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Abstract

The /licium sesquiterpenes are a family of natural products containing over 100 highly oxidized
and structurally complex members, many of which display interesting biological activities. This
comprehensive account chronicles the evolution of a semisynthetic strategy toward these
molecules from (+)-cedrol, seeking to emulate key aspects of their presumed biosynthesis. An
initial route generated lower oxidation state analogs, but failed in delivering a crucial hydroxy
group in the final step. Insight gathered during these studies, however, ultimately led to a synthesis
of the pseudoanisatinoids along with the a//o-cedrane natural product 11- O-debenzoyltashironin.
A second-generation strategy was then developed to access the more highly oxidized majucinoid
compounds including jiadifenolide and majucin itself. Overall, one dozen natural products can be
accessed from an abundant and inexpensive terpene feedstock. A multitude of general observations
regarding site-selective C(sp3)-H bond functionalization reactions in complex polycyclic
architectures are reported.
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Introduction

To date, over 100 sesquiterpene lactones have been isolated from the ///icium genus of
plants. Collectively known as the ///icium sesquiterpenes, these natural products share a
common ring system that is ornately decorated with various oxidation patterns (Figure 1). In
fact, every non-quaternary carbon is documented to be oxidized in at least one member of
this family. Furthermore, the diversity of oxidations around this common core correlates
with the diversity of biological modalities of these molecules.!

Initially, isolation of theses natural products was guided by their potent neurotoxic activities.
For example, anisatin (6), characterized in 1968 by Yamada from Japanese star anise
(/licium anisatum), is a convulsant and one of the most potent poisons of plant origin
(murine LDsg < 1 mg/kg).22 Further studies determined that anisatin, like picrotoxinin, is a
strong non-competitive antagonist of the y-aminobutyric acid receptor (GABAAR).*
Pseudoanisatin (5) was likewise shown to be a GABAAR antagonist, but it demonstrated
remarkable selectivity for insect GABAAR (IC50/ = 376 nM) over a mammalian GABAAR
(IC5p" > 104 nM), suggesting utility as an insecticide and highlighting how subtle oxidation
state changes in this family lead to profoundly different outcomes.®

More recently, however, Fukuyama has shown that other members of this family, including
compounds 1-4, do not share this toxicity profile. Many of these compounds promote
instead what has been termed a “neurotrophic” phenotype. That is, these compounds have
been shown to stimulate neurite outgrowth in cultured rat cortical neurons. For 2, this
observation has also been extended to human induced pluripotent stem cells.” Such results
have implications in the study of neurodegenerative diseases, such as Alzheimer’s or
Parkinson’s.8 The ostensibly antithetical biological effects of ///icium natural products have
not gone unnoticed.

Recent investigations by Shenvi and researchers from Eli Lilly demonstrated that these
beneficial responses could likewise be traced back to a mechanistically distinct modulation
of GABAAR’s.?

Against this backdrop of structural intricacies and fascinating biological activities, over 30
inspired syntheses of these molecules have been disclosed.1? Multiple groups, spanning
decades of synthetic investigations, have reported total and formal syntheses of jiadifenolide
(2),11 jiadifenin (3),12 11- O-debenzoyl tashironin (4),13 anisatin (6),1* and other members.
15-19 Efficiencies of these routes have varied — from upwards of 40 steps to 61430 down to
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an impressive 8 steps to 2114 — according to the particular structural subtype, the targeted
oxidation pattern, and the synthetic strategy employed.

Given the importance of oxidation pattern not only to the biological activities of these
compounds but also to the viability of a given synthetic route, we sought a versatile strategy
that would allow us precise but flexible control over the introduction of each oxidation. This
full report follows the development of such a strategy—which is unique among all reported
synthetic strategies to ///icium sesquiterpenes—from its initial conception to a now mature
approach that has led to pathways capable of accessing at least a dozen family members,18:19

Results and Discussion

Synthetic Planning

Inspired by nature’s ability to perform site-selective oxidations on hydrocarbon skeletons,
we drew on the proposed biosynthesis of these natural products as a conceptual framework
for our own abiotic synthetic work (Figure 2).1 In essence, cyclizations and hydride shifts
from farnesyl pyrophosphate rapidly forge the polycyclic cedrane skeleton (8) presumably
traversing the ubiquitous bisabolyl cation (7). A C-C bond shift event reorganizes this
intermediate to the key allo- cedrane core (9). Direct oxidation of 9 can lead to natural
products like 4, however, if further C-C bond cleavage events take place the seco-prezizaane
(10) and anislactone-type (12) skeletons can also be accessed. These proposed ring systems
are then tailored to the observed sesquiterpenes by selective enzymatic oxidations.

To recapitulate that biosynthetic endgame, we ideally would have begun our synthesis with a
commercially available terpene containing the seco-prezizaane carbon skeleton.20 Indeed,
such semisynthetic logic has been employed successfully and extensively in the field of
steroid synthesis.2! Unfortunately, as is the case with most terpenes outside the realm of
steroids, we found no starting material fitting those exact criteria; instead, we honed in on
(+)-cedrol (15), which contains the cedrane skeleton (8), as an inexpensive (~$0.05 USD/g),
renewable terpene feedstock isolated from Texas cedarwood (Figure 3A).

However, in addition to 6-12 net oxidations needed to convert unfunctionalized 15 to
various //licium sesquiterpenes, C—C bond shift and C—C bond cleavage operations would
also now have to be incorporated into the synthesis. At this point, we made another
observation crucial to our synthetic planning: oxidations at a total of 6 sites (5 C—H bonds
and one C—C bond) in 15 were conserved throughout this family. Thus, targeted oxidations
of these sites would be a prerequisite to any successful route starting from the cedrane
framework.

