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Abstract

Tetracyclic terpenoid-derived natural products are a broad class of medically relevant agents

that include well-known steroid hormones and related structures, as well as more synthetically
challenging congeners such as limonoids, cardenolides, lanostanes, and cucurbitanes, among
others. These structurally related compound classes present synthetically disparate challenges
based, in part, on the position and stereochemistry of the numerous quaternary carbon centers that
are common to their tetracyclic skeletons. While de novo syntheses of such targets have been a
topic of great interest for over 50 years, semisynthesis is often how synthetic variants of these
natural products are explored as biologically relevant materials and how such agents are further
matured as therapeutics. Here, focus was directed at establishing an efficient, stereoselective, and
molecularly flexible de novo synthetic approach that could offer what semisynthetic approaches
do not. In short, a unified strategy to access common molecular features of these natural

product families is described that proceeds in four stages: (1) conversion of epichlorohydrin

to stereodefined enynes, (2) metallacycle-mediated annulative cross-coupling to generate highly
substituted hydrindanes, (3) tetracycle formation by stereoselective forging of the C9-C10 bond,
and (4) group-selective oxidative rearrangement that repositions a quaternary center from C9 to
C10. These studies have defined the structural features required for highly stereoselective C9-C10
bond formation and document the generality of this four-stage synthetic strategy to access a range
of unique stereodefined systems, many of which bear stereochemistry/substitution/functionality
not readily accessible from semisynthesis.
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C9/C13 stereochemistry
typical of cucurbitanes
and ent-9a-estranes

C10/C13 stereochemistry
common in androstanes,
pregnanes, cardenoclides,
lanostanes, euphanes, and
limonoids

INTRODUCTION

Steroid hormones and related compounds are the most successful class of natural product-
inspired pharmaceuticals, with >140 FDA-approved examples.? As such, the compounds in
this class can be considered as pharmaceutically privileged and viable molecular platforms
for drug discovery and development.? The vast majority of medically relevant agents among
this group are based on estrane-, androstane-, pregnane-, or cardenolide skeletons, although
a vast array of more complex tetracyclic terpenoid systems are well known (Figure 1A).3
Historically, the recognition that such molecules have profound impacts in human biology
led to substantial advances in synthetic organic chemistry throughout the middle of the 20th
century. In fact, while numerous advances in “de novo” synthesis (commonly referred to

as “total” synthesis) have been described that pave a path to these steroidal systems that
contain one or two quaternary carbon stereocenters at the ring fusions of their tetracyclic
skeleton (e.g., C10 and C13), modern medicinal exploration in the area is predominantly
driven by natural product functionalization or “semisynthesis”. # This reality is likely due
to the current superiority of semisynthetic approaches that do not require enantioselective
assembly of the stereochemically complex fused carbocyclic core skeletons of members

of this natural product class. This dependency on semisynthesis is further amplified

when considering medicinal exploration of tetracyclic terpenoid-inspired systems based on
lanostane,® euphane,® limonoid,” and cucurbitane® natural product families. These latter
examples are significantly more challenging synthetic targets owing to their unique patterns
of substitution at ring-fusion carbons (e.g., additional quaternary centers at C8, C9, and C14)
and the variation in relative stereochemistry at some of these centers (i.e., C10,C13-ant/
and C10,C13-syrr, Figure 1A). These structural differences weigh heavily on the synthesis
design® and can be reasoned to result in retrosynthetic strategies that rely on disparate
sequences of chemical transformations, exploit structurally distinct starting materials, and
proceed with varying levels of step economy. Here, we describe a common asymmetric
four-stage synthetic strategy of high step economy that can be employed to access a

range of stereodefined tetracyclic terpenoid-related systems. The process is inherently
flexible with respect to absolute and relative stereochemistry, is capable of producing
substituted tetracyclic systems not easily accessible from semisynthesis, and proceeds
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in a highly convergent manner. A key feature of this advance is based on establishing
stereodivergent means to forge the steroidal C9—C10 bond to generate tetracyclic systems
that have either a syn- or anti-stereochemical relationship between C9 and C13 (Figure
1B). In short, double asymmetric Friedel-Crafts cyclization has been established as a
general and highly stereoselective means to access C9a-substituted estranes (1 — 2), while
cyclization by an intramolecular Heck reaction has been revealed to be highly selective

