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Abstract
Total Synthesis of Resiniferatoxin
by
Vasil H Vasilev
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Thomas Maimone, Chair

Resiniferatoxin (RTX) is the flagship member of the daphnane diterpenoid orthoesters
(DDOs), a class of natural products with highly complex structures and pharmaceutically relevant
biological properties such as anti-HIV and antitumor bioactivities. RTX itself is a potent analgesic
that has been granted Orphan Drug Status by the FDA. Despite their biochemical potential, no
general synthetic route to the DDOs exists owing to the topological and stereochemical complexity
of these molecules. Herein we disclose a new retrosynthetic logic, orthogonal to exiting efforts
toward these natural products, to rapidly access the daphnane diterpene core in a convergent and
stereoselective manner. These efforts culminated in the successful 15-step total synthesis of
resiniferatoxin.

The synthetic route disclosed herein centers on the late-stage assembly of the
stereochemically dense 6-membered ring of the daphnanes in stark contrast to previous syntheses
of RTX and related natural products, wherein this part of the molecule is constructed early on.
Forging the 6-membered ring last allows for a more convergent and hence more rapid synthetic
route, via which the daphnane diterpenoid orthoester core can be accessed in only 12 steps from
commercially available materials. Key synthetic sequences are an allylation/Pd-catalyzed 7-exo-
trig cyclization to construct the 7-membered ring of the diterpene scaffold as well as a series of a
highly diastereoselective aldol reaction followed by Sml,-mediated 6-exo-trig cyclization. Using
these two reactions the complex 6-membered ring of the natural product, which is decorated with
5 contiguous stereocenters, can be quickly and stereoselectively constructed. In the latter of the
two steps a halide atom at the cyclization terminus was successfully used to modulate the inherent
stereochemical preference in order to access the desired diastereomer of the tricyclic product.
Given the rapid assembly of the DDO scaffold and the modular nature of the route, this new
retrosynthetic logic has a lot of future potential for synthesizing previously inaccessible daphnane
natural products.
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Chapter 1.
Daphnane Diterpenoid Orthoesters
Background and Significance,; Retrosynthetic Analysis



1.1 Resiniferatoxin, Related Natural Products, and Biosynthesis

Resiniferatoxin (RTX, 1.1.1, Figure 1.1.1) is a complex natural product with fascinating
bioactivity at sub-nanomolar concentrations.! Structurally, resiniferatoxin is comprised of three
subunits — a homovanillic acid ester (highlighted in red) and a phenylacetic acid orthoester
(highlighted in green) bound to a 5,7,6-fused tricyclic core bearing seven contiguous stereocenters,
most of which are centered around the 6-membered ring.? This tricycle is the key structural feature
of the daphnane diterpenoid orthoesters (DDOs), a class of more than 200 natural products found
in various plants of the Thymelaeaceae and Euphorbiaceae families.>* Similarly to resiniferatoxin,
most of these natural compounds contain an orthoester bound to the stereochemically dense six-
membered ring of the tricyclic motif known as the daphnane diterpene core.®> Because they contain
twenty carbons in their 5,7,6-fused tricycles but more than twenty carbon atoms if the orthoester
sidechains are accounted for, the DDOs are also interchangeably referred to as daphnane
diterpenes, daphnane diterpenoids, and daphnane-type diterpenoids in literature.**> The exact C
ring carbons connected to the orthoester moiety differ between family members, which, combined
with the possibility for additional oxidation to be present around the 5,7,6-fused tricycle accounts
for the staggering diversity of isolated structures. In terms of overall oxidation level, RTX is at the
lower end of the spectrum despite containing five oxygen atoms bound to its daphnane core, with
the majority of DDOs containing additional oxygen atoms, most commonly at C5, C6, and C7 as
evidenced by all of the structures depicted in Figure 1.1.1 except RTX itself. The presence of
additional oxygen atoms at C12, C15, and C18 is also noted in certain members. Due to their sheer
number, DDOs containing an epoxide at C6 and C7 such as daphnetoxin (1.1.2),°
synaptolepisfactor K7 (1.1.3),” yuanhuapine (1.1.5),® yuanhuacine (1.1.7),° thymeleatoxin (1.1.8)!°
and genkwadaphnin-20-palmitate (1.1.9)!' are grouped together and referred to as the 6-
epoxydaphnanes in the existing literature. Other functional groups at C6 and C7 are also possible,
such as the hydroxyl groups found in genkwanine A (1.1.4)'? and yuanhuaoate B (1.1.6).!* Further
examples of the structural diversity of the daphnane diterpenoid orthoesters, made even more vast
by virtue of different permutations of relative stereochemistry or ester sidechain substitution
(compare 1.1.7 and 1.1.8 for instance) can be found in Section 1.7 of the thesis.

