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ABSTRACT: Late-stage synthetic efforts to advance the enatio- and diastereoselectively constructed [6,7,5,5]-fused tetracyclic
scaffold toward the polycyclic norditerpenoid ineleganolide are disclosed. The described investigations focus on oxidation-state
manipulation around the central cycloheptane ring. Computational evaluation of ground-state energies of dihydroineleganolide
is used to rationalize empirical observations and provide insight for further synthetic development, enhancing the understanding
of the conformational constraints of these compact polycyclic structures. Advanced synthetic manipulations generated a series of

natural product-like compounds termed the ineleganoloids.

B INTRODUCTION

Natural products have proven invaluable for the development
of pharmaceuticals, providing inspiration and serving as lead
compounds for the treatment of ailments from cancer' to

.1 . . 1cd2
bacterial infection ©

and neurological diseases.'>** Addi-
tionally, through target-directed synthesis, natural products
continue to inspire the development of novel reaction
manifolds and the extension of chemical space. The
furanobutenolide-derived norcembranoid diterpenes are a
class of biologically active natural products that have been
sparsely explored and offer tremendous potential for both
pharmaceutical and methodological development.” Among the
members of this natural product family, ineleganolide (1)
stands out because of the intricate functionalization of the
compact and highly oxygenated structure paired with known
antileukemic properties (Figure 1).°"° Since the initial isolation
and assignment of the structure in 1999 from the namesake
soft coral Sinularia inelegans,6j ineleganolide (1) has been
isolated from a number of other species belonging to the same
genus® ™" along with the isomeric natural products horiolide
(2)7 and kavaranolide (3).°
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Figure 1. Ineleganolide (1) and isomeric [6,7]-polycyclic furanobu-
tenolide-derived norcembranoid diterpenes.

Ineleganolide (1) poses a number of formidable synthetic
challenges,”” highlighted by nine stereogenic centers dis-
tributed across [6,7,5]-carbocyclic scaffold that is constrained
within a highly cupped configuration by a bridging
dihydrofuranone. Previously, we developed an enantioselective
and diastereoselective approach toward the synthesis of the
furanobutenolide-derived polycyclic norditerpenoids, resulting
in synthetic access to the enantioenriched [6,7,5,5]-tetracyclic
core of ent-ineleganolide (ent-1) and representing the first
completion of the carbocyclic scaffold of any member of the
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Scheme 1. Enantioselective Formation of the [6,7,5,5]-Tetracyclic Core of ent-Ineleganolide (ent-1)
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Scheme 2. Alternative Synthetic Strategies for the Completion of ent-Ineleganolide (ent-1)
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Scheme 3. Retrosynthetic Analysis of ent-Ineleganolide (ent-1) Employing Late-Stage Oxidation

H (o}

Oxa-Michael
« Addition

ent-Ineleganolide (ent-1)

Epoxyketo
Rearrangement

Epoxidation

Conjugate
Reduction

Directed

polycyclic furanobutenolide-derived norcembranoid natural
product family (Scheme 1).'”"" Completion of ent-inelegano-
lide (ent-1) from ent-epi-isoineleganolide B (6), envisioned
through olefin isomerization and ultimately intramolecular oxa-
Michael addition from vinylogous diketone 7, proved
untenable.'> Nevertheless, with synthetic access to the
[6,7,5,5]-tetracyclic core of ent-ineleganolide (ent-1) estab-
lished, we sought to develop an alternative late-stage strategy
that would enable access to the natural product itself.
Presented herein are our efforts toward this end and, although
ultimately proven unable to provide ineleganolide, have led to
a number of additional ineleganoloids that have been prepared
through intriguing and unusual chemistry.

B RESULTS AND DISCUSSION

Alternative access to ent-ineleganolide (ent-1) was envisioned
through two distinct strategies. First, from synthetic
intermediate diene S, ent-ineleganolide (ent-1) could be
synthesized using a sequential reduction-oxidation strategy
(Scheme 2A). Conjugate reduction of the enone moiety within
diene S would provide 2H-ent-ineleganolide (8) after oxidation

of the remaining cycloheptenyl olefin. Completion of ent-
ineleganolide (ent-1) from 2H-ent-ineleganolide (8) would
only require the formation of the final C—O bond and the
bridging dihydrofuranone ring. This oxidative annulation could
be accomplished either directly by oxidation of a C—H bond at
the apical methylene or stepwise by an oxidative desaturation
and ultimately an intramolecular oxa-Michael addition.