for the formation of C98-substituted estranes (4 — 5; Figure 1B). The value of this
stereodivergent bond construction is further amplified by the ability of each stereodefined
system (2 and 5) to undergo a unique oxidative dearomatization/group-selective Wagner—
Meerwein rearrangement that stereospecifically repositions the quaternary center from C9
to C10 in each system (2 — 3, and 5 — 6). These latter transformations provide a general
synthetic entry to steroidal systems that bear either C10,C13-ant/ stereochemistry (e.g.,
limonoids and euphanes), or C10,C13-syn stereochemistry (e.g., androstanes, pregnanes,
and cardenolides).19 This advance is distinct from the existing technology for forging the
steroidal C9—-C10 bond that proceeds either without the generation of a quaternary center
at C9 (7 — 8; Figure 1C)1 or employs Pd-catalyzed coupling technology that requires the
use of a complex chiral ligand to generate systems bearing a quaternary center at C10 (9 —
10).12

RESULTS AND DISCUSSION

This “unified” synthetic pathway (vide infra) to structurally diverse tetracyclic terpenoid
systems (2, 3, 5, and 6), which proceeds through sequential C9—-C10 bond formation
followed by rearrangement, has grown from our previously reported metallacycle-mediated
annulative cross-coupling reaction that enables the union of readily available chiral enynes
with trimethylsilyl (TMS)-alkynes and produces stereodefined polyunsaturated hydrindanes
(11 — 12; Figure 2A).10.13 This annulation reaction, along with subsequent cyclization
chemistry, is successful on a multigram scale and has played a prominent role in recent
natural product synthesis efforts (13-15; Figure 2B);14 consideration of state-of-the-art
strategies for asymmetric de novo synthesis of tetracyclic terpenoid systems led us to
contemplate the potential value of this annulative process for the construction of a range of
such stereodefined carbocyclic systems.

As illustrated in Figure 2C, it was imagined that the hydrindane product of annulation (17)
may serve as a useful intermediate for the construction of steroidal tetracycles (18) if it were
possible to achieve stereoselective C9—-C10 bond formation. The products of this reaction
were not only recognized to be potentially valuable C9-substituted estranes that contained
structural motifs observed within the cucurbitane family of natural products but they were
also thought to be valuable precursors to families of tetracyclic terpenoids that contain a
C10 quaternary center (18 — 19). Although not previously reported, it was imagined that
oxidative dearomatization could result in termination by group-selective Wagner—Meerwein
rearrangement that relocates C9 substitution to C10. These transformations that proceed
after metallacycle-mediated hydrindane formation (17 — 18 — 19) are the subject of the
following discussion.
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Tandem Protodesilylation/Friedel-Crafts Cyclization.

Early efforts to accomplish C9-C10 bond formation were based on the goal of achieving
acid-mediated tandem protodesilylation and stereoselective Friedel-Crafts cyclization.
Lewis acid-complexed phenols soon emerged as particularly well-suited Brgnsted acids that,
at low temperature, induce protodesilylation, subsequent site-selective protonation at C11,
and regioselective and stereoselective Friedel-Crafts cyclization.1®> As illustrated in Figure
3A, the complex formed from 0,0’ -dihydroxybiphenyl and SnCl, smoothly converted the
silylated hydrindane 20 to 21 in 55% yield. Interestingly, this cyclization proceeded with
good levels of stereoselection in favor of the C9,C13-ant/isomer (ds = 9:1).

In an effort to perturb the inherent selectivity of this reaction, to both enhance the
substrate’s bias to form the ant/-product and potentially reverse the sense of stereocontrol
to selectively deliver the syr+isomer, attention was directed toward exploring double
asymmetricl6 variants of this process. Lewis acid-complexed 1,1’-bi-2-naphthol (BINOL)
systems originally popularized by Yamamoto as a means to achieve chiral Bragnsted acid-
mediated enantioselective polyene cyclizationl® quickly emerged as a particularly attractive
and simple means to affect the stereochemical course of this tandem protodesilylation
and Friedel-Crafts cyclization reaction. As illustrated in Figure 3B, chiral complexes of
BINOL with SnCl4 had a profound impact on the stereochemical course of this C9-C10
bond-forming process. Matched double asymmetric reactions led to a substantial increase
in stereoselection, producing the antiisomer (22) with >20:1 diastereoselection, while the
mismatched double asymmetric process led to a significant erosion of stereoselection,
delivering a nearly 1:1 mixture of tetracyclic products (22:23).

