 43: A suspension of Pd(OAc), (8.7 mg, 0.038 mmol, 2 equiv) and
silyl enol ethers 41a/b (9.7 mg, 0.019 mmol, 1.0 equiv) in MeCN (0.3 mL)
was stirred vigorously for 50 min. Then the suspension was concentrated

and purified by flash chromatography o 14

(silica gel, hexanes: ethyl acetate 2:1) 8 o OTMS o
to afford endione 43 (3.1 mg, 1 10 9/1 5 3
0.0087 mmol, 46%) as a white crys- o 06 2
talline solid. M.p. 148°C (after re- 12 7' 1

crystallization from CH,Cl,:ether 43

1:1); R;=0.22 (silica gel, hexanes:eth-

yl acetate 2:1); IR (thin film): 7,,,, = 2960 w (C—H), 1738 s (C=0, lactone),
1716 s (C=0, ketone), 1682 s (C=0, enone), 1627 m (C=C), 1303 s, 1255 s,
1123’5, 1087 s, 848 s; 'H NMR (500 MHz, CDCL,): 6 =6.85 (d, /5= 16 Hz,
1H, Pos 8), 6.27 (d, 3Jys=16Hz, 1H, Pos 9), 2.84 (dd, %,,,=16 Hz,
“I'uza=2 Hz, 1H, Pos 4a), 2.63 (dd, /4 =16 Hz, *J,,,, =1 Hz, 1H, Pos
4b), 2.49 (dtd, 15,2, =15.5Hz, 315, 1,15 =6 Hz, *J,,,,=2 Hz, 1H, Pos 2a),
2.34 (dtd, 25 5,=15.5 Hz, *J 1.1 = 6 Hz, *I,, s =1 Hz, 1 H, Pos 2b), 2.26 (s,
3H, Pos 11), 2.03 (t, 7, 5420 = 6 Hz, 1 H, Pos 1a), 2.02 (1, %7 5000 = 6 Hz, 1H,
Pos 1b), 1.69 (s, 3H, CH,), 1.59 (s, 3H, CHa), 0.24 (s, 9H, Si(CH,),);
13C NMR (125 MHz, CDCl,): 6 =203.9 (Pos 3), 197.4 (Pos 10), 168.5 (Pos
12),146.7 (Pos 8), 129.4 (Pos 9), 97.8 (Pos 5), 84.3, 77.2 (Pos 6 + Pos 13), 50.3
(Pos 4), 371, 33.1, 292, 279, 21.5, 1.8; HRMS: caled for C,;HyO,Si
[M+Na*] 3771396, found 377.1384.

Endione 44: LIHMDS (84 pL, 1.0M solution in THF, 0.084 mmol, 1 equiv)
was added dropwise within 5 min to a solution of ketal ketone 32 (30.0 mg,
0.084 mmol, 1.0 equiv) in THF (0.6 mL) at —78°C. The temperature was
slowly raised to —40°C and kept at

this temperature for 1h. Then the 0 s 14 OTMS
reaction mixture was cooled to 0. o]
—100°C and a solution of phenyl- 11 10 g 1 5 e 3
selenenyl chloride (16.1 mg, % 06 2
0.084 mmol, 1equiv) in THF 7 1