(+)-resiniferatoxin (RTX) (1.1.1) daphnetoxin (1.1.2) synaptolepisfactor K, (1.1.3) genkwanine A (1.1.4)
TRPV1 agonist (0.27 nM) a.k.a. genkwanine VIII PKCse activator,
potent analgesic neurotrophic,

anticancer

yuanhuapine (1.1.5) yuanhuaoate B (1.1.6) yuanhuacine (1.1.7) thymeleatoxin (1.1.8) genkwadaphnin
nM anticancer a.k.a. gnidilatidin PKC activator 20-palmitate (1.1.9)
PKC activator,
anticancer

Figure 1.1.1. Structures of resiniferatoxin and other daphnane diterpenoid orthoesters as well as
general structure of the daphnane diterpene core. Selected bioactivity profiles are also reported.



Another way in which DDO structural diversity is altered is by the attachment of an
additional carbon chain tethered to the 5,7,6-fused tricycle, resulting in a macrocyclic ring (Figure
1.1.2). This increase in complexity results in the fascinating structures of the 1-alkyldaphnanes
and the rediocides.”!# In the former, the carbon chain of the C ring orthoester is also tethered to
the a-face of the A ring at C1, with different substitution patterns on the sidechain being possible
in addition to a methyl-bound stereocenter featured in all members of this subfamily. Examples
include gnidimacrin (1.1.10),'> daphneodorin C (1.1.11),'¢ and wikstroelide E (1.1.12).!7!% In
contrast to the 1-alkyldaphnanes, the C—C bond in the macrocycle of the rediocides such as
rediocide A (1.1.13)'* is found at C16 of the daphnane diterpene core, with the other end of the
additional carbon chain being attached via an ester linkage to a B-face hydroxy group at C3. In
most rediocides, an extra 3-, 5-, or 6-membered ring is present in the macrocycle backbone,
drastically increasing the topological complexity of these already remarkable structures. Other
natural products such as trigocherriolide E (1.1.14)!? also contain a similar macrocyclic lactone.
Finally, a further degree of structural diversity is found when the different possible substituents at
C20 of the daphnane core are taken into consideration, as some DDOs contain various C20 ester
groups such as genkwadaphnin-20-palmitate (1.1.9) and RTX itself, with the nature of the ester
sidechain being potentially very impactful for the bioactivity of the corresponding natural product,
as will be discussed below in the case of resiniferatoxin.

(—)-gnidimacrin (1.1.10) daphneodorin C (1.1.11) wikstroelide E (1.1.12) rediocide A (1.1.13) trigocherriolide E (1.1.14)
PKC activator a.k.a. Pimelea factor Sg insecticide PKC activator
pM anti-HIV PKC activator downregulates CD155 anti-viral
PM anticancer anti-HIV

Figure 1.1.2. Examples of the 1-alkyldaphnanes and rediocides-type macrocyclic scaffolds.

While not technically daphnanes, the tigliane and rhamnofolane diterpenes are also worth
discussing as they also possess complex 5,7,6-fused tricycles (see Figure 1.1.3 on the next page).?’
In fact, the oxidation pattern and stereochemistry around the tricyclic cores of these related natural
product families closely match the daphnane diterpene moiety of the DDOs as all three classes of
compounds share a common biosynthetic precursor. The only difference in connectivity is the
extra C14-C15 bond in the tiglianes, resulting in an additional cyclopropane ring fused to the
common tricyclic motif. The most studied tiglianes are phorbol (1.1.15)?!*? and its diesters at C12
and C13, exemplified by phorbol 12-myristate 13-acetate (PMA, 1.1.16)* as well as prostratin
(1.1.17),>* which lacks the C12 oxidation. The rhamnofolanes, represented here by the scaffold of

[0}

oHO OH o) o)
(+)-phorbol (1.1.15) (+)-phorbol 12-myristate 13-acetate  (+)-prostratin (1.1.17) tigliane core Cro‘oeﬂo;:g'?nr? r(11-1-1 8)
PKC activator (PMA)(1.1.16) PKC activator 3. : orolane
tumor promoter PKC activator anti-HIV lterpene

tumor promoter anticancer

Figure 1.1.3. Structures of the biosynthetically related tigliane and rhamnofolane diterpenes.



crotophorbolone (1.1.18),?! feature a C14-C15 bond but no bond between C13 and C15. The
number of compounds featuring a highly decorated 5,7,6-fused tricycle thus extends beyond the
daphnane diterpenoid orthoesters and includes members of biosynthetically related families of
natural products.