Many creative approaches towards functionalizing cedrol already have been disclosed in the
literature (Figure 3B). Extensive biological studies have been performed using microbes, 2
fungi,23 rabbits, 24 and dogs?® to map sites of enzymatic oxidations. Additionally, many
chemical methods26 have been disclosed to modify 15 with varying degrees of efficiency
and selectivity. Despite this breadth of literature, modification of only two positions have
proven to be amenable to preparative scales — oxidation of the C1 methine?’ and directed
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oxidation of the C14 methyl group?® — underscoring the necessity for novel C(sp3)-H
oxidation methodologies to target other types of strategic bonds.29:30

Biomimetic C—-C Bond Shift

Originally, we looked to the biosynthesis of these compounds as a direct blueprint for our
synthetic efforts. That is, we desired to perform a C—C bond migration to convert the
cedrane bicyclo[3.2.1]octane ring system to the a//o-cedrane bicyclo[2.2.2]octane
framework, followed by an intended cleavage of the C6—C11 single bond. While there was
similar precedent in the literature for such a ring system conversion (Figure 3C),3! in which
allo-cedrane structure 18 was directly accessed from cedrene (16) via carbocation 17, we
desired a more highly oxidized substrate for our studies (Scheme 1).

To begin, cedrol (15) was dehydrated to cedrene (CuSQy4) and then oxidized regioselectively
at the C10 position (PIDA, TBHP) affording cedrenone (19).32 33 Further allylic oxidation
(SeO,, followed by NaClO,) afforded carboxylic acid 20 rapidly, with strategically
positioned functionality for further transformations. Epoxidation of 20 (H,O,, NaOH), while
proceeding only to low conversion nevertheless gave ring shift substrate 21 in useful
quantities for exploratory studies.3*

At this point, we envisioned that the ring shift could proceed biomimetically through an
acid-catalyzed epoxide opening cascade. Cognizant that forming a carbocation would be
challenging on such an electron-poor system, we explored strong Lewis acids at elevated
temperatures to effect this transformation.3® Titanium(1V) chloride was determined to be a
competent mediator for this reaction, yielding 23 as the only isolated ring-shift product.
Notably, the carbocation remaining after the C—C bond shift was quenched by chloride
present from the Lewis acid. X-ray analysis allowed us to confirm the connectivity and
stereochemistry of 23, thus validating our proposed biomimetic transformation.

With a proof-of-concept ring shift in hand, we turned our attention to the next biomimetic
step: C—C bond cleavage. Although it seemed reasonable that 23 was well suited for retro-
aldol type reactivity to break the C6—-C11 bond and eliminate chloride, we were unable to
determine conditions for such a transformation. Coupled with concerns over material
throughput and an inability to improve the yield of 23, this roadblock impelled us to re-
evaluate our synthetic strategy. Rather than beginning with the ring shift, we reasoned, what
if instead we switched the order of skeletal transformations and cleaved the C6-C11 bond
first? Stepping outside the confines of strict biomimetic logic led us to our next generation
synthetic strategy and ultimately to successful abiotic syntheses of these natural products.

Synthesis of the Seco-prezizaane Core by a Key Oxidation of C7

Instead of pursuing a C—C single bond cleavage reaction again, we considered it more
straightforward to cleave the C6-C11 double bond formed after dehydration of 15 (Figure
4A). Such an approach had the added benefit of installing many requisite oxidations in a
single operation. Fortunately, known conditions for the oxidative cleavage of cedrene
(RuCl3/NalOy) proved readily scalable thus delivering 24 and allowing us to focus next on a
novel ring shift reaction.27?
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Noting that each natural product contains oxidation at C7 inspired us to pursue an a-ketol
rearrangement to transform the 5,5-cedrane ring system to the 5,6-seco-prezizaane one.3¢
Moreover, a hydroxyl group at C7 was expected to facilitate C—C bond migration relative to
systems like 21. We quickly determined, however, that standard enolate oxidation reactions
were unsuccessful at providing serviceable amounts of C7 oxidized products. Examining
conditions in the literature, we came across a few isolated reports of copper(Il) salts (which
typically perform ketone a-halogenation reactions) mediating direct carbonyl a-oxidations
with oxygen nucleophiles.3” Fortunately, conditions employing CuBr; translated well to our
system, giving lactone 25 in good yield. Interestingly, ketone 25 was not further brominated
in this reaction.

The key ring shift was finally brought about from 25 by lactone saponification with
concomitant anionic a-ketol rearrangement (KOH, KO#Bu), yielding 26 as a
thermodynamic 5.5:1 mixture of diastereomers at C6.38:3% Having rearranged the cedrane
skeleton successfully with multiple oxidations installed in the process, we were poised to
address a lynchpin transformation in the synthesis: the C4 methine oxidation.

Before moving ahead with that reaction, though, we were interested in further studying the
copper(1l) bromide-mediated C7 oxidation to better understand its synthetic utility.

CuBr,-Mediated Oxidative Lactonization

First, we wondered whether this transformation could be extended to substrates with less
preorganization. We quickly determined that aromatic keto-acids worked exceptionally well
under these conditions, with 27 and 28 being formed in high yield (Figure 4B). The reaction
efficiency was not impacted by the introduction of electron-donating (see 29) or electron-
withdrawing (see 30) groups, and these conditions were compatible with benzylic C-H
bonds (see 31) as well. Increasing the steric bulk proximal to the reaction site as in 32 did
not negatively impact the transformation either. Finally, even a simple heteroaromatic
structure (see 33) led to the desired product, albeit in a slightly depressed yield. These
transformations are notable for their high yields and operational simplicity (no aqueous
workup is required).

Extending this chemistry to complex aliphatic substrates led to interesting results that
informed our understanding of the reaction (Figures 4C and 4D). Substrate 34 was prepared
in four steps from oleanic acid and, when subjected to our conditions, led to small amounts
of expected product 36 (<10% yield). The major product (72% yield) of the reaction was
characterized as rearranged lactone 37 and its structure was confirmed by X-ray
crystallographic analysis. To rationalize the formation of these products, we infer the
intermediacy of a cation adjacent to the ketone (see 35 or related radical cation) which is
consistent with direct oxidation of an enol precursorby Cu(11).40 Attack of the pendent
carboxylate onto this carbocation leads to 36 (see “patf1 4 in blue), while Wagner-
Meerwein shift of the adjacent methyl group prior to carboxylate attack (see “path b, in
green) explains the presence of 37.41

Additionally, cyclopropane-containing substrate 38 (prepared in one step from (+)-3-carene)
was designed to further probe potential radical cation intermediates. Remarkably,

JAm Chem Soc. Author manuscript; available in PMC 2020 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hung et al.