Intramolecular Heck Reaction—Stereoselective Access to the C9,C13-syn-Isomer.

The inability of the mismatched double asymmetric Bransted acid-mediated cyclization

to reverse the stereochemical course of the C9—C10 bond formation depicted in Figure

3B led to investigations aimed at understanding the means by which the chiral Brgnsted
acid promotes the cyclization reaction. In Yamamoto’s pioneering study of BINOL-SnCl,
complexes as chiral mediators of enantioselective polyene cyclization reactions,® it was
proposed that the chiral Brgnsted acid initiates polyene cyclization by face-selective
protonation of a trisubstituted alkene with concomitant/concerted ant/-addition (e.g., C-C
bond formation occurs anti- to protonation). Given that the hydrindane substrates for the
current transformations are chiral and that there should be a bias regarding which face of
the C9—-C11 alkene participates in the initial reaction with the Brgnsted acid, experiments
were conducted to clarify the facial selectivity of protonation in the unselective mismatched
double asymmetric reaction (17 — 22 + 23; Figure 3B). The central question was whether
the protonation and cyclization occur in an anti-fashion across the C9—-C11 alkene during
the course of producing the C9,C13-anti (22) and C9,C13-syn (23) products. If so, the
mismatched double asymmetric reaction would be delivering isomeric products through a
poorly stereoselective protonation at C11.

As depicted in Figure 4, hydrindane 17 was converted to the deuterated and protected
substrate 24 via initial methylation (NaH and Mel), followed by deuterodesilylation with
DCI. In considering the use of 24 as a substrate for Brgnsted acid-mediated cyclization,
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it was understood that the deuterium label at C11 provided a means to assess the facial
selectivity of protonation at this carbon. As illustrated in Figure 4A, mismatched double
asymmetric cyclization of 24 with (S)-BINOL-SnCl, led to a 3:1 mixture of C9-substituted
estranes (25 and 26), slightly favoring the anti-isomer 25. Interestingly, the stereochemistry
at C11 of both products was identical, indicating that protonation at C11 occurs uniformly
from the a-face. This finding indicates a mechanistic difference in the formation of products
25 and 26. In one case, the protonation occurs ant/- to C—C bond formation (25) and is
consistent with the empirical model proposed for enantioselective polyene cyclization by
Yamamoto. In the other case, protonation occurs syr- to C-C bond-formation (26). The
fundamental reason for this difference in mechanism as a function of the pairing of absolute
stereochemistry between BINOL and the hydrindane is currently not well understood, but it
is suspected that the initial formation of the allylic carbocation may play a significant role,
and ion pairing with the BINOL-SnCl, complex may influence the stereochemical course of
these reactions.

With a stereoselective means for preparing tetracyclic products bearing a C9,C13-

anti stereochemical relationship by way of a matched double asymmetric tandem
protodesilylation/Friedel-Crafts cyclization, attention was directed toward establishing a
complementary process to stereoselectively produce the C9,C13-syn isomer. After gaining
an understanding that the polyunsaturated hydrindane substrates of interest (e.g., 24; Figure
4A) have a strong inherent facial preference for how the C9-C11 alkene is engaged in
reaction with a Brgnsted acid, namely, selective protonation from the a-face, we imagined
that an intramolecular carbometallation reaction may proceed with a similar sense of
stereoselection. In such processes, it was anticipated that C—C bond formation at C9 may
take place preferentially through a carbometallation process that engages the a-face. In
particular, it was reasoned that an intramolecular Heck reaction would be an ideal means

to stereoselectively generate the C9,C13-syn product.1” As illustrated in Figure 4B, this
expectation proved to be correct. Heating the aryl triflate 27 and catalytic Pdy(dba)s in the
presence of (£)-BINAP and 1,2,2,6,6-pentamethyl piperidine in toluene resulted in a highly
stereoselective intramolecular Heck reaction and delivered the C9,C13-syr-substituted
estrane 29 in 75% yield with ds > 20:1.12

Establishment of an Oxidative Dearomatization and Wagner—Meerwein Rearrangement.