(0.6 mL) was added dropwise. The 44

reaction was quenched by adding

saturated NaHCO; (2mL) under vigorous stirring and then CH,Cl,
(8 mL) was added. The organic layer was dried (MgSO,) and concentrated.
The residue was purified by flash chromatography (silica gel, hexanes:
ethyl acetate 2:1) to afford the corresponding selenoketones (11.0 mg,
mixture of diastereomers; not shown) as a white solid and recoverd ketal
ketone 32 (14.9 mg). The selenoketones were dissolved in THF (1 mL) and
aqueous H,O, (2 drops, ~15 pL, 30% wt solution in water, ~0.15 mmol,
excess) was added. After 1 h water (3 mL) and CH,CIl, (8 mL) was added
and the organic layer was dried (MgSO,) and concentrated. The residue
was purified by flash chromatography (silica gel, hexanes: ethyl acetate 2:1)
to afford endione 44 (7.2 mg, 0.020 mmol, 24 %, 47 % based on recoverd
starting material) as a white crystalline solid. R;=0.28 (silica gel,
hexanes:ethyl acetate 2:1); IR (thin film): 7,,, (cm™)=2960 w (C—H),
1746 s (C=0, lactone), 1716 s (C=0, ketone), 1692 s (C=0, enone), 1257 s,
1162 m, 1124 s, 1084 s, 1055 m, 922 s, 848 s; 'H NMR (500 MHz, CDCl;):
0=6.87 (d, °J;,,=10Hz, 1H, Pos 1), 6.01 (dd, °J,,=10 Hz, *J,,,=1Hz,
1H, Pos 2), 2.97 (dd, %J,,4=16Hz, *J,,,=1Hz, 1H, Pos 4a), 2.77 (d,
2 pa=16Hz, 1H, Pos 4b), 2.48 (ddd, /o0, =18 Hz, 3Jy,5,=9.5 Hz,
3Jousy=065Hz, 1H, Pos 9a), 2.35 (ddd, /g0, =18 Hz, /g5, =9 Hz,
3Jonsa=6.5Hz, 1H, Pos 9b), 2.10 (s, 3H, Pos 11), 1.94-1.89 (m, 2H, Pos
8a + Pos 8b), 1.60 (s, 3H, CH;), 1.52 (s, 3H, CHj), 0.26 (s, 9H, Si(CHs););
3C NMR (125 MHz, CDCl,): 6 =206.9 (Pos 10), 194.3 (Pos 3), 170.9 (Pos
12),149.5 (Pos 1), 127.3 (Pos 2), 96.2 (Pos 5), 83.9, 75.8 (Pos 6 + Pos 13), 48.3
(Pos 4), 37.7, 34.1, 30.0, 26.6, 23.8, 1.8.

Chloro diendione 45: A solution of

phenylselenenyl chloride (13.2 mg, i g It o OTMS o
0.069 mmol, 23equiv) in THF 710 g/ > g e A
(0.25mL) was added slowly (within . 05 >l
15 min) to a solution of silyl enol 12 701
ethers 41a/b (14.8 mg, 0.030 mmol, 45
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=2 equiv) in THF (0.3 mL) at —78°C. The temperature was slowly raised
to —50°C over 1h. Then mCPBA (50 mg, 57-86% wt, ~0.15 mmol,
~5 equiv) was added in one batch and the temperature was raised within
the next 1 h to 0°C. The reaction was quenched at 0°C by adding saturated
NaHCO; (2 mL) under vigorous stirring and then CH,Cl, (5 mL) was
added. The aqueous layer was extracted with CH,Cl, (2 x 1 mL) and the
combined organic layers were dried (MgSO,) and concentrated. The
residue was purified by flash chromatography (silica gel, hexanes: ether
1:1) to afford chloro diendione 45 (3.9 mg, 0.010 mmol, 34 %) as a colorless
crystalline solid. M.p. 140°C (after recrystallization from CH,Cl,); R;=
0.26 (silica gel, hexanes:ether 2:1); IR (thin film): 7, (cm™')=2959 w
(C—H), 1754 s (C=0, lactone), 1711 s (C=0, chloro enone), 1682 m (C=0,
enone), 1628 w (C=C), 1311 m, 1256 s, 1096 s, 1046 m, 880 s, 848 s; '"H NMR
(600 MHz, CDCL3): 6 =6.90 (s, 1H, Pos 1) 6.57 (d, °Jsy=16 Hz, 1 H, Pos 8),
6.04 (d,J,3=16 Hz, 1H, Pos 9), 3.25 (d, /4,4, = 16 Hz, 1 H, Pos 4a), 2.91 (d,
2J 4a=16 Hz, 1H, Pos 4b), 2.22 (s, 3H, Pos 11), 1.66 (s, 3H, CH;), 1.64 (s,
3H, CHj), 0.28 (s, 9H, Si(CH;);); *C NMR (150 MHz, CDCl;): 6 =197.7
(Pos 10), 187.0 (Pos 3), 168.4 (Pos 12), 145.3/144.8 (Pos 1 + Pos 8), 132.9 (Pos
2),130.4 (Pos 9), 97.1 (Pos 5), 85.3/77.6 (Pos 6 + Pos 13), 48.4 (Pos 4), 29.4,
29.2, 24.5, 2.6; HRMS: calcd for C;;H,;0,SiCl ([M H*]) 3871031, found
387.1024.