A brief overview of the proposed biosynthesis of the daphnanes, tiglianes, and
rhamnofolanes is included herein to both highlight the common origin of these compounds as well
contrast the way in which such complex structures are made in Nature versus in the synthetic
laboratory (discussed in Sections 1.4 and Chapter 2). According to our current biosynthetic
understanding, the carbon scaffold of the daphnanes and tiglianes originates from casbene (1.1.20,
Scheme 1.1.1), itself the result of an enzyme-mediated macrocyclization of geranylgeranyl
diphosphate (GGDP, 1.1.19).% Site-selective oxidation of casbene by cytochrome enzymes results
in more oxidized congeners capable of undergoing intramolecular aldol reactions to forge C-C
bonds across the macrocycle. The first such event likely connects C6 and C10 (casbene
numbering), resulting in the lathyrane scaffold, since lathyrane diterpenes can be isolated
alongside tiglianes and daphnanes from a variety of plants.?® In fact, the monooxygenase CYP
enzymes responsible for the oxidation of casbene to ultimately provide the lathyrane jolkinol C
(1.1.23) have been experimentally determined in Jatropha curcas.?® Diketone 1.1.21 was proposed
to be a key intermediate, resulting from multiple enzyme-mediated oxidation reactions, which then
undergoes non-enzymatic transposition of the C7-C8 olefin followed by tautomerization, resulting
in transient formation of triketone 1.1.22. This intermediate in turn is proposed to rapidly react via
a transannular aldol process to construct the lathyrane diterpene jolkinol C (1.1.23) alongside its
C8 epimer. Similar intermediates have also been identified in a biosynthesis study involving
Euphorbia lathyris L. and were observed to also ultimately provide jolkinol C.2” Based on these
results the conversion of the lathyrane core to the tigliane core via a similar series of oxidations
and another intramolecular aldol reaction can be proposed, although the nature of all enzymes
responsible for the oxidase phase of the sequence have yet to be determined. From the tigliane core
a bond cleavage, most likely oxidative, between either C13 and C15 or C14 and C15 would result
in formation of the rhamnofolane and daphnane cores respectively. Thus, from the simple linear
substrate GGDP a treasure-trove of structural complexity and fascinating bioactivities in the form
of the DDOs and related natural products can arise.

Scheme 1.1.1. Biosynthesis of lathyrane diterpene jolkinol C and proposed biosynthesis of the
tigliane, rhamnofolane, and daphnane diterpenes.
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1.2 Bioactivity of Resiniferatoxin

The bioactivity of RTX is dictated by the presence of the homovanillic acid ester at C20
(Figure 1.2.1). A very similar moiety to the latter structural motif'is also found in capsaicin (1.2.1),
the active ingredient of chili peppers which is responsible for their pungency/spiciness. It is
therefore not surprising that RTX and capsaicin bind to the same protein — TRPVI, a cation
channel also known as vanilloid receptor 1.2%2° This protein exists as a tetramer spanning the
cellular membrane of various neurons and is responsible for the detection of different noxious
stimuli such as high temperature and pain.*° Both resiniferatoxin and capsaicin bind to the vanilloid
binding pocket, a space between the S3 and S4 «-helical subunits and S4-S5 subunit linker of
TRPV1.3! Hydrogen bonding interactions between serine, threonine, tyrosine, and glutamic acid
residues and the homovanillic moieties of RTX and 1.2.1 are partially responsible for binding, but
hydrophobic interactions of the lipophilic residues on the S3 and S4 a-helices with the daphnane
core and phenylacetic acid orthoester (respectively with the hydrocarbon sidechain of capsaicin)
also play a major role.* In fact, a crystal structure of 1.2.1 bound to TRPV1 suggests that the linear
chain of capsaicin can only partially occupy a large cavity between the S3 and S4 subunits,** from
which can be inferred that the much bulkier and largely hydrophobic DDO component of RTX is
a much better fit and therefore responsible for the much better binding of resiniferatoxin to TRPV1.
Indeed, 1.1.1 exhibits its agonist activity with an ECso of 0.27 nM for inducing Ca** influx through
TRPV1 channels heterologously expressed in Chinese hamster ovary (CHO) cells.** In the same
system capsaicin was recorded to have an ECso of 44.8 nM, a difference in two orders of
magnitude. In other experimental comparisons such as pain induction in mouse models,?
resiniferatoxin was shown to be 1,000 times more potent than capsaicin and can therefore be
considered the spiciest compound in the world.