With complementary approaches to tetracycle formation in hand that generate either the
C9,C13-anti or C9,C13-syn product with very high levels of stereoselectivity, attention

was focused on the next critical step of the aforementioned synthetic strategy to access

a range of terpenoid systems (Figure 2C). In short, it was imagined that an oxidative
dearomatization and group-selective Wagner—Meerwein rearrangement might be capable of
relocating the methyl group from C9 to C10, establishing a unique means of transposing

a quaternary center in these steroidal systems. If successful, such a process would allow

for the conversion of tetracyclic systems containing structural features of cucurbitanes

or 9-substituted estranes to molecular skeletons having features of euphanes, limonoids,
androstanes, pregnanes, or cardenolides.
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As depicted in Figure 5A, it was imagined that treatment of tetracyclic phenol 30 with
phenyliodine diacetate may promote the desired oxidative dearomatization and alkyl shift.
Unfortunately, the precedent in this general area of reactivity offered little support for this
expectation.18 Related established processes are terminated by semipinacol rearrangement
—a reaction that requires substrates bearing a benzylic tertiary alcohol, not a benzylic
quaternary center (as is the case with 30). Furthermore, the precedent indicates that
methyl groups are least likely to migrate during the terminal semipinacol rearrangement.18
As such, the planned oxidative dearomatization and Wagner—Meerwein rearrangement of
interest aimed to achieve what established reactions do not and targeted establishing a
transformation of great potential value for the construction of tetracyclic terpenoid-inspired
systems.

In consideration of the mechanistic course of the desired oxidative rearrangement, after
formation of the activated intermediate 31, it was anticipated that the reaction would

proceed by one of two major pathways, both of which would occur through alkyl shift

with the generation of a tertiary allylic carbocationl® (31 — 32 or 33). Considering the
nature and expected stability of these two possible intermediates led to a clear expectation
regarding selectivity. If C11 were to migrate during the Wagner—Meerwein rearrangement,
the bridged bicyclic cation 32 would be produced. This intermediate contains both a
bridgehead alkene20 and a cation at the apical position of a bridged bicyclic nucleus.

Due to stereoelectronic effects,?! this proposed cation could not be resonance-stabilized by
the neighboring alkene. Therefore, while this intermediate would be expected based on a
preferred rearrangement that migrates a more substituted carbon (in comparison to the C19
methyl group), stereoelectronic considerations lead to the expectation that the rearrangement
leading to 32 would not be preferred. Alternatively, if C19 (the methyl group of 31)
underwent the Wagner—Meerwein rearrangement, the tertiary allylic cation 33 would be
generated. Here, while the selective rearrangement would engage an otherwise less favorable
group for migration, the resulting penta-substituted allylic cation 33 would be far superior to
32.

As illustrated in Figure 5B, a simple two-step sequence (demethylation and then oxidative
rearrangement) converted the C9,C13-synisomer 23 to the C10,C13-syrn-substituted
tetracycle 34 in 65% overall yield. Notably, this transformation converts molecules bearing
structural features of cucurbitanes to molecules that bear structural features of relevance
to androstanes, pregnanes, and cardenolides. Importantly, no evidence was found for the
formation of a product derived from the migration of a different carbon from C9. This
two-step demethylation and oxidative rearrangement proceeds similarly with the isomeric
substrate 35 and delivers the stereodefined product 36 in 60% overall yield. This latter
example of the oxidative rearrangement establishes a novel retrosynthetic link between
9a-ent-estranes and limonoid and euphane systems that typically have C10,C13-ant/
stereochemistry.
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Establishing Generality for This Four-Stage Asymmetric Synthesis of Tetracyclic
Terpenoid Systems.

State-of-the-art approaches to drive medicinal chemistry programs in this area of natural
product-related science are heavily dependent on semisynthesis and, as a result, are
generally limited with respect to stereochemical variation and substitution, particularly with
respect to quaternary centers that reside at ring fusions.23 In contrast, it was apparent that the
sequence of chemical transformations discussed previously could be viewed as defining a
general enantioselective four-stage means of stereoselectively accessing complex tetracyclic
terpenoid systems not easily accessible from semisynthesis (e.g., providing access to
unnatural enantiomeric systems, as well as generating products that have quaternary carbons
boasting substituents larger than methyl).