Contrastingly, ent-ineleganolide (ent-1) might be synthe-
sized from ketopyran 9 by an antipodal approach (Scheme
2B). In this approach, ketopyran 9 would undergo oxidation of
the central cycloheptanone to install a transannular vinylogous
diketone and furnish dihydropyranone 10. Subsequently, a
chemoselective reduction of the a-alkoxyketone C—O bond
within dihydropyranone 10 in the presence of the unsaturated
system would lead to spontaneous formation of the
dihydrofuranone ring by intramolecular oxa-Michael addition
and leave only a deoxygenation or a sequential dehydration-
reduction to complete the natural product (ent-1).

Late-stage synthetic efforts toward ent-ineleganolide (ent-1)
began with the sequential reduction—oxidation strategy from
tetracyclic diene 5. Retrosynthetically, access to ent-inelegano-

DOI: 10.1021/acs.joc.9b00635
J. Org. Chem. XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.1021/acs.joc.9b00635

The Journal of Organic Chemistry

lide (ent-1) was envisioned from vinylogous diketone 7,
furnishing the natural product following an intramolecular oxa-
Michael addition (Scheme 3). Rather than accessing vinyl-
ogous diketone 7 by olefin isomerization from ent-isoinelega-
nolide B (6, see Scheme 1), enedione 7 would be synthesized
by the oxidation of saturated 1,4-diketone 8. Alternatively, ent-
ineleganolide (ent-1) could be formed directly from 2H-ent-
ineleganolide (8) through intramolecular oxidative annulation
by C—H functionalization. 2H-ent-Ineleganolide (8) would be
prepared from epoxide 11 by a syn-facial 1,2-hydride shift.
Saturated ketone 11 would be synthesized by the sequential
conjugate reduction and hydroxyl-directed epoxidation from
diene S.

The conjugate reduction of the tetrasubstituted enone
moiety within tetracyclic diene 5 proved nontrivial. All
attempts to reduce the conjugated system by the nucleophilic
addition of hydride failed, likely because of the steric
environment surrounding the fully substituted pf-position.
Alternatively, we were pleased to discover that the use of
samarium diiodide (Sml,) was a suitable reductant to enable
the formation of saturated ketone 12 as a single diastereomer
(Scheme 4). The use of water as an additive in an optimal ratio

Scheme 4. Conjugate Reduction of Diene 5
Sml, (4.4 equiv)
H,0 (26 equiv)
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-78°C —>23°C,4h

(56% yield)
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proved crucial for this transformation. The absence of an
additive or the addition of MeOH, t-BuOH, LiCl, or fewer
equivalents of H,O prevented the complete consumption of
starting material. Contrastingly, the addition of HMPA or the
use of additional equivalents of H,O resulted in diminished
yield of tetracycle 12 through erosion of diastereoselectivity
paired with over-reduction of the desired ketone product (12).

The hydroxyl-directed epoxidation of cycloheptene 12 was
then accomplished under vanadium-catalyzed conditions to
provide epoxide 11 in 94% yield. Epoxide 11 proved to be a
crystalline white solid, enabling the unambiguous determi-
nation of relative configuration by single-crystal X-ray
diffraction. This crystal structure confirmed not only the
assignment of the epoxide, being correctly directed to the j-
face of the molecule, but also the configuration of the trans-
fusion at the [6,7]-ring junction, matching that found in ent-
ineleganolide (ent-1, see Scheme 3).

Similar to our experiences with a related epoxide,''
advancement of epoxide 11 to 2H-ent-ineleganolide (8)
through an epoxide rearrangement proved unfruitful under a
variety of Lewis acidic conditions (Scheme $). Thus,
alternative access to 2H-ent-ineleganolide (8) was sought
employing the method used successfully applied to the
oxidized analogs, beginning from ent-isoineleganolide A (13,

Scheme 5. Unsuccessful Epoxide Rearrangement of Epoxide
11

Epoxyketo
Rearrangement

020 ™

2H-ent-Ineleganolide (8)

Scheme 6A).'""* Nucleophilic opening of epoxide 13 was
accomplished in the presence of stoichiometric magnesium(1I)
bromide in a mixed solvent system at 70 °C, providing
bromide 14 in quantitative yield after concomitant trans-
annular oxa-Michael addition. Subsequent installation of a
ketone at C(6) was achieved under optimized Kornblum
oxidation conditions to furnish ketopyran 9 in 96% yield."
The efficiency of this transformation was ascribed to the ability
of the transannular ethereal oxygen to stabilize the
intermediate carbocation.'”""