Page 6

extensively oxidized products 41 and 42 were isolated as the major products of the reaction
wherein cyclopropane ring opening was observed.? The initial product formed, presumably
lactone 40, then underwent further oxidation to butenolide 42. An additional ketone a-
bromination reaction, as is typical of this reagent, ultimately formed 41. The reactions of 34
and 38 suggest that further examination of this simple reagent for inducing direct oxidative
rearrangements in complex settings is warranted.

C4 Methine Oxidation

With a simple and scalable route to bicycle 26, we proceeded to address oxidation of the C4
methine position (Figure 5). Buried in the interior of the ring system, the C4 methine
position is oxidized reliably in all ///icium sesquiterpene family members. Chemical
methods, however, come up against challenging realities when attempting to mimic this
process abiotically. First, the C4 position is flanked by two all carbon-quaternary centers.
Additionally, the presence of a second methine unit at C1 and of various other oxidizable
positions (e.g., C8 methylene and the a-ketol motif itself) further complicate reaction
development.

Initially, we wondered whether we would see any inherent selectivity for the C4 position
with an electrophilic metal oxidant (Figure 5A). When 26 was treated with /n s/tu generated
RuO4 (RuClsz and KBrO3), instead of observing oxidation of either methine position, a-
diketone 43 was isolated as the major product.#3 Furthermore, subjecting 43 to additional
RuQy, or reacting 26 for prolonged reaction times, afforded anhydride 44, an exhaustive
oxidation product lacking a carbon atom (likely lost in the form of carbon dioxide). Crystal
structures of 43 and 44 were obtained to confirm the identity of these unusual, highly
oxidized products.

Reasoning that a directed reaction might prove more fruitful, we began investigating
methodologies to leverage the free carboxylic acid moiety. Initially, we explored a copper
mediated process disclosed by Brown, which was successful at targeting a tertiary C—H bond
for oxidation in this manner.#44> However, on 26, such conditions gave the same product
(43) as the ruthenium case. In an attempt to modulate the reactivity of the a-ketol motif,
protection of the tertiary alcohol as a silyl ether (TMSCI, imidazole) gave an additional
avenue (see 45) for experimentation. Exposure of 45 to hypoiodite photolysis conditions
(Ph1(OAC),, 1) led to decarboxylative iodination, with no sign of desired C-H
functionalization (see 46).46 Attempting analogous conditions on amidated substrates also
did not deliver any C4 oxidation.*” The first breakthrough was achieved when employing the
iron-catalyzed, acid-directed conditions of White,48-50

Treating 45 with commercially available [Fe(S,S™-PDP)(MeCN),][(SbFg),] yielded notable
amounts of desired C—H oxidized product 47. Other ligand systems and terminal oxidants
were also surveyed (Figure 5B), and all were capable of promoting the desired C—H bond
functionalization, forming 47 with comparable efficiencies.52~53 However, additional
products 48 and 49 were observed only when mep was used as ligand. It is possible that the
mep architecture supports a slightly less reactive iron(oxo) species, which prevents the
oxidative degradation of sensitive ketol 48. Combined, we were able to isolate 56% yield of
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C-H oxidized products using this system. Additionally, free alcohol 48 could be converted
back to silylated 47, facilitating material throughput for the synthesis. The peculiar product
49 is also of note, as we could reproducibly isolate this triply oxidized material.
Occasionally, multiple oxidations are seen in the course of a single reaction of this type.>*
By analogy to mechanisms proposed in those cases, we speculate that 49 arose first from
oxidation to form a C3-C4 alkene (50). That alkene then underwent further reaction at the
C2 position, leading to a product of oxidative lactonization, containing an alkene at C2-C3
and lactone at C4. Finally, the C2—C3 alkene was epoxidized in a non-directed manner by
the catalyst. Nevertheless, with 47 successfully formed, we could proceed onward to late-
stage explorations.

Late-Stage Observations and Unsuccessful C14 Oxidation

To functionalize the 5-membered ring further and begin to access pseudoanisatin-like
compounds, it was deemed necessary to eliminate the fused lactone of 47 (Scheme 2).
Lactone 47 was eliminated under the alkylative action of ethyl Meerwein’s salt, smoothly
producing trisubstituted alkene 51 after desilylation (TBAF). To access the #rans diol motif
seen in 5, we initially opted for an epoxide opening strategy. Thus, 51 was epoxidized under
vanadium catalysis (VO(acac),, TBHP), delivering 52 in near quantitative yield as a single
isomer.

With a pendant carboxylate at C11, 52 seemed primed for an intramolecular opening of the
epoxide at the less substituted C3 position. Unfortunately, various basic conditions reliably
led to opening of the epoxide at the C4 position (e.g., KOH, EtOH). The regiochemistry of
epoxide opening was confirmed by X-ray analysis of 53, a reduced derivative formed from
MesNBH(OAC)3.

Given the proclivity of the ester to promote undesirable reactivity, we attempted obviate the
issue by forming a lactone: 52 was reduced (Me4sNBH(OAC)3) and then treated with sodium
hydride to promote lactonization and forge 54. However, 54 similarly resisted opening at the
C3 position with a range of heteroatom nucleophiles. Furthermore, attempts to open the
epoxide by elimination were uniformly unsuccessful. Surprisingly, treating 54 with LDA did
not create a C2—-C3 alkene; instead, intramolecular displacement of the epoxide by a lactone
enolate occurred preferentially at the C4 position, affording 55 in good yield.%® The
remarkable cyclopropanated structure was confirmed by single crystal X-ray analysis.