As illustrated in Figure 6, stage 1 is simply the conversion of epichlorohydrin to
functionalized enynes through well-established synthetic methods.24 Stage 2 is the
conversion of these enyne substrates to densely functionalized hydrindanes through the use
of recently developed alkoxide-directed metallacycle-mediated annulative cross-coupling.13
Stage 3 is the stereoselective formation of the C9-C10 bond through either matched

double asymmetric Friedel-Crafts cyclization (to establish C9,C13-anti stereochemistry)

or intramolecular Heck reaction (to establish C9,C13-syn stereochemistry). Finally, stage

4 is deprotection (e.g., demethylation) and oxidative rearrangement. While previous efforts
have revealed the generality of stages 1 and 2 of this process, 1 little was known about the
latter stages of this sequence and how the key transformations (C9-C10 bond formation and
oxidative rearrangement) would be affected by the nature of the substituents R! and R2.

As illustrated in Figure 7A, moving beyond a methyl substituent at C9 led to unanticipated
variations in stereoselectivity during the matched double asymmetric reaction for C9-

C10 bond formation (stage 3). For example, tandem protodesilylation and Friedel-Crafts
cyclization of 37, a substrate bearing an ethyl group at C9 rather than a methy!l group,
resulted in a significant drop in stereoselectivity (from =20:1 for Me to 11:1 for Et). While
seemingly workable as a means to generate C9,C13-anti-substituted tetracycles bearing an
ethyl group at C9, further variation in the nature of this substituent led to dramatically
dampened diastereoselectivity. For example, matched double asymmetric reaction of 39, a
substrate that bears a benzyl group at C9, generated the tetracyclic product 40 with only 2:1
selectivity for the depicted anti-isomer.

In trying to identify a means to overcome this unforeseen drop in antr-selectivity, the
mechanistic complexities of this tandem process were considered. First, deuterium labeling
studies previously depicted in Figure 4A support the expectation that protonation at C11
should occur on the a-face and that subsequent cyclization may or may not proceed in

an anti-fashion with respect to that protonation event. In the matched double asymmetric
reaction previously discussed with C9 methyl substitution (Figure 3B), the protonation and
C-C bond formation presumably occur ant- and with very high levels of stereocontrol.
This matched double asymmetric reaction could proceed through a mechanism whereby
protonation and C-C bond formation are concerted or through a mechanism where a
carbocationic intermediate is first formed and stereoselective cyclization is influenced by
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the nature of the chiral counterion (as previously considered in the mismatched double
asymmetric reaction). The matched double asymmetric reactions depicted in Figure 7A now
proceed with a substantial erosion in selectivity that reflects an unwanted shift in mechanism
as a function of the nature of the C9 substituent (protonation and C—-C bond formation are
no longer occurring with high anti-selectivity, indicating the potential relevance of initial
carbocation formation and cyclization by way of an ion pair).

While not having a clear understanding of the causative molecular details associated with the
observed erosion in stereoselectivity for the matched double asymmetric reactions depicted
in Figure 7A, effort was directed toward contemplating the potential complexities associated
with this tandem Brgnsted acid-mediated transformation. As illustrated in eq 1 of Figure
7B, it was understood that during these tandem reactions, BINOL is silylated as a result

of the initial protodesilylation reaction. As the desired transformation proceeds, this results
in the generation of a structurally distinct chiral Brgnsted acid (TMS-BINOL.SnCl,) that
can compete with BINOL-SnCly, as the agent that induces the Friedel-Crafts cyclization

(1.1 equiv of BINOL-SnCly are typically employed in the tandem protodesilylation/Friedel—
Crafts cyclization reaction). Also, it was appreciated that the C16 alcohol residing on the
cyclization substrates could, itself, serve as a chiral Brgnsted acid when complexed to SnCly
(eq 2, Figure 7B). If accurate, these competing sources of chiral Brgnsted acid could greatly
complicate attempts to control the stereoselective course of C9—-C10 bond formation in the
desired matched double asymmetric process. As such, we aimed to gain finer control over
the cyclization reaction by removing these potential mechanistic complexities.