homovanillic horno vanillic

mO/ety mo/ety
OH
OMe
I
o o o
(+)-resiniferatoxin (RTX) (1.1.1) capsaicin (1.2.1) tinyatoxin (1.2.2) iodo-resiniferatoxin (1.2.3)
TRPV1 agonist (0.27 nM) TRPV1 agonist (45 nM) TRPV1 agonist TRPV1 antagonist
potent analgesic ~ 3 times less potent than RTX

Figure 1.2.1. Structures of RTX and related compounds in terms of bioactivity.

Structure-activity relationship (SAR) studies have shed some light on the key moieties in
RTX responsible for its incredibly high activity and have proven that the presence of the daphnane
diterpene core and pendant orthoester are crucial for high potency.’>% The exact nature of the
orthoester sidechain does not seem to have a huge impact on agonist activity, with benzoic and
acetic acid orthoesters behaving similarly to RTX. However, the presence of an orthoester,
irrespective of its sidechain, is crucial, since a tigliane bearing a homovanillic acid ester at C20
did not approach the potency levels of RTX. The oxidation at C3 was also relevant, possibly as
another hydrogen bond acceptor, since compounds containing a 5,7,6-fused tricycle without a
ketone or hydroxy group at C3 were not potent binders of TRPV1. Also worth mentioning as
examples of SAR on the homovanillic acid ester are tinyatoxin (1.2.2),% a daphnane diterpenoid
orthoester with a slightly different sidechain at C20, and iodo-resiniferatoxin (1.2.3)* which acts
as an antagonist of TRPV1. The latter is proposed to have a different binding site and to act via
allosteric modulation of the agonist binding site. Based on these SAR studies, attempts have been
made to mimic the bioactivity of resiniferatoxin by a simpler structure containing a homovanillic



acid ester, a ketone corresponding to the C3 ketone of RTX, and a phenylacetic acid orthoester
linked by a flexible carbon chain instead of the complex 5,7,6-fused tricycle. While these efforts
did result in two test compounds that had bioactivity on the same order of magnitude as RTX, the
latter remains the most active agonist and the preferred binder of TRPV1 in many biological
assays.

In terms of downstream bioactivity, binding of RTX to TRPV1 results in a repositioning
and rotation of the S4-S5 linker and S6 helical subunit, which movements in turn open the pore of
the tetrameric ion channel to cation influx.!#!#> This influx, predominantly consisting of Ca** ions,
initially triggers depolarization of the neuronal membrane and the resulting impulse is interpreted
as pain. However, resiniferatoxin is such a potent binder of the vanilloid receptor that the ion
channel stays open for prolonged periods of time, resulting in necrosis of the neurons expressing
TRPV1. The overall systemic effect of RTX is thus actually analgesic and is very long-lasting as
the regrowth of new neurons that contain TRPV1 in their cellular membrane requires several
weeks. Since resiniferatoxin thus selectively targets the neurons of pain receptors, other nerve-
driven functions such as motor control or pressure sensing/touch are not impaired when this DDO
is administered. While heat sensing is also lost upon treatment with compound 1 since TRPV1 is
involved in heat detection, the long-lasting analgesic effects and selectivity of resiniferatoxin have
prompted the study of this natural product as an alternative to opioids for the treatment of chronic
pain. Indeed, RTX is currently investigated in Phase II clinical trials for the management of pain
in patients with advanced forms of cancer and knee arthritis and has been granted Orphan Drug
Status by the FDA for treatment of intractable cancer pain — a testament to the highly potent
bioactivity of this daphnane diterpenoid orthoester.