Moving away from epoxide opening chemistry, we focused instead on a dihydroxylation
approach for alkene functionalization. Intriguingly, two closely related substrates, 51 and 57
behaved quite differently under identical dihydroxylation conditions (OsOyg4, pyridine). While
51 was dihydroxylated from the p-face exclusively to give 56, 57 reacted only from the a.-
face, providing 58 in high yield. Indeed, the rigidifying conformational influence of the C7-
C11 lactone proved to be a fairly general effect, even when extended to other substrates and
reaction manifolds. Tricycle 58 could be epimerized at the C3 position to form 60 by a two-
step oxidation (TPAP, NMO) and reduction (LAH) sequence. Crystal structures of both 58
and 60 were obtained to confirm all stereocenters and connectivity in preparation for the
final steps of the synthesis.
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C14 Oxidation: Revision of Strategy

To synthesize pseudoanisatin (5), or a related compound like debenzoyldunnianin (61),
oxidation of the conserved C14 position was unavoidable. While ambitious, late-stage C—H
functionalization reactions have been employed in synthesis®6 and we deemed 60 well-
poised for a directed oxidation from the C3 alcohol unit to the C14 methyl center (see
dashed green arrow). To our great dismay, alkoxy radical generating conditions, including
hypoiodite photolysis (PhI(OAC),, I5), nitrite photolysis, or lead- and mercury-based
transformations (Pb(OAc), and HgO, respectively) were unsuccessful at accessing any
desired C14 oxidation.

Rather, C-C bond cleavage (particularly of C3-C4) predominated due to p-scission of the
hydroxy! radical, despite a presumably accommodating geometry for C—H abstraction.>’
Other transition metal-catalyzed methods, including C—H silylation by iridium and
ruthenium catalysis,>8 were similarly unsuccessful, potentially due to unfavorable strain in
the cyclometallation step.

Faced with this impasse, we opted to revise our synthetic strategy. Given that C14 oxidation
is conserved throughout the entire family of natural products, introducing it at an earlier
stage would still allow us to access the full array of natural products. Thus, we attempted to
install it in the first step of the synthesis (Scheme 3). A survey of the literature revealed that
direct C14 oxidation of cedrol had already been reported by multiple groups.2820 In our
hands, we were able to avoid the use of stoichiometric toxic reagents and could elicit this
transformation on large scales. Alkylation and concomitant elimination of the strained
tetrahydrofuran intermediate (not shown) with Meerwein’s salt then furnished methyl ether
62. This material was then advanced in five steps to C4 oxidation precursor 65, in analogy to
the previous conversion of 16 to 26 (Figure 4). However, the extra oxidation found in 62
relative to cedrene (16) necessitated careful re-optimization of reaction conditions, during
which process a serendipitous discovery was made.

A Fortuitous Redox-Relay Event: Formal Synthesis of 11-O-Debenzoyltashironin

In the optimized silylation of 65, an extended acidic workup was necessary to cleave other
undesired sites of silylation that occurred over the course of the reaction. However,
prolonged stirring of this workup led to the isolation of a new compound as the major
reaction product. This material, afforded as a mixture of diastereomers at C6, was
characterized as lactone 67 (Scheme 4). Further exploration allowed us to bypass silylation
altogether and convert 64 directly to 67 under acidic conditions.

Mechanistically, we believe this reaction proceeds in an acid-dependent manner wherein an
enolization event facilitates the ionization of the C6 tertiary alcohol. The resultant oxyallyl
cation (see 66) then gets quenched on C8 by the pendant acid, giving rise to “redox relay”
product 67 wherein C6 oxidation has been formally transferred to C8.59

At this point, we realized that, like 67, 11- O-debenzoyl-tashironin (4) also lacks oxidation at
the C6 position. Conveniently, we imparted utility to this unique rearrangement by
completing a formal synthesis of 4, drawing on knowledge gained from related scaffolds.
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The lactone of 67 was reductively cleaved (lithium naphthalenide) to give C4 oxidation
precursor 68 as a single diastereomer. Once again, the simple iron(mep) architecture was
experimentally found to be the most successful mediator for the oxidation. However, in this
case, fert-butylhydroperoxide was more efficient at promoting the reaction than hydrogen
peroxide. Desired product 69 was isolated from the reaction as the major component, with a
portion of the material funneling to 70 as well. Since 70 lacked the requisite C4 oxidation, it
was not advanced further. Demethylation of 69 by /n situ generated TMSI (from TMSCI and
Nal) with concomitant epimerization of C6 gave ketal 71 as a single isomer that Shenvi has
shown can be converted to both 72 and 4 in 5 additional steps.%

Synthetic Entry into the Pseudoanisatinoids

Given the success of two previous iron-mediated C—H functionalization reactions on this
system (45 to 47 and 68 to 69), we were optimistic that 65 would also be a suitable substrate
for this chemistry (Scheme 5). Unfortunately, initial attempts to oxidize 65 were met with
very low yields of desired product, likely due to its more highly oxidized, electron-deficient
structure and the presence of various sensitive functional groups.

To overcome these inherent limitations, we reasoned that a more highly active iron catalyst
was necessary for this transformation. Many classes of nitrogen-based ligands have been
prepared for and studied in non-heme iron oxidation catalysis,5% but comparably few have
been used in the context of complex molecule synthesis. Nevertheless, iron complexes
supported by the pinene-derived mepp ligand had been shown by Costas to be highly active
in the hydroxylation of simpler systems and this architecture was the only one that provided
appreciable quantities of C4 oxidized products.52

Overall, the optimized reaction conditions afforded the desired product 73 in serviceable
yield for the rest of the synthesis. Additionally, 74 and 75 were isolated, reaffirming fears
about the lability of the silyl and methyl ethers. Compound 74, though, could be carried
forward in parallel, providing additional material throughput for the synthesis. From this
point, following a similar synthetic endgame as before allowed us to complete our first
oxidative /Mlicium synthesis: 73 was taken on to (+)-pseudoanisatin (5) in five steps (Scheme
5), which also constituted a formal synthesis of (-)-3-oxopseudoanisatin (78).61

Along the way, (-)-3-deoxypseudoanisatin (77) was also synthesized by a radical hydration
reaction of key alkene 76.52 Notably the diastereoselectivity of this process was modest. In
total, 6-8 oxidations were required to arrive at these compounds and a total of five natural
products could be synthesized by this route.