[2+2] Adduct 47b: A degassed solution of diendione 42 (10.0 mg,
0.028 mmol) in [Dg¢]benzene (0.4 mL) in an NMR tube was irradiated for
30 min with a mercury medium-pres-
sure lamp (see General techniques
section). The solution was concentrat-
ed to afford [2+42] adduct 47
(10.0 mg, 0.028 mmol, quantitative)
as a colorless crystalline solid. M.p.
97°C (after recrystallization from
CH,Cl,); R;=0.37 (silica gel, hexane-
s:ethyl acetate 2:1); IR (thin film):
Tmax (cm™1)=2959 w (C—H), 1760 s
(C=0, lactone), 1715 s (C=0, ketone), 1307 m, 1252 s, 1152's, 1085 s, 8836 s,
845 s; 'H NMR (500 MHz, CDCL;): 6 =3.35 (dd, °J,;=9 Hz, °J,,=5 Hz,
1H, Pos 2), 3.28 (dd, /,,=5Hz, Jy3=4Hz, 1H, Pos 9), 3.13 (d, /.=
19 Hz, 1H, Pos 4a), 2.87 (dd, 3J,3=9.5 Hz, %J,,=9 Hz, 1H, Pos 1), 2.72 (d,
2] in1a=19 Hz, 1H, Pos 4b), 2.70 (dd, °J;;, =9.5 Hz, °J;y=4 Hz, 1H, Pos 8),
221 (s, 3H, Pos 11), 145 (s, 3H, CHj;), 141 (s, 3H, CHj;), 0.16 (s, 9H,
Si(CH;)5); BC NMR (125 MHz, C¢Dy): 6 =204.2, 202.3 (Pos 3 + Pos 10),
169.8 (Pos 12), 98.8 (Pos 5), 80.5, 74.1 (Pos 6 + Pos 13), 51.1, 45.3, 43.0, 40.5,
35.1,26.2,18.2,16.1, 1.6; HRMS: calcd for C;;H,,04Si [M + Na*] 353.1420,
found 353.1424.

Todo lactone 50: Hexamethyldisilazane (30 uL, 0.14 mmol, 5 equiv) and
then trimethylsilyl iodide (9 uL, 0.063 mmol, 2.2 equiv) were added to a
solution of diendione 42 (10.0 mg,
0.028 mmol, 1.0 equiv) in CH,Cl,
(0.3 mL) at —20°C. After 10 min the
reaction mixture was warmed to room
temperature and stirred for 8 h. Then
the solution was directly subjected to
flash chromatography (silica gel, hex-
anes: ether 5:1) to afford iodo lactone
50 (9.6 mg, 0.015 mmol, 55%) as a
colorless glass. R,=0.52 (silica gel,
hexanes:ether 4:1); IR (thin film):
Pmax (cm™1)=2958 w (C-H), 1770 s (C=0, lactone), 1667 w (C=C, enol
ether), 1651 w (C=C, enol ether), 1366 m, 1253 s, 1140 s, 1087 m, 1037 m, 900
m, 845 s; 'H NMR (500 MHz, C,Dy): 6=>5.03 (dd, 3J,,=7Hz, *J,,=
1.9 Hz, 1H, Pos 2), 4.61 (d, °J,5=10.5Hz, 1H, Pos 9), 3.31 (d, 2/}, =
10.5 Hz, 1H, Pos 11a), 3.25 (d, %/;;;,=10.5 Hz, 1H, Pos 11b), 2.96 (dd,
3J59=10.5Hz,3J;,=2.2 Hz, 1H, Pos 8),2.78 (d, %/, ., = 18 Hz, 1 H, Pos 4a),
2.43 (dd, %44, =18 Hz, *J4,,=1.9 Hz, 1H, Pos 4b), 2.13 (dd, %/;,=7 Hz,
3J,5=2.2Hz, 1H, Pos 1), 1.60 (s, 3H, CH,), 1.45 (s, 3H, CH;), 0.25 (s, 9H,
Si(CH;)3), 0.18 (s, 9H, Si(CHj);), 0.15 (s, 9H, Si(CH;);); “C NMR
(125 MHz, CD): 6 =170.3 (Pos 12), 149.9 / 147.7 (Pos 3 + Pos 10), 110.2
(Pos 9), 106.4 (Pos 2), 98.1 (Pos 5), 81.1, 74.1 (Pos 6 + Pos 13), 48.4 (Pos 8),
43.8,43.2 (Pos 1+ Pos 4), 18.8, 18.7 (Pos 7+ Pos 14), 6.7 (Pos 11), 1.6, 0.5,
0.1; Assignment of 'H and '3C NMR signals were aided by HMQC; MS-
FAB: m/z (%): 625 ([M+H'], 18), 757 [M+Cs*], 100); HRMS: calcd for
C,3H,, 068151 [M+Cs™] 757.0310, found 757.0333.