1.3 Bioactivity of the Daphnane Diterpenoid Orthoesters

As the majority of the DDOs do not possess a homovanillic acid ester at C20, they do not
exhibit particularly high binding affinities for TRPV1, the protein target of resiniferatoxin. While
some daphnane diterpenoids can technically bind to the vanilloid receptor at uM concentrations,
most members of this natural product family bind to different classes of proteins and thereby elicit
a wide variety of biological functions. Of particular interest are the interactions of the DDOs with
different protein kinase C (PKC) isoforms, as these have been implicated in pharmacologically
relevant anti-viral, neuroprotective, and anticancer properties among others.*#** RTX itself has
been reported to interact with PKC,* which is perhaps surprising as most daphnane diterpenoids
confirmed to be PKC activators have a free hydroxy group as C20. One possible explanation for
this phenomenon is that the homovanillic acid ester of RTX is slowly hydrolyzed under
physiological conditions, releasing a free alcohol which can interact with PKC. The reason for this
is that the daphnanes and tiglianes are proposed to mimic diacyl glycerols (DAGs), exogenous co-
factors for PKC activation, in terms of binding, with the hydroxyl group at C20 corresponding to
the free OH of the DAGs, and the ester/orthoester sidechains bound to the tigliane/daphnane C
ring mapping onto the two lipid tails of the DAGs.***” The former functional groups are proposed
to bind to PKC C1 subunits via hydrogen bonding interactions, while the latter hydrophobic
moieties reside in the cellular membrane, thereby anchoring the C1 subunits of PKC to the cell
membrane. This positioning in turn exposes the catalytic domain of PKC, leading to overall
activation of the enzyme, with small differences in the structures of the tiglianes and DDOs being
proposed to account for potential selectivity for different PKC isoforms and perhaps differing
hydrophobic interactions with the membrane.



It is then no surprise that several daphnane diterpenoid orthoesters containing free hydroxy
groups at C20 as well as long lipophilic orthoester sidechains, in some cases forming a macrocycle,
have been experimentally confirmed as PKC activators. For instance, gnidimacrin (1.1.10)!548-50
was found to inhibit the growth of leukemia K562 cells by acting as PKC activator and thereby
inhibiting the cdk2 pathway.>! Later studies that the BII isoform of PKC is crucial for the antitumor
activity of gnidimacrin.’> Yuanhuacine (1.1.7) was also observed to possess anticancer properties,
in this case against the basal-like 2 (BL2) subtype of triple negative breast cancer (TNBC) via
activation of protein kinase C.>* This natural product also exhibits activity against non-small cell
lung cancer (NSCLC) cells by interacting with the mTOR pathway.>* In this case downstream
deactivation of PKCa is implicated, clearly showing the complexity of PKC-related pathways.
Another example of a DDO acting as PKC activator is synaptolepisfactor K7 which was found to
exhibit antitumor and neurotrophic properties by activating PKCe.>® In terms of antiviral activities,
wikstroelide E (1.1.12) was shown to reverse latent HIV infection by activating PKC, which in
turn modulates downstream NFkB signaling.’®>” The ability of trigocherriolide E to inhibit the
replication of chikungunya virus (CHIKV) is also suggested to arise from PKC activation.** Thus,
ample evidence exists that the bioactivities of some DDOs are closely tied to the fact that these
natural products are PKC activators. However, the complex nature of PKC-based signaling
cascades and the presence of multiple PKC isoforms means that the specifics behind the exhibited
bioactivities of the majority of DDOs remain largely unexplored as even in some of the examples
cited above the exact protein targets have not been determined yet. A lot of work remains to be
done to deconvolute the exact mode of action of the DDOs, not to mention the possibility of using
these natural products as probes in other PKC-related chemical biology studies.

1.4 Prior Art in the Total Synthesis of Daphnane Diterpenoid Orthoesters and Related Diterpenes

With their intricate structures and promising bioactivities, the daphnane diterpenoid
orthoesters and related diterpenes from the tigliane and rhamnofolane families have become prime
targets for synthetic organic chemists. Despite much effort, the only DDO to be synthesized to
date is RTX itself. The impressive syntheses of this molecule by the groups of Paul Wender at
Stanford in 1997°% and Masayuki Inoue at the University of Tokyo in 2017°° will be discussed here
in detail, followed by an overview of some synthetic studies aimed at the daphnanes. Finally, the
retrosynthetic logic of some total syntheses of the tiglianes phorbol and prostratin and the
rhamnofolane crotophorbolone will also be shown. This overview of prior synthetic efforts is
intended to provide context for subsequent chapters and frame the current synthetic efforts
disclosed in Chapter 2.