Application of this synthetic sequence to the reduced system
began from epoxide 11, which was first opened with
magnesium(II) bromide to provide bromohydrin 15 in 80%
yield after an extended reaction time (Scheme 6B).
Unfortunately, Kornblum oxidation conditions failed to install
the desired ketone at C(6). The only products observed from
the attempted oxidation of bromide 15 were dehydration
products after prolonged exposure to elevated temperature
under the reaction conditions. This result reinforces the
hypothesis that the transannular ether in secondary bromide
14 is critical for the efficacy of the Kornblum oxidation.

In place of a Kornblum oxidation strategy to access 2H-ent-
ineleganolide (8), we began to pursue a reductive epoxide
opening strategy employing Cp,TiCl, which is generated in
situ from CpTiCl, and a suitable reductant.'” Initial
exploration of this reductive epoxide opening proved
immediately successful (Scheme 7). The use of H,O as an
additive results in the formation of the Cp,TiCl aquo complex
and thereby provides a sacrificial hydrogen atom donor.'**'
Subsequent oxidation under optimized conditions using Dess—
Martin periodinane (DMP) in 1,2-dichloroethane at elevated
temperature provided 2H-ent-ineleganolide (8) in 33% yield
over two steps with the translactonized ketone 16 isolated in
identical yield. The structures of both 2H-ent-ineleganolide (8)
and lactone 16 were unambiguously determined by single-
crystal X-ray diffraction, confirming the desired relative
configuration at C(7).

In order to explore the conformational constraints of 2H-ent-
ineleganolide (8), knowing the propensity of tetracyclic
intermediates to adopt conformations distinct from that of
ineleganolide,”'"* we explored the in vacuo ground-state
energies (DFT/B3LYP/6-311+G**) of four different con-
formational isomers: 8% and 8°9" and 8A™ and 8A°™ (Figure
2).'° The two conformations in which the cyclohexanone ring
adopts a chair conformation, placing the isopropenyl
substituent in the axial position (8** and 8A™), are calculated
to be energetically equivalent in the ground state, within the
error of the calculation method (+0.23 Okcal/mol) and have
the lowest ground-state energies of the calculated isomers,
mirroring the preferred conformation of ent-ineleganolide (ent-
8™) as determined on initial isolation by single-crystal X-ray
diffraction.” The difference in energy between 8™ and 8A™
and the corresponding equatorial conformations, 8°%" and
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Scheme 6. Kornblum Oxidation for Formation of 1,4-Diketone Moiety

A.
(o]
O OH
.o MgBr;
X toluene
THF, 70°C,6 h
o (>99% vyield)

ent-Isoineleganolide A (13)

toluene
THF, 70 °C, 20 h

(80% yield)

120°C,9h
then Et;N

(96% yield)

AgBF,
DMSO
100°C,20h X\

then Et;N

2H-ent-Ineleganolide (8)
Not Observed

Scheme 7. Sequential Reductive Epoxide Opening and Carbinol Oxidation
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Figure 2. Computational evaluation of conformational isomers of 2H-
ent-ineleganolide (8).

8A°Y, respectively, was calculated to be no more than 1.0 kcal/
mol. Complimentarily, the X-ray crystal structure of the
isolated 2H-ent-ineleganlolide shows 8% is the preferred
conformation. We were optimistic, however, that given the
small ground-state energy differences among these conforma-
tional isomers, we could induce an equilibrium between the
isolated 8™ and one of the conformational isomers 8A™ or
8A°™ en route the completion of the asymmetric total
synthesis of ent-ineleganolide (ent-1).

To this end, completion of the total synthesis would require
the oxidation of 2H-ent-ineleganolide (8) in order to install the
final requisite C—O bond and construct the characteristic
bridging dihydrofuranone found within ent-ineleganolide (ent-
1). We envisioned accomplishing this transformation directly
by C—H functionalization at C(S) (Scheme 8). We focused on
the application of C—H functionalization methods that were

Scheme 8. Attempted C(5) Oxidation by C—H
Functionalization

C-H Functionalization o )
PhI(OACc),, I,, CH,Cl,, hv
OR

070 H

2H-ent-Ineleganolide (8) ent-Ineleganolide (ent-1)

known to accomplish the direct intramolecular formation a C—
O bond from a free hydroxyl group. We tested methods based
on the Suarez oxidation including the standard reaction
conditions (PhI(OAc),, I,, hv) and a series of modified Suarez
oxidation conditions, which used mixed cyclohexane and
dichloromethane solvent systems and excluded light.'” Addi-
tionally, we attemzpted the oxidation of C(S) using lead(IV)
acetate and light'® as well as with functionalized hypervalent
iodine reagents such as PhI(OH)(OTs)."” Unfortunately, all
reaction conditions explored failed to provide any product that
was successfully oxidized at C(S).