50, single isomer
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TBS-enol ether 52: An identical pro- TBS 14

cedure as the one used for the prep- 8 PTMS o)
aration of TBS-enol ether 35 (vide 41 10 9/1 5 e 3
supra) afforded from diendione 42 D 06 2
(115 mg, 0.326 mmol) the TBS-enol 7

ether 52 (143 mg, 0.306 mmol, 94%) 52

as a colorless oil. R;=0.50 (silica gel,

hexanes:ethyl acetate 2:1); IR (thin film): #,,, (cm™')=2958 m (C—H),
2859 m, (C—H), 1754 s (C=0, lactone), 1694 s (C=0, enone), 1594 m (C=C,
diene), 13155, 1256 s, 1123 5, 1086 s, 916 5, 845 s, 783 s; 'H NMR (600 MHz,
CDy): =629 (d, 3] =15 Hz, 1H, CH), 6.25 (d, J = 15 Hz, 1 H, CH), 6.07
(d,37,,=10Hz, 1H, Pos 1), 5.75 (d, *J,, = 10 Hz, 1 H, Pos 2), 435 (s, 1 H,
Pos 11a), 4.30 (s, 1 H, Pos 11b), 2.96 (d, %/,,,,= 16 Hz, 1 H, Pos 4a), 2.35 (d,
2] 4= 16 Hz, 1 H, Pos 4b), 1.81 (s, 3H, CH3), 1.10 (s, 3H, CH}), 0.97 (s, 9H,
SiC(CH,);) 0.10 (s, 3H, Si(CHs)), 0.09 (s, 3H, Si(CH,)), —0.06 (s, 9H,
Si(CHj;);); BC NMR (150 MHz, C,D¢): 6 =193.8 (Pos 3), 169.0 (Pos 12),
154.9 (Pos 10), 149.6 (Pos 1), 132.0, 129.8, 127.9 (Pos 2 + Pos 8 + Pos 9), 98.2,
97.3 (Pos 5+ Pos 11), 83.8, 77.6 (Pos 6 + Pos 13), 49.1 (Pos 4), 29.7,26.4, 24.1,
18.9,2.0, — 4.2 br; HRMS: caled for C,3HagO4Si, ([M-+H*]) 4672285, found
467.2290.