Pioneering efforts by the Wender group resulted initially in the total syntheses of the
tigliane phorbol and later culminated with the first total synthesis of RTX via a similar
retrosynthetic strategy involving a key [5+2] cycloaddition reaction to forge the B and C rings of
the 5,7,6-fused tricyclic system found in the tiglianes and daphnanes (Scheme 1.4.1).60-64
Beginning with meso-alcohol 1.4.1, a desymmetrizing Sharpless asymmetric epoxidation reaction
resulted in epoxide 1.4.2. The latter alcohol was converted to lactone 1.4.3 over 4 steps, including
a stereoselective methylation to install the C11 methyl group of a natural product. Addition of a
lithiated furan further extended the carbon chain of the cyclization precursor, resulting in ketone
1.4.4. A few functional group manipulations and an Achmatowicz rearrangement were required to
arrive at dihydropyran 1.4.5 which was poised to undergo the key [5+2] cycloaddition event.



Scheme 1.4.1. Total synthesis of RTX by the Wender group.
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In order to generate the key oxidopyrylium intermediate required for the [5+2]
cycloaddition, compound 1.4.5 was deprotonated with DBU. This event was followed by
spontaneous loss of acetate to generate an oxidopyrylium ylide with concomitant cyclization with
the pendant olefin to provide complex intermediate 1.4.6 containing both the 6- and 7-membered
rings of the natural product with several important stereocenters correctly set. Construction of the
5-membered ring of the daphnane core followed via enone 1.4.7, generated in 5 steps, which was
subjected to a Michael addition to install two carbon atoms and set the C10 stereocenter. A 1,2-
addition on the opposite face of the allyl chain followed, thereby preparing the frans junction
between the future S-membered ring and the 7-membered ring. After TMS protection of the C4
alcohol, closure of the A-ring via a hydrozirconation-initiated pathway followed by oxidation at
C13 resulted in tricyclic ketone 1.4.10. Vinylation of this intermediate was observed to proceed
from the desired f-face, thereby setting the C13 stereocenter and adding the C15, C16, and C17
carbons onto intermediate 1.4.11. However, one of these carbon atoms would have to be excised
in a subsequent ozonolysis reaction necessary to cleave the unwanted styrenyl olefin appended to
the A ring, providing diketone 1.4.12 after some functional group manipulations. Deprotection of
the C20 silanol in 1.4.12 followed by triflation of the resulting tertiary alcohol and elimination



under reductive conditions with concomitant cleavage of the tetrahydrofuran ring gave rise to 1,1-
disubstituted alkene 1.4.13. Allylic oxidation at C7 provided secondary alcohol 1.4.14, which was
transposed to primary allylic alcohol 1.4.15 via a two-step sequence. The orthoester moiety was
installed next — after deprotection of the carbonate and Yamaguchi esterification with phenylacetic
acid to obtain ester 1.4.16, dilute perchloric acid brought about formation of an orthoester pendant
from the oxygen atoms at C9, C13, and C14. A two-step olefination at C15 to restore the missing
carbon atom lost in the ozonolysis step gave rise to in compound 1.4.17 representing a completed
DDO core. From there another 8 steps were necessary to increase the oxidation state in the A ring
and install the homovanillic acid sidechain, resulting in a 44-step total synthesis of resiniferatoxin.

These impressive synthetic efforts were not superseded for the next two decades until the
Inoue group disclosed their route to RTX in 2017 featuring key radical cyclization cascades to
construct several C-C bonds around the 7-membered rings (Scheme 1.4.2).3%65-6 In this route the
6-membered ring was constructed first using a (D)-ribose-derived chiral pool starting material
1.4.18. The carbon chain thereof was elongated with vinyl Grignard (1.4.19) and shortened via a
Malaprade reaction of free diol 1.4.21. The newly unveiled carbonyl group was reacted with
Grignard reagent 1.4.20 and the resulting addition product was subjected to ring-closing metathesis
conditions to generate cyclohexene 1.4.22 containing the 6-membered ring of the natural product.

Scheme 1.4.2. Total synthesis of resiniferatoxin by the Inoue group.
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Having forged the C ring of the daphnane diterpenes early on, the Inoue group proceeded
to increase the complexity of this intermediate via diol 1.4.25 to arrive at orthoester 1.4.26. The
presence of an orthoester bound to the cyclohexane was required to prevent changes in
conformation of subsequent radical intermediates generated at C9. However, in order to access the
precursor for such intermediates the two-carbon chain bound to C9 in 1.4.26 had to be removed.
An oxidative sequence involving the silyl enol ether of 1.4.26 resulted via extrusion of one carbon
atom in mesylate 1.4.27. The mesylate in this intermediate was converted to a Barton ester, which
in turn was transformed into the desired C9 phenylselenide which would act as radical precursor.
A further sequence of 6 steps was necessary to arrive at phenylselenide 1.4.28 poised to undergo
the first radical cascade and thereby forge two C-C bonds.