New Synthetic Strategy to Circumvent the Iron-Mediated C4 Oxidation

While a gratifying proof of concept, and the first reported route to these molecules, this
synthetic strategy nevertheless had areas for improvement. First, we felt there was still room
to implement a more successful C4 oxidation as the yields obtained with iron catalysis were
not optimal. Second, we wanted to target multiple ///icium subtypes with our chemistry,
including the more highly oxidized “majucinoids” — natural products containing the C12—
C14 y-lactone of 1.
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To address the first challenge, we considered moving away from acid-directed C-H
functionalization and towards alcohol-directed reactivity instead. Alcohol 81 was prepared
quickly from 62 in three steps (Scheme 6). Similar compounds were known in the literature
to undergo directed C—H abstraction at the C4 position yet these substrates did not possess
oxygenation at C14,270:282 now a region of unease for future synthetic planning. Our
concerns were realized when we exposed 81 to Suérez-type radical-generating conditions
(PhI(OAC)s, I,); although desired compound 84 was identified, we isolated 83 as the major
reaction product — the result of an apparent 1,6-hydrogen atom transfer (HAT). It is known
that 1,5-hydrogen atom transfers (HAT) are generally more facile than other 1,/+HATS,
primarily due to a lack of entropic penalty in the transition state. At the same time, 1,5-HATS
are thought to be at an enthalpic disadvantage when compared with 1,6-HATs.57° Therefore,
for our system, we rationalized that the rigid geometry minimized entropic differences while
having exceptionally weak C14 C-H bonds (likely around 92 kcal/mol) magnified the
enthalpic differences as well, leading to the observed preference in radical intermediate 82
for 1,6-HAT. We reasoned, then, that tuning the C—H bond strengths of the C14 position
might enable us to modulate the selectivity of this reaction. While C—H bonds adjacent to an
ether oxygenare significantly weaker (by ca. 5 kcal/mol) than a methine C-H bond, bonds
next to an ester oxygen are slightly stronger (by ca. 1 kcal/mol), leading us to select an
acetate protecting group for the C14 position (Scheme 6, insef).83 Synthesis of acetate-
protected 86 followed in a straightforward way from chemistry already developed.
Gratifyingly, when 86 was subjected to the reaction conditions, no trace of C14 oxidation
was observed and the desired C4 oxidation product 87 was isolated in near-quantitative
yield. The incredible efficiency of this transformation permitted the reaction to be run
routinely on over decagram scale with commercially available reagents — a vast
improvement over the previous iron-catalyzed process.

C12 Oxidation: Toward the Majucinoids

With the C4 oxidation suitably addressed, we turned our attention to accessing the higher
oxidation states needed for the majucinoids. In particular, the C12 position — which
remained a methyl group in (+)-pseudoanisatin — would need to be exhaustively oxidized to
the carboxylic acid level for these natural products (Scheme 7).

Before tackling that issue, though, we needed to again cleave the C6—C11 bond crucial for
accessing the seco-prezizaane skeleton. However, we no longer had an easily functionalized
C-C double bond; in 87, a single bond now connected C6 and C11. A prior finding from
Waegell and co-workers on desacetoxy 87 provided a solution to this problem as they had
shown that /n situ generated RuO4 could oxidatively cleave this C—C bond leading to a keto
lactone.27:282 \We were pleased to find that this highly electrophilic metal oxidant also
smoothly cleaved the corresponding bond in 87. Somewhat surprisingly, the presence of an
electron-withdrawing acetate motif at C14 did not deactivate the proximal C6 position to
oxidation. In fact, it had little impact on the course of the transformation, in contrast to
previously discussed chemistries. In accordance with Waegell’s proposal, we observed initial
tertiary C—H hydroxylation at C6 giving rise to intermediate 88 prior to formation of 89.272
Additionally, we identified a small amount of C1 oxidized material in this reaction (see 90),
further implicating the C—H oxidation capabilities of the ruthenium reagent employed.%4
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Key intermediate 89 was now well suited to undergo the oxidations required to access the
majucinoids. In perhaps the key oxidation of this work, treating 89 with selenium(IV) oxide
effected oxidation at all C—H bonds surrounding the ketone, both at C7 and C12, providing
91 after /n-situ methylation with dimethylsulfate.65:66 Furthermore, when molecular sieves
were excluded from the reaction, a product oxidized further at C10, 92, could also be
isolated from the reaction mixture. The remarkable structure of this sextuple oxidation
product, which contains desirable motifs for the synthesis of jiadifenolide (2), was
confirmed by X-ray analysis. Unfortunately, we were unable to further bias this process
toward the formation of 92.

For this system, stoichiometric selenium(1V) oxide was uniquely able to effect these
oxidations. Other common reagents, including basic permanganate, and catalytic variants of
this chemistry86 were unsuccessful at achieving the same selectivity. Even in the successful
reactions, careful choice of conditions, including solvent, was crucial for observing these
fully oxidized products. Although non-ideal from a green chemistry perspective, we find it
remarkable that in only two steps up to 9 oxidations can be elicited.67