As illustrated in Figure 8A, a stepwise investigation of the substrates prepared to explore
these potential sources of mechanistic complexity resulted in a significant discovery. First,
initial removal of the C11 TMS group to avoid the potential of silylated BINOL to impact
the stereoselective course of the cyclization led to a modest increase of stereoselection

(41 — 42; 89% isolated yield, ds = 4.5:1). Next, removal of the C16 proton source by
methylation of the alcohol delivered a substrate that underwent cyclization with much better
levels of stereocontrol (43 — 44; unoptimized 46% isolated yield, ds = 10:1). Finally,

a substrate that had neither a TMS group at C11 or a proton source at C16 underwent
cyclization with exquisite levels of stereoselectivity (45 — 44; 91% isolated yield, ds >
20:1).

Now, with a better understanding of the molecular features of the substrates that undergo
highly stereoselective double asymmetric Friedel-Crafts cyclization, attention was directed
toward understanding the generality of this C9-C10 bond-forming process. As depicted

in Figure 8B, the hydrindane products of stage 2 were desilylated by the action of TFA

in CH,Cl, and then methylated (NaH and Mel).22 Treatment with (S)-BINOL-SnCl, was
effective for conversion to a range of tetracycles (46-53) in 45-98% yield. Notably,

no evidence was found for the production of stereoisomeric products in any of these
transformations.22 Also, the absolute stereochemistry and substitution of these products
render them quite challenging to access from semisynthesis (i.e., all of these products are
ent-estranes, and most of them contain substitution at C9 and/or C13 that would be difficult
to access from any available natural product starting material).23
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While not directly related to the double asymmetric Friedel-Crafts cyclization reactions
depicted in Figure 8 that deliver products that lack substitution at C17, we note that acid-
mediated cyclization of a related substrate derived from the Hajos—Parrish ketone proceeds
with high levels of antr-selectivity (Figure 9; 54 — 55). This bond construction may be
useful as a means to access congeners that house C17 functionality.

With a highly stereoselective and general means to prepare C9,C13-anti-substituted
tetracyclic terpenoid systems in hand, effort was directed toward investigating the generality
of the complementary C9-C10 bond-forming process that delivers the C9,C13-syrn isomers.
While initial attempts at achieving double asymmetric Brgnsted acid-mediated cyclization
revealed compromised stereoselection with C9-Et and C9-Bn substitution (Figure 7A), the
intramolecular Heck reaction proved to be highly selective with substrates bearing such
substitution at C9. As depicted in Figure 10, substrates 56 and 58 were smoothly converted
to products 57 and 59 with very high levels of selectivity (ds = 20:1).

With stage 3 of the synthetic strategy firmly established as a means to achieve C9-C10 bond
formation with high anti- or syrn-selectivity, attention was directed to stage 4—oxidative
dearomatization and Wagner—Meerwein shift. The substrates examined to explore this
process were prepared in one or two steps, as depicted in Figure 11A. Gratifyingly, as
illustrated in Figure 11B, the oxidative rearrangement proved effective with substrates of
varying stereochemistry and substitution (C9,C13-syr or C9,C13-anti; C9-Et, Bn, or Ph
substitution). In each case, the anticipated rearranged product was generated with exquisite
group selectivity (isolated yields from 56 to 86% yield; no evidence found for the production
of isomeric products).

CONCLUDING REMARKS

Natural products have long played a central role in drug development, and tetracyclic
terpenoid-derived examples represent the most successful class of natural product-inspired
therapeutics.! While this fact speaks to the availability of synthetic approaches that

are capable of driving medicinal chemistry programs, it is important to appreciate that
semisynthesis is the predominant molecular means that enables such pursuits.* Dating back
to more than half a century, this approach has had a transformational impact on medicine,
essentially leading to the establishment of the 20th century steroid pharmaceutical industry.
Despite this track record of success, semisynthesis comes with substantial limitations that
are based, in part, on the structures of available natural product starting materials, as well
as chemistry capable of selectively modifying their skeletons. The chemistry discussed here
was conceived with the goal of establishing synthetic technology that can accomplish what
semisynthesis cannot while also providing a unique general approach to the asymmetric
construction of a wide range of tetracyclic terpenoid systems that are differentiated by the
position and stereochemistry of ring fusion quaternary centers throughout their skeletons.
What has emerged is a strategically simple four-stage asymmetric de novo synthesis
pathway that is based on stepwise assembly of the relevant tetracyclic systems through
bond-forming processes that provide inherent flexibility with respect to the position, nature,
and stereochemistry of quaternary centers located at ring fusion carbons: stage 1—the
absolute stereochemistry is established through the use of enantiodefined epichlorohydrin,
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and C13 substitution is introduced with a substituted vinyl Grignard reagent; stage 2—the
stereochemistry of the C13 quaternary center is established and variable substitution at