We also explored the potential to access ent-ineleganolide
(ent-1) through the oxidation of 2H-ent-ineleganolide (8),
proceeding through vinylogous diketone 7, which we
hypothesized would undergo a spontaneous intramolecular
oxa-Michael addition to furnish ent-ineleganolide (ent-1,
Scheme 9). Oxidative desaturation could be accomplished
through either selective kinetic deprotonation relative to the
cycloheptanone carbonyl at C(5) or by “thermodynamic”
enolization relative to the cycloheptanone carbonyl at C(4).
Complicated by potential enolization at C(2) and C(7), all
attempts to accomplish this transformation by direct oxidation
using palladium(II) salts [e.g, Pd(OAc), and Pd(TFA),],*
hypervalent iodine reagents (e.g,, IBX),”" or various selenides
[e.g, (PhSeO),0, PhSeCl, and H,0,] failed to yield any trace
of intermediate 7 or ent-ineleganolide (ent-1), typically
resulting in selective functionalization at C(2).** Similar
nonproductive reactivity was observed when attempting the
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Scheme 9. Representative Reaction Conditions for
Attempted C(4)—C(5) Oxidative Desaturation
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C(4)—C(5) oxidation by a Saegusa—Ito oxidation.”” In order
to avoid the undesired functionalization of the cyclohexanone
ring, the selective reduction of the C(3) carbonyl was explored.
While the selective reduction of the C(3) ketone in the
presence of the C(6) carbonyl of 2H-ent-ineleganolide (8)
could not be achieved, we sought to reduce the C(3) ketone at
an earlier stage.

Stereoselective reduction of ketone 12 at C(3) was
accomplished using L-selectride at low temperature (Scheme
10).>* Subsequent silylation of the intermediate secondary
alcohol provided tetracycle 17 in 79% yield over two steps.
Epoxidation could then be smoothly accomplished to furnish
epoxyalcohol 18 in 80% yield. Reductive epoxide opening of
pentacycle 18 under optimized conditions using in situ
generated titanium(III) resulted in concomitant translactoni-
zation, affording alcohol 19 in 66% yield as the sole product.
Unable to manipulate lactone 19 further toward ineleganolide,
we again revised our retrosynthetic strategy.

Armed with knowledge that selective late-stage functional-
ization of the tetracyclic core is complicated by the presence of
the ketone functionality at C(3), access to ent-ineleganolide
(ent-1) was envisioned after oxidation of secondary alcohol 21
and ultimate intramolecular oxa-Michael addition (Scheme
11). Access to enone 21 was anticipated by the isomerization
of olefin 22 into conjugation with the isolated ketone at C(6)
followed by deprotection of the masked secondary C(3)
hydroxyl group. Ketone 22 would be synthesized after the
stereoselective epoxide rearrangement or sequential reductive
epoxide opening-oxidation from epoxide 23, which would be
accessible from ent-isoineleganolide A (13) after selective 1,2-
reduction of the conjugated system and subsequent protection.

Exploration of the revised synthetic route began with the
development of conditions that could accomplish the chemo-

selective 1,2-reduction of cyclohexenone 13 (Scheme 12).
Gratifyingly, this transformation could be accomplished
chemoselectively and diastereoselectively using sodium bor-
ohydride in a mixed CH,Cl, and MeOH solvent system at low
temperature to provide allylic alcohol 24 in quantitative yield
as a single diastereomer.”> With alcohol 24 in hand, the
potential to accomplish an epoxide rearrangement on this
reduced system was evaluated. To thoroughly evaluate this
desired reactivity, selective protection of the hydroxyl groups
on substrate 24 was accomplished, allowing for the isolation of
monoprotected allylic alcohol 25 and bis-silyl ether 26.
Unfortunately, as with all other epoxides containing the
[6,7,5,5]-core related to ent-ineleganolide (ent-1), diol 27,
allylic alcohol 28, and bis-silyl ether 29 all failed to undergo the
desired 1,2-hydride shift (Scheme 13).