Spiroketal 53: LiHMDS (9uL, 1.0M solution in THF, 0.009 mmol,
0.3 equiv) was added dropwise to a solution of diendione 43 (10.0 mg,
0.028 mmol, 1.0equiv) in THF
(0.3mL) and rBuOH (0.03mL) at
—78°C. Then the reaction temper-
ature was raised to 5°C over 3h,
while a white suspension was formed.
The reaction was quenched by addi-
tion of saturated NH,Cl (1 mL) fol-
lowed by CH,Cl, (6 mL). The organic
layer was dried (MgSO,) and concen-
trated. The residue was purified by
flash chromatography (silica gel, hexanes: ethyl acetate 1:1) to afford
spiroketal 53 (7.1 mg, 0.025 mmol, 89 %) as a colorless crystalline solid.
M.p. 223°C (decomp; after recrystallization from CH,ClL,/MeOH); R,=
0.28 (silica gel, hexanes:ethyl acetate 1:1); IR (thin film): 7,,,, (cm™") =2927
w (C—H), 1804 s (C=0, lactone), 1711 s (C=0, ketones), 1279 m, 1150 s,
1017 s; 'TH NMR (600 MHz, CDCl,): 6 =4.37 (s, 1 H, Pos 8), 3.15 (d, 3/, =
4.5 Hz, 1H, Pos 9), 2.94 (dd, /5,2, =175 Hz, 3],,,=4.5 Hz, 1H, Pos 2a),
2.92 (d, 4,,=175Hz, 1H, Pos 4a), 2.89 (dd, %/5,,,=175Hz, 3], =
9.5Hz, 1H, Pos 2b), 2.77 (d, %/, =175Hz, 1H, Pos 4b), 2.76 (dt,
312 =9.5Hz, 3J,,,0=4.5 Hz, 1H, Pos 1), 2.25 (s, 3H, CHj), 1.46 (s, 3H,
CH,), 1.34 (s, 3H, CH,;); *C NMR (125 MHz, CDCl,): 6 =204.0, 202.3 (Pos
3+ Pos 10), 171.3 (Pos 12), 105.5 (Pos 5), 83.1, 82.4 (Pos 6 + Pos 13), 80.8
(Pos 8), 63.5, 44.4, 42.4, 41.3, 29.7, 28.1, 15.4; ESIMS (C,H ;404 — ex. mass
280.0947): m/z (% ): negative 342 [M+Cl~], 93, 279 ([M — H], 28).