Synthesis of Majucin and Related Majucinoids

Taken together, these two steps formed the backbone of our entry to the majucinoids
(Scheme 8). A combined 7 oxidations were achieved in rapid fashion, positioning 91
advantageously for further manipulations. In order to access a suitable ring-shift substrate, a
concessionary reduction was performed (L-selectride) and basic workup of that reaction then
triggered a cascade acetate cleavage/lactonization/isomerization sequence (see 93, 94),
producing 95 exclusively as the enol tautomer. A sequence of oxidation (DMDO), hydrogen
bond-assisted thermal a-ketol rearrangement, and directed reduction (Me4sNBH(OAC)3)
furnished trans-diol 97, a known precursor to 2.119 Notably, both acidic and basic conditions
known to effect a-ketol rearrangements destroyed this sensitive intermediate. Treatment of
97 with p-toluenesulfonic acid under carefully controlled conditions forged 98, a known
intermediate in the synthesis of (1/,105)-2-0x0-3,4-dehydroxyneomajucin (ODNM, not
shown) and 3.12¢ The transformation of 97 to 98 is significant since it provided a key link
between propellane-type lactone systems found in 2 and the &-valerolactone unit common to
majucinoids. Key building block 98 could then be advanced to 2,3-dehydroneomajucin
(DHNM, 99) via enolate oxidation (MoOPh) and one-pot stereochemical adjustment of the
secondary hydroxyl group using Hartwig’s transfer hydrogenation protocol.®® Much like key
lactone 76 in our pseudoanisatinoid sequence (Scheme 5), 99 could be formally hydrated
(Mn(dpm)3/PhSiH3/0O,) to give neomajucin (100) or dihydroxylated (OsO4/TMEDA)8° to
produce majucin (1). Further intramolecular displacement of mesylate 101 also converted 1
into the neurotrophic natural product jiadifenoxolane A (102). Overall, this route
demonstrated the maturation of our oxidative strategy by providing syntheses of 7 natural
products, each requiring at least 10 oxidations from cedrol.

Looking Ahead: Preliminary Studies on C13 Oxidation Toward Anisatinoid Synthesis

With successful syntheses of two seco-prezizaane sesquiterpene subtypes —
pseudoanisatinoids and majucinoids — our focus naturally turned to the synthesis of the final
subtype, the anisatinoids, exemplified by anisatin (6) itself. These compounds contain a
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unique spiro-p-lactone motif connecting the C13 and C14 positions, with the C13 position
exhaustively oxidized to the carboxylic acid oxidation level. Notably, C13 is one of the very
few positions on the cedrane skeleton that has resisted both enzymatic and chemical
oxidations; likewise, we had not come across a means of oxidizing it over the course of our
studies Nevertheless, we envisioned leveraging alcohol-directed C—H activation
methodologies from C14 in order to oxidize this challenging position. We selected alcohol
103, prepared in one step from acetate 87, as a suitable directing group for our initial
explorations (Scheme 9). Thus, in one instance, following reactivity disclosed by Hartwig,
58,70 103 was silylated (Et,SiH,) under iridium catalysis, producing silyl ether 104. Using
rhodium catalysis, a dehydrogenative coupling between the silyl center and the C13 position
of 104 forged an intermediate oxasilacyclopentane which was directly oxidized under
Tamao-Fleming type conditions (H»0,) to unveil diol 105, whose identity was confirmed by
X-ray analysis.

In parallel, 103 could be converted to primary sulfamate 106 (NaH, CISO,NH>), a substrate
set up for nitrenoid C—H insertion chemistry.”! Chelated rhodium catalyst Rh,esp,, with
PhI(OPiv), as a stoichiometric oxidant, efficiently converted 106 to cyclic sulfamate 107,
whose structure was again confirmed by X-ray analysis.

Notably, both methodologies displayed exquisite regioselectivity for the C13 position,
despite the C7 methine being nominally the same distance from the directing group.’2 Such
selectivity (particularly from a freely-rotating directing group) for a primary C-H bond over
a tertiary one can be challenging to achieve for nitrenoid insertion catalysis.”3 In our case,
we believe subtle conformational effects of our rigid system favored this unique reactivity.
Importantly, 105 and 107 now have key C-H oxidations in place for preparing the p-lactone
motif seen in anisatin (6).

Conclusion

In this report, we have detailed the evolution of an oxidative approach to multiple classes of
Hlicium sesquiterpene natural products from (+)-cedrol, work which allows access to one
dozen natural products from a renewable terpene feedstock used primarily in fragrance
chemistry (Figure 6). Inspired by nature, this strategy further showcased the power of
chemical synthesis to perform site-selective C(sp3)-H bond activations in a designed
manner. Despite a wealth of literature reports documenting individual oxidation reactions of
cedranes, merging these findings—and incorporating new ones—into a unifying synthetic
pathway proved challenging, but rewarding.

An initial route accessed lower oxidation state ///icium sesquiterpene analogs, but failed to
deliver crucial C14 oxygenation in the final step. However, insight gathered during these
studies ultimately led to a synthesis of the pseudoanisatinoids along with the a//o-cedrane
natural product 11- O-Debenzoyltashironin. Along the way, many lessons were learned about
the strengths, and limitations, of directed and non-directed C-H functionalization in
complex settings — particularly for the challenge of C4 and C14 oxidations. The sensitivity
of high valent iron-oxo catalysis to small structural changes is of note.
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Eventually, we were led to develop a protocol employing a non-heme iron catalyst new to
complex molecule synthesis. Moving forward to the synthesis of the majucinoids, we
resolved the C4 material throughput dilemma using hypoiodite photolysis conditions instead
and discovered a route to rapidly access the increased oxidation states of these molecules
leveraging both Waegell’s C—C cleavage reaction and a selenium dioxide-mediated
quadruple oxidation. Combined with our prior knowledge regarding the ring expansion of
5,5-fused cedrane skeletons into 5,6-fused seco-prezizaane ones via the a-ketol
rearrangement, we completed the first synthesis of majucin and related derivatives

We hope these observations and lessons taken together will provide instructive guidance for
future studies in the area of complex molecule synthesis by site-selective C(sp3)-H
oxidation as well as spur the development of improved methodologies for such endeavors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Hlicium sesquiterpene family member subtypes characterized by lactonization pattern.
Inset: shared skeleton, with an oxidation “heat map” showing the most commonly observed
sites of oxidation. (B) Representative bioactive ///icium sesquiterpenes that have been

studied by synthetic chemists.
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Figure2.
Fukuyama’s proposed biosynthesis of the ///icium sesquiterpenes wherein farnesyl

pyrophosphate undergoes various cyclizations and rearrangements to reach the core
skeletons of the //licium sesquiterpenes, which are then extensively oxidized to arrive at the
natural products themselves.
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(A) Overarching synthetic strategy to convert cedrol (15) to the ///icium sesquiterpenes. (B)

Known enzymatic (left) and chemical (right) methods for the oxidation of 15. (C)

Precedented ring shift to convert the cedrane skeleton to the a//o-cedrane one.
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Figure 4.
(A) Successful preparation of the seco-prezizaane skeletone from 15 featuring C7 oxidation

and an a-ketol rearrangement. (B) Extension of the oxidative lactionization reaction to other
keto-acid substrates. (C) and (D) Attempted oxidations of terpene-derived substrates leading
to rearranged products.
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(A) Synthetic studies towards a successful C4 oxidation (B) Optimization of the iron(oxo)-
catalyzed C4 oxidation by examination of ligand and terminal oxidant effects
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Current list of ///icium sesquiterpene natural products accessible from (+)-cedrol.
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Scheme 1.
Formation of the A//o-Cedrane Skeleton?