During this investigation, we sought to assess the reactivity
of an analog of diol 24 that was functionalized with a silyl ether
at solely the allylic secondary alcohol. Under standard
imidazole-mediated silylation conditions employing a bulky
silyl chloride, synthesis of silyl ether 30 was achieved in 26%
yield (Scheme 14). Surprisingly allylic silyl ether 30 was the
minor product. The remaining portion of diol 24 had been
converted to a,f-unsaturated lactone 31 as the major product.
Under optimized conditions, conjugated lactone 31 was
produced in 74% yield.*

Intrigued by a,f-unsaturated lactone 31, the configurational
stability of the isomerized olefin was explored. Deprotection of
silyl ether 31 using TBAF provided secondary alcohol 32 in
quantitative yield (Scheme 15). Unfortunately, oxidation of
secondary alcohol 32 with DMP was accompanied by
concomitant olefin migration back into conjugation at the
[6,7] ring fusion, providing ent-isoineleganolide A (13) in 66%
yield. No trace of the desired a,f-unsaturated lactone (33) was
detected. Although this oxidative route proved unfruitful,
simply returning the original enone starting material (13) after
4 synthetic transformations, the investigation of the utility of
silyl ether isomers 30 and 31 in synthetic efforts toward ent-
ineleganolide (ent-1) continued.

In order to advance toward ent-ineleganolide (ent-1), the
epoxide moiety within diol 24, allylic ether 30, or unsaturated
lactone 31 would need to be converted into the requisite C(6)
ketone. Unfortunately, diol 24, the precursor to silyl ether
isomers 30 and 31, proved to be an unsuitable substrate for
titanium(I11)-mediated reductive epoxide opening (Scheme
16).”” Contrastingly, silyl ethers 30 and 31 proved to be
competent substrates for this transformation (Schemes 17).>*
Epoxide opening of allylic silyl ether 30 provided trans-

Scheme 10. Advancement of Tetracycle 12 by Diastereoselective C(3) Reduction

(o]
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Scheme 11. Retrosynthetic Analysis of ent-Ineleganolide (ent-1) Employing a Reduction at C(3)
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lactonized alcohol 36 as the sole product in 60% yield (Scheme
17A). Subsequent oxidation failed to induce the desired
retrotranslactontization, furnishing ketone 37 as the only
isolable product without any trace of desired cycloheptanone
38. Transannular lactone 37 was not immediately useful for
continued advancement toward ent-ineleganolide (ent-1).
Alternatively, exposure of a,f-unsaturated lactone 31 to
identical titanium(III)-mediated reductive conditions accom-
plished the desired epoxide opening, while avoiding any
translactonization, affording 1,3-diol 39 in 42% yield (Scheme
17B).”® Interestingly, under these reducing and Lewis acidic
conditions, the reduction of the a,f-unsaturated lactone
moiety was not detected. Advancing diol 39 by oxidation of

Scheme 15. Assessment of Configurational Stability of
Unsaturated Lactone Moiety

TBAF

THF
-78°C —23°C,7h

(>99% yield)

DMP
— .
CH,CI,
0°C,25h

(66% yield)

ent-Isoineleganolide A (13)

Not Observed

the secondary alcohol with DMP smoothly provided ketone 40
in 23% yield as the sole product.

With ketone 40 in hand, we sought to accomplish the
installation of the unsaturation required between C(4) and
C(S) for the vinylogous diketone system and ultimate oxa-
Michael addition to build the desired dihydrofuranone. Using
triethylsilyl triflate (TESOTf) and Et;N, desired enol ether 41
could be constructed, albeit with undesired concomitant

Scheme 14. Silyl Ether Formation with Unexpected Olefin Isomerization
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Scheme 16. Attempted Reductive Opening of Epoxide 24

H,0
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34 35
Not Observed

Scheme 17. Reductive Epoxide Opening of Isomeric Silyl
Ethers 30 and 31
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(42% yield)

DMP

CH,Cl,
0°C »23°C,13h

(23% vyield)

hydration of the af-unsaturated lactone (Scheme 18).
Unfortunately, we were unable to advance further toward
ent-ineleganolide (ent-1) at this stage as the oxidation of this
enol ether 41 could not be accomplished.”

To test if the steric bulk of silyl enol ether 41 was preventing
oxidation, silylation of tetracycle 40 was explored in a stepwise
fashion. Tertiary alcohol 40 was first protected as trimethylsilyl
(TMS) ether 43 (Scheme 19). Surprisingly, when ketone 43
was subjected to silyl enol ether formation conditions,
although the starting material was fully consumed, no trace
of either desired enol ether 44 or its hydrated analog were
detected in the product mixture.””