Tricyclic lactones 38 and 56 and enol ether 55:1°° A solution of diendione 42
(6.1 mg, 0.017 mmol) and hydroquinone (trace) in toluene (0.6 mL) in a
sealed tube was submerged into a hot oil bath (250°C) for 50 min. The
solution was concentrated and purified by PTLC (0.25 mm plate, hexane-
s:ethyl acetate 1:1) to afford concave lactone 38 (1.4 mg, 0.004 mmol, 23 %)
as a colorless oil and convex lactone 56 (2.1 mg, 0.006 mmol, 34%) as a
colorless crystalline solid. Performing this reaction on larger scale
(~40 mg) allowed for the isolation of enol ether 55 in trace quantities
(~4% yield). 38: R,=0.42 (silica gel, hexanes:ethyl acetate 2:1); IR (thin
film): 7, (cm™!)=2958 w (C—H), 1754 s (C=0, lactone), 1722 s (C=0,
ketone), 1681 s (C=0, enone), 1253 s, 1174 s, 1083 s, 871 s, 848 s; 'H NMR
(500 MHz, CDClLy): =6.75 (d, %J,,=10Hz, 1H, Pos 1), 6.15 (d, °J,,=
10 Hz, 1H, Pos 2), 3.27 (ddd, 3J3,=13.5 Hz, 3/34,=9 Hz, 3J59,=5 Hz, 1H,
Pos 8), 3.17 (d, 3/,4=13.5 Hz, 1H, Pos 4), 2.28 (dd, %/y,9, =18 Hz, 3/, 4=
9 Hz, 1H, Pos 9a), 2.14 (dd, %Jg, ¢, = 18 Hz, 3J4,5s=5 Hz, 1 H, Pos 9b), 2.12 (s,
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3H, Pos 11), 1.72 (s, 3H, CHj), 1.53 (s, 3H, CH3;), 0.20 (s, 9H, Si(CH,));
3C NMR (125 MHz, CDCl;): 6 =204.5 (Pos 10), 197.0 (Pos 3), 167.9 (Pos
12), 1474 (Pos 1), 131.3 (Pos 2), 102.8 (Pos 5), 83.8, 80.9 (Pos 6+ Pos 13),
55.9 (Pos 4), 41.5, 40.0, 30.6, 21.5, 20.0, 1.4; HRMS: calcd for C;;H,,04Si
([M+H*]) 353.1420, found 353.1424. 56: M.p. 124 °C (after recrystallization
from CH,Cl,); R;=0.33 (silica gel, hexanes:ethyl acetate 2:1); IR (thin
film): 7, (cm™')=2958 w (C—H), 1760 s (C=0, lactone), 1715 s (C=0,
ketone), 1682 s (C=0, enone), 1254 s, 1174 s, 1126 s, 1083 s, 878 s, 848 s;
'H NMR (500 MHz, CDCL,): 6 =6.71 (d, *J;,= 10 Hz, 1H, Pos 1), 6.12 (d,
31,1 =10 Hz, 1H, Pos 2), 2.85 (dd, %Jy,, =16 Hz, 3J,,4=8.5 Hz, 1H, Pos
9a), 2.78 (ddd, 3J;,=10.5 Hz, %/, = 8.5 Hz, °J5¢,=5.5 Hz, 1 H, Pos 8), 2.65
(d, 3J,5=10.5 Hz, 1H, Pos 4), 2.63 (dd, 2Jy,4, =16 Hz, 3Jy,s=5.5 Hz, 1H,
Pos 9b), 2.21 (s, 3H, Pos 11), 1.60 (s, 3H, CH,), 1.39 (s, 3H, CHj;), 0.20 (s,
9H, Si(CH;);); ®*C NMR (125 MHz, CDCl;): 6 =204.9 (Pos 10), 196.3 (Pos
3),168.5 (Pos 12), 146.9 (Pos 1), 128.9 (Pos 2), 102.0 (Pos 5), 81.5, 80.2 (Pos
6+ Pos 13), 60.2 (Pos 4), 45.8, 41.8, 29.8, 21.9, 16.5, 1.5; HRMS: calcd for
C;H,,06Si ([M+H']) 353.1420, found 353.1424. 55: R,=0.32 (silica gel,
hexanes:ethyl acetate 3:1); IR (thin film): 7, (cm™')=2959 w (C—H),
1770 s (C=0, lactone), 1732 s (C=0, ketone), 1687 m (C=C, enol ether),
12535, 1157 s, 1111 s, 884 s, 846 s, 738 s; 'H NMR (600 MHz, CDCL,): 6 =
4.56 (d,3J,;,=75Hz, 1H, Pos 2), 4.55-4.54 (m, 1H, Pos 9), 3.09 (dd, °J, 4=
10 Hz,%J,,="75Hz,1H, Pos 1), 2.87 (d, %/, .»=16 Hz, 1 H, Pos 4a), 2.63 (d,
2] i1a=16 Hz, 1H, Pos 4b), 2.32 (dm, 3J;,=10 Hz, 1H, Pos 8), 1.92 (dd,
“J110=10Hz, °J;;3=0.8 Hz, 3H, Pos 11), 1.72 (s, 3H, Pos 7), 1.38 (s, 3H,
Pos 14), 0.12 (s, 9H, Si(CH;);); *C NMR (150 MHz, CDCl;, DEPT): 6 =
201.0 (C, Pos 3), 172.6 (C, Pos 12), 156.9 (C, Pos 10), 99.4 (C, Pos 5), 93.8
(CH, Pos 9), 82.2 (C), 77.6 (CH, Pos 2), 74.4 (C), 49.7 (CH,, Pos 4), 40.8
(CH), 37.6 (CH), 21.1 (CHj;), 19.6 (CHs;), 16.9 (CHs), 2.4 (CH;); HRMS:
calcd for C;H,,0Si [M + Na*] 375.1240, found 375.1250; nOe experiments
(in CDCL,): 6 =irradiation of 4.56 (Pos 2 + Pos 9) effects 3.09 (1.8 %, Pos 1),
2.63 (0.7 %, Pos 4b), 1.72 (1.5%, Pos 7) via Pos 2 and 2.32 (0.8 %, Pos 8),
1.92 (1.2%, Pos 11), 1.38 (1.3 %, Pos 14) via Pos 9, irradiation of 3.09 (Pos 1)
effects 4.56 (2.4 %, d, Pos 2), 2.32 (2.5%, Pos 8), 1.72 (1.7 %, Pos 7).