In this reaction the C9 radical generated from 1.4.28, unable to planarize or undergo
stereochemical inversion due to the caged nature of the intermediate, was observed to undergo
Giese addition with a functionalized cyclopentenone and the resulting a-keto radical was trapped
by an allyltin species to provide complex intermediate 1.4.29 bearing the A ring of the daphnane
core as well as the carbon atoms necessary for closure of the 7-membered ring. Some oxidative
manipulations and installation of the two methyl xanthates needed for formation of the last C-C
bond provided 1.4.32 via enone 1.4.30. A radical 7-exo-trig cyclization of this intermediate,
followed by formation of an exocyclic olefin at C6 generated tricycle 1.4.33 containing all but one
carbons and all stereocenters of the daphnane diterpenoid core. The acetic acid orthoester
employed thus far was replaced at this stage with the desired orthoester of phenylacetic acid using
a two-step procedure involving Yamaguchi esterification at the C14 alcohol followed by acid-
mediated orthoester closure similar to the sequence used by the Wender group. Intermediate 1.4.34
was subjected to functional group manipulations around the A ring, resulting in tricyclic compound
1.4.36. Using logic similar to that of Wender, the 1,1-disubstituted olefin in 1.4.36 was subjected
to allylic oxidation conditions and eventually converted to primary allylic chloride 1.4.37. From
there a two-step sequence provided synthetic RTX in a total of 43 steps.

The Inoue group also disclosed a shorter second-generation synthetic route centered on
similar disconnections but more rapid construction of an intermediate containing the C ring of the
natural product (Scheme 1.4.3). In the first step of this sequence hydroxypyran 1.4.38 and
acrylamide 1.4.39 are united in a Diels-Alder reaction mediated by a chiral catalyst, resulting in
bicyclic lactone 1.4.40 which is then cleaved to ester 1.4.41. Since the enantioinduction observed
in the [4+2] cycloaddition is modest, ketone 1.4.42 resulting from oxidation of allylic alcohol
1.4.41 was recrystallized to increase the enantiopurity of the material. Ketalization followed by
conversion of the allyl ester to the free carboxylic acid 1.4.43 set the stage for a decarboxylative
installation of a phenylselenide at C9 via a Barton ester intermediate — a sequence similar to the
one used in the first-generation route. The resulting phenylselenide 1.4.44 was converted to
aldehyde 1.4.45 via careful reduction of the morpholine amide. In a departure from the previous
route, a 1,2-reduction into the carbonyl group of 1.4.45 forged the first C-C bond of the 7-
membered ring, providing silanol 1.4.46 after acetylation. The allyl acetate moiety in this
compound was harnessed in the second C-C bond forming event, a Pd-mediated allylation with
vinyl stannane 1.4.47. An intramolecular Giese addition of the C9 radical generated from
phenylselenide 1.4.48 resulted in tricycle 1.4.49 in only 9 steps. From this intermediate RTX was
accessed in another 12 steps. Furthermore, 1.4.49 could be converted to tigliane and rhamnofolane
diterpenes as well.
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Scheme 1.4.3. Second-generation route to tricyclic intermediate en route to RTX.
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In terms of strategy, the syntheses discussed above relied on early-stage construction of the
stereochemically dense C ring followed by further elaboration to a 5,7,6-fused tricycle, with the
phenylacetic acid orthoester being installed at a late stage and the homovanillic acid ester being
added in the final few steps of each route. This approach appeared logical given the complexity of
the 6-membered ring and stood in partial contrast with the routes disclosed in several synthetic
studies to the DDOs wherein this ring is assembled at a late stage (Scheme 1.4.4). For instance,
the groups of Bulman-Page and Harwood (Scheme 1.4.4A and 1.4.4B) envisioned that the C ring
could be forged late-stage, with concomitant formation of the B ring, via a Diels-Alder reaction
leading to 5,7,6-fused tricyclic intermediates.®®7! Similar approaches centered around
simultaneous formation of the 6- and 7-membered rings via cyclization of substrates already
containing the A ring were exemplified by Dai’s gold-catalyzed [4+3] reaction’> or McMills’
carbonyl ylide [3+2] cyclization.”® Finally, a series of biosynthesis-inspired transannular aldol
reactions reported by the Evans group also involved late-stage formation of the C ring (Scheme
1.44E).™
Scheme 1.4.4. Key steps used in studies toward DDOs based on late-stage C ring assembly.