4Reagents and conditions: (a) CuSO4¢5H,0 (10 mol%), PhH, 80 °C, 4 h; (b) PhlI(OAc), (3.0
equiv), fert-butyl hydroperoxide (70 wt% in H,0, 4.0 equiv), EtOAc, —20 °C, 12 h, 43%
(two steps); (c) SeO, (2.2 equiv), 1,4-dioxane, 120 °C, 14 h; (d) NaClO, (10.0 equiv),
NaH,PO4+H,0 (8.0 equiv), 2-methyl-2-butene (25 equiv), #BuOH:H,0 (1:1), 19 h, 73%
(two steps); (e) H,0, (50 wt% in H,0, 10.0 equiv), NaOH (3.0 M, 4.0 equiv), MeOH, 0 —
23 °C, 7 h, 16% (81% BRSM); (f) TiCly (1.2 equiv), DCE, 50 °C, 4 h, 14%.
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Scheme 2.
Synthesis of 14-Deoxydebenzoyldunnianin?

4Reagents and conditions: (a) Et3OPFg (3.0 equiv), proton-sponge (3.0 equiv), DCM, 50 °C,
12 h; (b) TBAF (3.0 equiv), AcOH (3.0 equiv), THF, 12 h, 50% (fwo steps); (c) VO(acac),
(10 mol%), TBHP (ca. 5 M in decane, 2.5 equiv), PhH, 45 °C, 15 h, 99%; (d) KOH (10 wt%
in H,0, 10.0 equiv), EtOH, 3 h; (e) Me4sNBH(OAC)3 (3.0 equiv), MeCN/THF/AcOH
(4:1:1), 40 °C, 12 h, 38% (two steps); (f) MesNBH(OAC)3, MeCN/ACOH (3:1), —40 °C, 12
h; (g) NaH (60 wt% in mineral oil, 3.0 equiv), THF, 1 h, 95% (fwo steps from 52) or 71%
(two steps from 51); (h) LDA (3.0 equiv), THF, =78 °C, 1 h, 71%; (i) OsO4 (1.2 equiv),
pyridine, 12 h, then add NaHSO3 (10.0 equiv), MeOH/H,0 (3:1), 60 °C, 4 h, 63%; (j) OsO4
(1.2 equiv), pyridine, 12 h, then add NaHSOs3 (10.0 equiv), MeOH/H,0 (3:1), 60 °C, 4 h,
94%; (k) TPAP (10 mol%), NMO (2.1 equiv), DCM/MeCN (9:1), 18 h; (I) LiAlH4 (2.0 M in
THF, 3.1 equiv), THF, =78 °C, 2 h, 75% (two steps). Proton-sponge = 1,8-
bis(dimethylamino)naphthalene, TBAF = tetra-7+butylammonium fluoride, TBHP = fert
butyl hydroperoxide, LDA = lithium diisopropylamide, TPAP = tetrapropylammonium
perruthenate, NMO = A-methylmorpholine A-oxide.
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Scheme 3.
Successful Oxidation of C144

4Reagents and conditions: (a) Ph1(OAc); (3.0 equiv), I, (1.0 equiv), cyclohexane, /v
(visible), 1.5 h, 73%; (b) Me3OBF,4 (1.5 equiv), proton sponge (1.5 equiv), DCM, 55 °C, 12
h, 97%; (c) NalOy4 (5.0 equiv), RuCl3*xH,0 (0.1 equiv), CCl4:MeCN:H,0 (3:3:4), 1 h,
72%; d) CuBr, (3.0 equiv), #BUOH (3.0 equiv), diglyme, 150 °C, 12 h; (e) KOH (1.0 equiv),
KO#Bu (3.0 equiv), DMSO, 14 h, 45% (two steps), d.r. = 4:1; (f) NaH (5.0 equiv), TBSCI
(4.0 equiv), THF, 65 °C, 8 h then add 3.0 M HCI (16 equiv), 65 °C, 16 h, 88%.
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Scheme 4.
Formal Synthesis of 11-O-Debenzoyltashironin (4) and 3,6-Dideoxy-10-

Hydroxypseudoanisatin (72)¢

4Reagents and conditions: (a) TsOHeH,0 (1.5 equiv), DCE, 60 °C, 10 h, 1:1.4 d.r.; (b)
lithium naphthalenide (3.0 equiv), THF, —78 °C, 10 min, 74% (two steps), >20:1 d.r.; (c)
[Fe(mep)(MeCN),][(SbFg),] (50 mol%), TBHP (3.0 equiv), MeCN, 1 h, 56% 69, 20% 70;
(d) TMSCI (10.0 equiv), Nal (5.0 equiv), MeCN, 80 °C, 45 min, 46%.