Unfortunately, alternative advancement of ketone 40 or its
diol precursor (39) by selective conjugate reduction of the
unsaturated lactone could not be accomplished. Although the
a,f-unsaturated lactone moiety within these compounds had

enabled the installation of the C(6) ketone (i.e., 39), the
inability to advance further toward ent-ineleganolide (ent-1)
forced another reevaluation of the synthetic strategy.

As such, development of an alternative pathway to avoid the
problematic translactonization regularly observed using the
titanjum(III)-mediated epoxide openings began (cf. Schemes
7, 10, and 17). To prevent this undesired isomerization, the
potential to mask the lactone as a lactol by reducing earlier
synthetic intermediates was investigated. Beginning with either
diene tetracycle 5 (Scheme 20A) or epoxide 13 (Scheme 20B),
a completely diastereoselective double reduction could be
accomplished in the presence of excess diisobutylaluminum
hydride (DIBAL) at low temperature to afford either allylic
alcohol 45 or epoxyalcohol 46, respectively. The relative
stereochemistry of reduction products 45 and 46 was not
rigorously assigned. Although the selective reduction of the
lactol was desired, reduction of the isolated ketone was the
requisite precursor, as evidenced by the isolation of allylic
alcohol 47 as the sole two-electron reduction product
detectable (Scheme 20C). Because a late-stage oxidation
would be required in this route to regenerate the lactone
moiety, the advancement of the observed reduced lactols 45
and 46 could still be employed to advance toward ent-
ineleganolide (ent-1) in short sequence.

Exploiting the higher yielding reduction of diene $
compared to epoxide 13, we chose to advance employing
lactol 4S. Bis-silylation of secondary alcohol 45 using tert-
butyldimethylsilyl chloride (TBSCIl) under standard conditions
provided lactol ether 48 in 89% yield (Scheme 21).
Epoxidation of allyl alcohol 48 was then efficiently
accomplished in 90% yield to furnish epoxide 49. Titanium-
(1II)-mediated epoxide opening accomplished the regioselec-
tive epoxide opening, smoothly furnishing a single product.
The product observed had undergone an intramolecular
transketalization, furnishing acetal 50 in 89% yield.”® Yet
again, an intermediate was produced that was not useful for the
progression toward ent-ineleganolide (ent-1) as opening of the
acetal under acidic or oxidative conditions could not be
achieved. Oxidative reactions using SO;-pyridine in dimethyl
sulfoxide (DMSO), DMP in wet CH,Cl,, other hypervalent
iodine oxidants in wet solvents, and chromium oxidants all
proved ineffective, routinely quantitatively returning the
starting material after reaction times up to 7 days at elevated
temperatures.

Scheme 18. Silyl Enol Ether Formation from Ketone 40
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Scheme 19. Attempted Formation of TMS Enol Ether 44
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—»
CH,Cl, X\
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40 (>99% yield)
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CH,CI,
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55h

(55% yield) 45
Single Diastereomer (Unassigned)

DIBAL (2.50 equiv)

CH,CI,
-78°C
15h

. . (40% yield) 46
ent-Isoineleganolide A (13) Single Diastereomer (Unassigned)

DIBAL (1.1 equiv)
CH,Cl,

-78°C
2h

5 (11% yield) 47
Single Diastereomer (Unassigned)

Unable to advance acetal S50 further, we had again
encountered an unsuccessful synthetic strategy pairing early-
stage reduction with late-stage oxidation. Thus, we turned to
the antipodal retrosynthetic strategy employing an early-stage
oxidation, requiring a late-stage reduction to complete ent-
ineleganolide (ent-1, cf. Scheme 2B).

Alternative completion of the asymmetric total synthesis of
ent-ineleganolide (ent-1) was envisioned after dehydration of
ketofuran 52 paired with ultimate conjugate reduction
(Scheme 22). Synthesis of dihydrofuranone 52 would be
accomplished by an intramolecular oxa-Michael addition from
vinylogous diketone $3. Access to enedione 53 was envisioned
through the selective reductive opening of dihydropyranone
54. Access to dihydropyranone 54 would be achieved after the
oxidation of saturated 1,4-diketone 9.