C9 is realized by alkoxide-directed metallacycle-mediated annulative cross-coupling with
differentially substituted TMS-alkynes; stage 3—the tetracyclic skeleton is forged through
C9-C10 bond formation (at this point, a stereodefined estrane- or cucurbitane-like skeleton
is established); and stage 4—oxidative dearomatization/Wagner—Meerwein rearrangement
enables the transposition of a quaternary center from C9 to C10 and delivers systems that
have C10/C13 stereochemistry common to scores of natural products (e.g., androstanes,
pregnanes, cardenolides, limonoids, lanostanes, and euphanes, among others). Overall, this
synthetic approach provides exceptional flexibility with respect to the relative and absolute
stereochemistry of the resulting tetracyclic systems, does so while enabling differential
substitution at each of the formed quaternary centers (C9, C10, and C13), and proceeds with
high levels of step economy. These characteristics are viewed as being of great potential
value in programs that are focused on the synthesis and exploration of tetracyclic terpenoid-
inspired agents in biology and medicine.
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A. Distinct structural features of tetracyclic terpenoids include stereochemistry and position of quaternary centers.*

P AP
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! lanostane euphane
cardenolide

limonoid cucurbitane

* = simplified structures are shown to emphasize the stereochemistry of quaternary centers at ring junctions |

B. C9-C10 bond formation followed by rearrangement delivers diverse tetracyclic terpenoid
systems.
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C. Established methods for tetracycle formation
based on C9—-C10 bond formation.

1962: Acid-mediated condensation (Whitehurst).
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Introduction to a synthetic pathway of broad relevance for the construction of fused

tetracyclic terpenoid systems.
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A. From epichlorohydrin to angularly substituted hydrindanes. B. Applications in the context of natural product synthesis.
R3 Me
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—_— . 0
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epichlorohydrin R! o
gt 1 12 13 14 15
tetracyclic core C14-desmethylene (2S)-hydroxy-3,4-dehydro-
of cortistatin A corialactone D neomajucin
C. A synthetic strategy for the construction of tetracyclic terpenoid natural products with C9/C13 or C10/C13 substitution
Me stereocontrol group-selective akyl shift
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- cardenolides -+ euphanes
Figure 2.

Introduction to a synthetic pathway of broad relevance for the construction of fused
tetracyclic terpenoid systems.
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A. Relative diastereoselectivity in the acid-mediated cyclization.
C9,C13-anti

OH X Me
o,0*dihydroxybiphenyl- SnCI4 ‘. OH
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Me 55%
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B. Double asymmetric acid-mediated cyclization reactions.
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Figure 3.
Stereoselectivity in the Brgnsted acid-mediated sequential protodesilylation and Friedel—

Crafts cyclization.
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A. Deuterium labeled substrate to explore facial selectivity of protonation in the mismatched reaction.

protonation at C11 is from a-face

Me Me
™S D
1) NaH, Mel, THF
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—_—
2) DCI, D,O, THF CH,Cl,, —78 °C
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B. Intramolecular Heck reaction proceeds via carbometallation on the a-face of the C9-C11 alkene.

carbometalation on a-face
of C9-C11

Me
Me,
Me
Me Pd,(dba)s, (+/-)-BINAP @q " O
1,2,2,6,6-PMP, PhMe O \
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Figure 4.
Exploration of the mechanistic course of the mismatched cyclization promoted by

BINOL-SnCl, and establishment of a highly selective cyclization to access the C9,C13-syn
isomer.
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A. Oxidative dearomatization followed by Wagner—Meerwein shift: Concerning group selectivity in the migration event.

a “bridgehead” alkene a fully substituted
(cation not delocalized) allylic cation
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33