Diels— Alder adduct 57: LiHMDS (14 pL, 1.0m solution in THE,
0.014 mmol, 0.3 equiv) was added dropwise to a solution of diendione 42
(17.0 mg, 0.048 mmol, 1.0 equiv) in THF (0.4 mL) at —78°C. The reaction
temperature was then slowly raised to 0°C over 3 h and kept at 0°C for a

T™SQ further 90 min. The reaction was

Q5% .7

quenched by addition of saturated
NH,Cl (1 mL) followed by CH,CI,
(6 mL). The organic layer was dried
(MgSO,) and concentrated. The res-
idue was purified by gradient flash
chromatography (silica gel, hexane-
s:ethyl acetate 3:1 —»2:1—1:1) to af-
ford Diels— Alder adduct 57 (8.8 mg,
0.025 mmol, 52 %) as a white, crystalline solid along with concave lactone
38 (0.9 mg, 0.0025 mmol, 5% ), spiroketal 53 (2.1 mg, 0.0075 mmol, 16 %)
and convex lactone 56 (1.7 mg, 0.0048 mmol, 5%). 57: M.p. 205°C (after
recrystallization from ethyl acetate); R,=0.42 (silica gel, hexanes:ethyl
acetate 1:1); IR (thin film): 7., (cm™!)=2958 w (C-H), 1756 s (C=0,
lactone), 1732 s br. (C=0, ketones), 1250 m, 1151 s, 1091 m, 881 s, 844 s;
'"H NMR (500 MHz, CDCl,): 2.93 (d, %J,5=6.5 Hz, 1H, Pos 4), 2.81 (s br,
2H, Pos 1+ Pos 9), 2.72 (d, 3J;,=6.5 Hz, 1H, Pos 8), 2.27 (d br, 2/, =
19.5 Hz, 1H, Pos 2a), 2.16 (s, 3H, Pos 11), 2.10 (dd, 2/,5,=19.5 Hz, 3J,,, =
3.5Hz, 1H, Pos 2b), 1.52 (s, 3H, CH;), 1.49 (s, 3H, CHj;), 0.17 (s, 9H,
Si(CH;)5); ¥C NMR (125 MHz, CDCL,): 0 =205.8, 204.2 (Pos 3 + Pos 10),
171.5 (Pos 12), 103.9 (Pos 5), 86.7, 82.3 (Pos 6 + Pos 13), 58.2, 50.0, 42.1, 41.2,
371, 28.6,20.2, 19.8, 1.3; HRMS: calcd for C;;H,,04Si [M+Na*] 375.1240,
found 375.1250.

Hemiketal 58: HF - pyridine (2 drops 2 15 uL, = 10 mg HF, excess) was
added to a solution of tricyclic lactone 38 (4.7 mg, 0.013 mmol) in
anhydrous MeCN at 0°C. The reac-

7 tion mixture was warmed to 25°C
over 3 h. Then the reaction was stop-

1 ped by addition of saturated NaHCO,
(0.5mL) and CH,Cl, (5mL). The

organic layer was dried (MgSO,) and
concentrated. The residue was puri-

58 fied by (short!) flash chromatography
o) (silica gel, hexanes:ethyl acetate 1:1)

OH
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to afford hemiketal 58 (3.4 mg, 0.012 mmol, 91 %) as a colorless crystalline
solid. M.p. 172°C (after recrystallization from CH,Cl,); R,= 0.30 (silica gel,
hexanes:ethyl acetate 1:1); IR (thin film): 7,,,, (cm~') =3400 w br. (O—H),
2919 w (C—H), 1746 s (C=0, lactone), 1713 s (C=0, ketone), 1667 s (C=0,
enone), 1632 m (C=C), 1453 s, 1358 m, 1314 m, 1171 s, 1073 s; '"H NMR
(600 MHz, CDCl,): 6=6.80 (d, 37,,=10 Hz, 1H, Pos 1), 6.17 (d, J,,=
10 Hz, 1H, Pos 2), 4.09 (s, 1H, OH, variable—depending on concentra-
tion), 3.30 (ddd, 37, =13 Hz, /5y, =9 Hz, 754, =4 Hz, 1 H, Pos 8), 3.27 (d,
3],4=13 Hz, 1H, Pos 4), 2.28 (dd, *Jy,9, = 18 Hz, *J,,s=9 Hz, 1 H, Pos 9a),
2.19 (dd, /., = 18 Hz, *J4=4 Hz, 1H, Pos 9b), 2.14 (s, 3H, Pos 11), 1.75
(s, 3H, CH,), 1.55 (s, 3H, CH,); ®C NMR (150 MHz, CDCL,): 6 =206.3
(Pos 10), 1974 (Pos 3), 168.8 (Pos 12), 148.0 (Pos 1), 132.1 (Pos 2), 102.1 (Pos
5),84.5,81.0 (Pos 6 + Pos 13), 56.0 (Pos 4), 42.9, 40.9, 31.5,21.9, 20.7; ESIMS
(C4H(O¢: ex. mass 280.0947): m/z (%): positive 303 [M-+Na*], 22,
negative 279 ([M — H], 68).