Evaluation of this synthetic route began with the previously
synthesized intermediate ketopyran 9 (Scheme 23).'*"!
Formation of the thermodynamic TMS enol ether at C(3)

enabled the subsequent Saegusa—Ito oxidation, smoothly
furnishing vinylogous diketone $5 in 56% yield as the major
product. Unfortunately, even under optimized conditions, the
production of polyunsaturated diketone 56 could not be
avoided, which was isolated in 44% yield.”’

With vinylogous diketone 55 in hand, the investigating
reductive a-alkoxyketone cleavage procedures commenced.
These studies focused on the use of Sml,, considering that this
reagent is known to accomplish related transformations®' and
has been used previously for the a-alkoxyketone cleavage of
saturated 1,4-diketone 9.'”"" The use of Sml, in the absence of
an additive or with H,O, LiCl, LiBr, HMPA, or t-BuOH all
failed to provide any trace of enedione 53 (Scheme 24).
Rather, all conditions selectively reduced the conjugated
system. For example, exposure of enedione S5 to Sml, at
low temperature followed sequentially by TBAF-mediated
tertiary silyl ether cleavage produced saturated diketone 9 in
75% yield.

Unable to advance further toward ent-ineleganolide (ent-1)
using dihydropyranone $5, but inspired by access to
dihydropyranone $$ as the first intermediate with oxidation
of C(S), we regressed further in the synthetic route to find
other substrates that could be oxidized in a productive fashion.
We were pleased to find that ent-isoineleganolide A (13) could
be selectively enolized at the y-position of the conjugated
system when DMAP was used as the base (Scheme 25).
Formation of both dienol ether 57 (Scheme 25A) and dienol
acetate 58 (Scheme 25B) could be achieved using TESCI and
acetic anhydride, respectively. Although TES dienol ether 57
could be isolated and purified on a small scale, attempts to
increase the scale of its production routinely resulted in
hydrolysis during purification and reformation of starting
material 13. Although the formation of the analogous
triisopropylsilyl dienol ether could not be accomplished
under similar conditions, the TBS analog could be formed
using TBSCI in place of TESCI, furnishing a significantly more
stable product that was used for further synthetic studies.

In order to advance the dienol ether substrates toward ent-
ineleganolide (ent-1), employment of the previously utilized

Scheme 21. Advancement of Lactol 45§
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Scheme 22. Retrosynthetic Analysis of ent-Ineleganolide (ent-1) Employing Late-Stage Reduction
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titanium(I1I)-mediated reductive epoxide opening conditions
was explored. ent-Isoineleganolide A (13) was first converted
into the TBS dienol ether 59 and was subsequently exposed to
titanium (I11)-mediated reductive conditions (Scheme 26). Not
only did hydrolysis of dienol ether 59 occur under the reaction
conditions, but solely the recovery of starting material 13 was
observed without the detection of desired product 60 or
hydrolysis product 61.

Comparably, dienol acetate 58 proved to be an incompetent
substrate for reductive epoxide opening under the same
conditions (Scheme 27). Rather than producing desired
product 62, quantitative return of the staring material (58)
was observed.

Leaving the epoxide opening for a later stage, the oxidative
advancement of these dienol ether intermediates (57 and 58)
was explored. In an attempt to functionalize ent-isoinelegano-

lide A (13) at C(4), we first formed the TBS dienol ether
(Scheme 28). Exposure of this intermediate to N-bromosucci-
nimide (NBS) in dichloromethane at room temperature
afforded solely a-bromolactone 63 rather than a-bromoketone
64.>> We did not believe y-bromide 63 was useful for
progression toward ent-ineleganolide (ent-1); thus, alternative
oxidative procedures were explored.

During that investigation, we were gratified to find C(4)—
C(5) oxidation of ent-isoineleganolide A (13) could indeed be
accomplished (Scheme 29). Beginning again with the
formation of the TBS dienol ether from epoxide 13, oxidation
using stoichiometric palladium(II) acetate in DMSO provided
ent-dehydroisoineleganolide (65) in 60% yield. Unfortunately,
this transformation was plagued by routinely low yields on
increased scale, but afforded enough material to continue
synthetic explorations.

ent-Dehydroisoineleganolide (65) was characterized by
unique spectroscopic features, including an unexpected '*C
NMR spectrum. For example, consider ent-isoineleganolide A
(13) and the *C NMR shifts of C6 and C7 at 54.5 and 70.2
ppm, respectively (Figure 3). These shifts were characteristic
with the remaining epoxytetracycles synthesized throughout
this study (e.g, 11, 18, 24—26, 30—31, $7—58, and 63). In
contrast, while the carbon shift of the secondary epoxide
carbon C6 of ent-dehydroisoineleganolide (65) is within the
expected range at 52.1 ppm, the tertiary epoxide carbon C7 is
found at 94.9 ppm. We hoped that the spectral data associated
with ent-dehydroisoineleganolide (65) were indicative of a
reactivity profile that could be exploited.