B. Oxidative rearrangement proceeds with selective shift of the C19-Me group and is effective with both diastereomers (C9,C13).
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Figure 5.
Oxidative rearrangement/Wagner—Meerwein rearrangement to access tetracyclic skeletons

possessing quaternary centers at C10 and C13.
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Q Stage 1 ~ Stage 2 A Stage 3 =y Stage 4 O
enyne synthesis & hydrindane construction ' C9-C10 bond formation & oxidative rearrangement
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* = stereochemistry from chiral starting material.
a-c = sequential nucleophilic addition reactions with A and B or C.

e = tandem protodesilylation and Friedel-Crafts cyclization.
f = protodesilylation, intramolecular Heck reaction, and hydrogenation.
g = demethylation and oxidative rearrangement.
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Figure 6.

Four-stage approach to the asymmetric and stereoselective synthesis of differentially

substituted tetracyclic terpenoid-like motifs.
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A. C9 substitution plays a significant role in stereoselective tandem
protodesilylation/Brensted acid-mediated ring closure.
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B. Complicating features of the tandem double asymmetric reaction.

(1) Silylation of the chiral Bronsted acid occurs in the first step:

substrate for
OH Friedel-Crafts
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;
; ; @

Me cyclization
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(2) The hydrindane substrate for tandem reaction is protic:

™S e ™S
I j:> LA.
«OH 5
R R
R

A complex could
"0 serve as an unwanted
LA Bronsted acid

:U
gi
@

C9-substitution plays a significant role in stereoselection during the tandem

protodesilylation/Friedel-Crafts cyclization
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A. Effect of C11 TMS group and C16 OH on stereoselection.

(S)-BINOL-SnCl,

_—
CH,Cl,, 78 °C Oa
2
89% eo

(ds = 4.5:1)

42

Me

™S H
Q’
16

Bn (8)-BINOL-SnCl,

—_—
CH,Cly, —78 °C O
46%
O (ds=10:1)  MeO
OMe

Figure 8.
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B. Highly stereoselective conversion of hydrindanes to C9,C13-anti products.

C9,C13-anti

2
(S)-BINOL-SnCl, ?/\ B
[
CHyCly, 78 °C ‘ one
“51098%) | Oe

—_—
2) NaH, Mel, 0 °C to rt

(53 to 72%)
OMe

Establishing a highly antr-selective Friedel-Crafts cyclization for C9—-C10 bond formation.
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functionality on C17

C9,C13-anti
XMe OTBS

BF3*OEt, ‘
EE——
CH,Cl,, -78 °C
82%

(dr =18:1) MeO

Figure 9.
Related Friedel-Crafts cyclization to access C9,C13-ant/ product possessing C17

oxygenation.
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C9,C13-syn

Me
Pdy(dba)s, rac-BINAP "

PMP, PhMe
TfO 85%
O MeO
OMe

57

ds =20:1

"-OH
Pd,(dba)s, raoBlNAP
PMP, PhMe
TfO 58%
MeO
OMe

59

ds = 20:1

Figure 10.
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Intramolecular Heck reaction is uniformly successful with substrates bearing Et- and Bn-

substitution at C9.
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A. Preparation of substrates for oxidative dearomatization-
rearrangement.

Me 1) DIBAL-H,

o
.o PhMe, 100°C ",OH
T ———
2) Hy, Pd/C,
EtOAc
HO

MeO 91%

Product of intramolecular Heck reaction

Me

Me
o o[
—
Ow PhMe, 100 °C Ow
MeO' 94%  HO
61

35

Product of acid-mediated cyclization

B. Group selective oxidative rearrangement to access distinct
C10-substituted tetracyclic systems.

C10,C13-syn
Me %/\Me
PIDA
o S
HFIP, 0 °C
56%
HO 62 o 63
C10,C13-anti
Me
oo
—_—
Oe HFIP, 0 °C
HO a8 86%
Me
o=
‘ PIDA
———
HFIP, 0 °C
HO 40 63%
Me
Fyeo von
—_—
O@ HFIP, 0 °C
HO 66 69%

Figure 11.
Oxidative rearrangement occurs selectively with C9,C13-syr+ and anti-isomers bearing

varied substituents at C9.
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