JAm Chem Soc. Author manuscript; available in PMC 2020 February 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hung et al. Page 32
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Scheme 5.
Synthesis of Pseudoanisatin (5), 3-Oxopseudo-anisatin (79), and 3-Deoxypseudoanisatin
(78)

4Reagents and conditions: (a) TBHP (5.0 equiv), [Fe] (0.5 equiv), TI(OTf) (0.5 equiv),
MeCN, 1 h, 20% 74, 11% 75, 6% 76; (b) Et30PFg (3.0 equiv), proton sponge (3.0 equiv),
DCE, 85 °C, 12 h then add TFA/H,0 (1:1), rt, 45 min, 66%; (c) TMSCI (10.0 equiv), Nal
(5.0 equiv), MeCN, 80 °C, 12 h; (d) TBAF (5.0 equiv), AcOH (1.0 equiv), THF, 1 h, 64%
(two steps); (e) [Co] (0.1 equiv), PhSiH3 (4.0 equiv), O, (1 atm), THF, 0 °C, 24 h; (f)
OsO4*TMEDA (1.5 equiv), DCM, =78 °C to rt, 2 h; (g) MsCI (10.0 equiv), pyr. (10.0 equiv),
DCM, 12 h, then add ag. NaOH (2.0 M), 2 h, 80% (two steps).
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Scheme6.

Studies on the Intramolecular C-H Abstraction of the C4 Methine Position?

4Reagents and conditions: (a) BH3*THF (1.3 equiv), THF, 1.5 h #1enNaOH (3.6 equiv),
H505 (5.0 equiv), 0 °C to rt, 10 min; (b) DMP (1.5 equiv), £BuOH (3.0 equiv), DCM, rt, 30
min; (c) NaBHg4 (2.0 equiv), MeOH, rt, 30 min, 67% (3 steps); Inset: (a) PhI(OAc), (1.1
equiv), I, (0.4 equiv), cyclohexane, Av (visible), 1.5 h then Ac,0 (10.0 equiv), H3PO4 (2.0
equiv), 67%; (b) BH3*THF (1.3 equiv), THF, 1.5 h then CrO3+2pyr (25.0 equiv), DCM, 30
min; (c) NaBHg4 (1.5 equiv), MeOH, 30 min, 72% over two steps. (d) PhI(OAc), (3.0 equiv),

I, (1.0 equiv), DCM, Av (visible), 0 °C, 1.5 h, 93%
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Ruthenium- and Selenium-Based Methods for the Near-Exhaustive Oxidation of 874

92 [X-ray]

Page 34

4Reagents and conditions: (a) RuClzexH,0 (3 x 3 mol%), KBrO3z (2 x 5.0 equiv), CCl,/
MeCN/H,0 (2:2:3), 75 °C, 72 h, 72% 89, 7% 90; (b) SeO, (3.5 equiv), diglyme, 110 °C, 3
h, then K,CO3 (3.0 equiv), Me,SOy4 (1.0 equiv), with 4 A MS (1.0 mass equiv): 55% 91,

without 4 A MS, 43% 91, 15% 92.
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Scheme 8.
Synthesis of the Majucinoids?

4Reagents and conditions: (a) L-selectride (1.2 equiv), THF, =78 °C, 30 min t#en KOH (10.0
equiv), MeOH, 0 °C, 30 min, 50% (two steps from 89), (b) DMDO (1.5 equiv), 12 h; (c)
PhCF3, 170 °C, 2 h; (d) Me4,NBH(OAC)3 (7.0 equiv), MeCN/ACOH (3:1), -40 °C, 16 h,
64% (three steps); (e) TsOHeH,0 (2.2 equiv), #-BuOH, 150 °C, 26 h, 71%; (f) LHMDS (3.0
equiv), MoOPH (5.0 equiv), THF, =78 — 0 °C, 2.5 h, 65%); (g) [Ruy(PEt3)g(OTf)3](OTH)
(0.1 equiv), NMM (0.2 equiv), TFE/dioxane (1:1), 120 °C, 18 h then i-PrOH (3.0 equiv),
120 °C, 5 h, 75%; (h) Mn(dpm)3 (0.2 equiv), TBHP (1.5 equiv), PhSiH3 (2.0 equiv), O; (1
atm), DCM//-PrOH (4:1), 0 °C, 20 h, 50%; (i) OsO4*TMEDA (1.0 equiv), DCM, =78 —

0 °C, 2 h thenNaHSO3 (10.0 equiv), H»0, 16 h, 61%; (j) MsCI (5.0 equiv), pyr. (10.0
equiv), DCE, rt —80 °C, 15 h, 92%. DMDO = dimethyldioxirane, LHMDS = lithium
bis(trimethylsilyl)amide, MoOPH = oxodiperoxymolybdenum(pyridine)
(hexamethylphosphoric triamide), dpm = dipivaloylmethane.

JAm Chem Soc. Author manuscript; available in PMC 2020 February 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hung et al.

H
=Me
Me
b. [Ir] : e.NaH,
Et,SiH, H o Me OR  CISO;NH,
R =Ac, 87
Hoh a.KOH[ R =1 103 oy
iaMe iaMe
Me Me
H H
b wo OSIEGH H e OSOaNH;
104 106
¢. [Rh], NBE f. Rhoesp,
d.H,0,, KHCO, PhI(OPiv);
Ho 7 7
<A,
Me DL
H
g HOC!13 OH
anisatin (6)
g ¢ Wiy J 5 t 4 “
105 [X+ay] 107 [X-ay]

Scheme 9.
C-H Activation Studies of the Unactivated C13 Methyl Group?

Page 36

4Reagents and conditions: (a) KOH (3.0 equiv), MeOH, 48 h, 91%; (b) [Ir(COD)(OMe)]»
(0.5 mol %), Et,SiH, (1.5 equiv), THF, 12 h; (c) [Rh(COE),Cl], (2 mol %), (S)-DTBM-
SegPhos (4 mol%), norbornene (1.2 equiv), THF, 100 °C, 12 h, 25% (two steps); (d) Ho04
(50 wt% in H,0, 10.0 equiv), KHCOg3 (5.0 equiv), 50 °C, 36 h, 76%; (e) NaH (1.1 equiv),
CISO,NH; (1.5 equiv), 0 — 23 °C, 4 h, 72%; (f) Rhy(esp), (3 mol%), PhI(OPiv), (1.5

equiv), PhH, 16 h, 63%. esp = a,a,a.”,a.’-tetramethyl-1,3-benzenedipropionic acid.
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