Any further advancement toward ent-ineleganolide (ent-1)
would now require the opening of the epoxide moiety.
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Scheme 26. Attempted Reductive Epoxide Opening of Dienol Ether 59

TBSCI, DMAP

CH,Cl,,2h

—_—

NO REACTION
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Not Observed

Scheme 27. Attempted Reductive Epoxide Opening of
Dienol Ether 58

CH,CI,
-78°C - 23°C
72h

NO REACTION
(>99% recovered 59)

Not Observed

Unfortunately, ent-dehydroisoineleganolide (65) was ex-
tremely reactive under titanium(III)-mediated reductive
epoxide opening conditions, largely decomposing upon
initiation of the reaction and routinely furnishing a complex
mixture of products. Additionally, all attempts to accomplish a
Lewis acid-mediated 1,2-hyride shift and generation of the
vinylogous diketone (67) were unfruitful. In fact, the only
productive reactivity observed during this screen was the
production of cycloheptatrienone 66 from ent-dehydroisoine-
leganolide (65) in 75% yield in the presence of Yb(OTf),
(Scheme 30).

B CONCLUSIONS

We have disclosed a research program dedicated to developing
synthetic access to the core structures of the polycyclic
furanobutenolide-derived norcembranoid diterpene natural
products. Enantioselective construction of the tetracyclic core
of ineleganolide (1) employed a palladium-catalyzed asym-
metric allylic alkylation for the formation of a fully substituted
chiral tertiary ether center (blue, Scheme 31). This stereo-
center was then used to relay chiral information to all
remaining stereocenters within the [7,5,5]-tricyclic portion of
the ineleganolide core (red) through a diastereoselective

Scheme 29. Oxidation of ent-Isoineleganolide A (13) to
Cycloheptadiene 65

1. TBSCI, DMAP, CH,Cl,, 2h

2. Pd(OAc),, DMSO, 2 h

(60% yield, 2 steps)

o?~0d ™ 0?7~ ™
ent-Isoineleganolide A (13)  ent-Dehydroisoineleganolide (65)

Compound Carbon & (ppm in CDCl;)
13 c6 54.4
65 Ccé 52.1
13 c7 70.2
65 Cc7 94.9

Figure 3. Comparison of *C NMR shifts of enone 13 and diene 65.

reduction followed by a key cyclopropanation-Cope rearrange-
ment cascade.'”' "

Although the synthesis of neither ineleganolide (1) nor any
member of the polycyclic furanobutenolide-derived norcem-
branoid diterpene natural product family has yet been
accomplished, this synthetic program has facilitated the
construction of the core of any member for the first time
and the first synthetic isomers and analogs of ineleganolide
(1). These natural product-like ineleganoloids advanced the
understanding of the conformational restraints influencing
chemistry of the highly compact norcembranoid diterpene
scaffold and have led to the identification of biologically active
ineleganolide analogs (Figure 4).'”'" Currently, the biological

Scheme 28. Construction of @-Bromolactone 63

1. TBSCI, DMAP
OH  CH,Cl,, 2h

2.NBS
- CH,Cl,
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Scheme 30. Formation of ent-Didehydroisoineleganolide (66)
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Scheme 31. Asymmetric Allylic Alkylation Stereoselectively
Determines All Remaining Chiral Information

OTES (o] o

Pd-Catalyzed [o)
Allylic -
N Alkylation \l/ e H oH

[o} o —» 0 (o] Cl

O O T,

68 69 2H-ent-Ineleganolide (8)

activity this class of synthetic, natural product-like compounds
is in the process of being evaluated in collaboration with Eli
Lilly** and the City of Hope.*®

Throughout the course of this research program, we have
thoroughly explored the limits of chemical transformation on
complex, constrained fused cycloheptane polycycles. The
understanding of this chemistry will not only benefit continued
efforts toward the completion of the first asymmetric total
synthesis of ineleganolide (1), but also will be broadly
applicable to other total synthetic and semi-synthetic efforts
toward the polycyclic furanobutenolide-derived norcembra-
noids as well as other terpenoid and alkaloid natural products.
Perha