Diels— Alder adduct 59: A solution of TBS-enol ether 52 (20.0 mg,
0.043 mmol) in toluene (2.0 mL) in a sealed tube was submerged into a hot
oil bath (200°C) for 2 h. Afterwards the solution was concentrated and the
residue was purified by flash chroma-
tography (silica gel, hexanes: ethyl
acetate 10:1) to afford Diels— Alder
adduct 59 (6.3 mg, 0.013 mmol, 32 %)
as a colorless crystalline solid. Ry=
0.55 (silica gel, hexanes:ethyl acetate
2:1); IR (thin film): 7., (cm™!) =2958
m (C—H), 2929 m (C-H), 2857 w
(C-H), 1775 s (C=0, lactone), 1715 s
(C=0, ketone), 1625 w (C=C), 1251 s,
1180 m, 1160 m, 1137 m, 1081 s, 862 s,
842 s; 'TH NMR (600 MHz, CD;): 6 =5.17 (dd, °J;;,=6 Hz, J;;4,=1.5 Hz,
1H, Pos 11), 2.91 (dd, %/, 4=18.5 Hz, *J,,,=0.7 Hz, 1 H, Pos 4a), 2.40 (d,
2] jp.1a=18.5Hz, 1H, Pos 4b), 2.33 (s br, 1 H, Pos 2), 1.82 (dd, /s, 9, = 15 Hz,
3Jous=3.5 Hz, 1H, Pos 9a), 1.64 (ddd, /g9, =15 Hz, %Jy,s=10 Hz, *Jg,;, =
1.5 Hz, 1H, Pos 9b), 1.55 (dt, °J; 9, = 10 Hz, 3J54,= 3.5 Hz, 1 H, Pos 8), 1.32
(dd,J,s=10Hz,3J,,=3.5Hz, 1H, Pos 1), 1.14 (s, 3H, Pos 7), 1.11 (s, 3H,
Pos 14), 0.94 (s, 9H, SiC(CH);) 0.16 (s, 9H, Si(CHs;);), 0.12 (s, 3H,
Si(CHsy)), 0.09 (s, 3H, Si(CH3)); C NMR (125 MHz, CDCL): 6 =206.2
(Pos 3),171.2 (Pos 12), 153.9 (Pos 10), 103.4 (Pos 11), 99.1 (Pos 5), 82.1,75.5
(Pos 6+ Pos 13), 54.9, 48.6, 47.8, 45.6, 33.9, 31.6, 25.5, 22.6, 14.1, 1.6, — 4.5,
—4.7; HRMS: caled for C,3H304S1, ([M+HT]) 467.2285, found 467.2281;
NOE experiments (in C¢Dg): 6 =irradiation of 5.17 (Pos 11) effects 2.33
(2.3%, Pos 2), 0.94 (0.5%), SiC(CHs)s), 0.12 (0.7 %, Si(CH3;)), 0.09 (0.6 %,
Si(CHs)), irradiation of 2.33 (Pos 2) effects 5.17 (2.2 %, Pos 11), 1.32 (1.6 %,
Pos 1), 1.14 (2.4 %, Pos 7), irradiation of 1.32 (Pos 2) effects 2.33 (1.4 %, Pos
2), 1.64 (1.4 %, Pos 9b), 1.14 (1.1 %, Pos 7).
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