SBn
19 Kbar, DCM
PhMe, 160 °C 15h
—_—
14 days(!) (60%)
L°
Bulman-Page H Harwood
Diels-Alder Diels-Alder
___________________________________________________________________________ 1
C. D
CO,Me t+BuXPhosAuCl CO,Me :
Co,Me AgSbFe CO,Me : ”
DCE, 60 °C : o \ Rhy(OAc),

—_— _— H H N, —_—
O & (40%) .@ ; ) (55%)
\ H

\ H
H o
o) Dai OBn ; McMills
Au-cat. [4+3] ' carbonyl ylide [3+2]

i. L-Selectride
ii. TMSOTf
(66%, 2 steps)

—_—
iii. Oy
iv. K,COg, MeOH
(64%, 2 steps)

Evans
transannular aldol reactions

BnO: o

11



In the remainder of the synthetic studies however (Scheme 1.4.5), the 6-membered ring
was included in the structure of the synthetic intermediates early on, and the 7-membered ring was
forged last. The approach by Min and Cho (Scheme 1.4.5A) conceptually follows the logic used
in Wender’s route to RTX but includes a different kind cycloaddition event.”> Other methods of
closing the B ring include a /,2-shift of an oxonium ylide intermediate (West, Scheme 1.4.5B),7®
a photochemical a-santonin-type rearrangement carried out on a complex decalin scaffold
(Carreira, Scheme 1.4.5C),”” or a Barbier reaction (Little, Scheme 1.4.5D).” A specific subset of
the routes centered on early C ring installation and later B ring formation involved a dearomative
strategy (Scheme 1.4.5E, 1.4.5F, 1.4.5G) wherein the 6-membered ring is introduced as an arene,
showcased here by the approaches by Wang”® and Beeler® as well as prior studies in the Maimone
lab®! that involved a dearomatization of the C ring prior to Pd-mediated 7-exo-trig cyclization to
arrive at a highly functionalized 5,7,6-fused tricycle. Such a dearomative approach was also used
in the total syntheses of prostratin discussed below.

Scheme 1.4.5. Key steps in synthetic studies based on early incorporation of the C ring by Min
and Cho (A), West (B), Carreira (C), Little (D), Wang (E), Beeler (F), and Maimone (G). The
latter three strategies, highlighted in grey, are dearomative.
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.......................................................................... E...........................................................................
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RCM ! Pd-catalyzed 7-exo-trig

Indeed, an overview of the total syntheses of tiglianes phorbol and prostratin as well as the
rhamnofolane crotophorbolone revealed that the same strategy of forging and/or decorating the C
ring at an early stage was successfully used in each case (Scheme 1.4.6). In the Baran synthesis of
phorbol,3? the 6-membered ring was sourced from the chiral pool starting material 3-carene,
decorated via a-alkylation of a ketone followed by 1,2-addition and subsequent closure of the 5-
and 7-membered rings via a Pauson-Khand reaction. The other two routes followed a similar logic,
with the C ring originating from carvone and an anisole derivative in the syntheses of
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crotophorbolone and prostratin respectively.®33* In both cases the B ring was formed last via a
ring-closing metathesis reaction. It hence appeared that the successful strategies utilized to access
RTX, phorbol, prostratin, and crotophorbolone all relied on early-stage construction of the 6-
membered ring of these natural products.

Scheme 1.4.6. Overview of the retrosynthetic logic used toward phorbol, crotophorbolone, and
prostratin.

Order of bond ' Order of bond AcO Order of bond
construction (Baran): | construction (Liu): B Me construction (Li):
— a-alkylation 1 Me:.. — aldol condensation  } Me:.. — epoxide opening
' H Me
+ ' H H
1,2-addition H ¥ allylation . v Michael addition
+ \ Me + ! Me % +
Pau?on-Khand : S HO + 1,2-addition JHo OH + 1,2-addition
reaction ! ' .
phorbol : H crotophorbolone prostratin

Baran 2016 (19 steps) ! Liu 2020 (18 steps) — RCM : Li 2018 (23 steps) — RCM

1.5 Retrosynthetic Analysis of Resiniferatoxin

Resiniferatoxin and the daphnane diterpenoid orthoesters are highly attractive synthetic
targets, firstly by virtue of their compellingly complex structures. With the exception of RTX,
these natural products have loomed over the synthetic community as a yet insurmountable
challenge,® and as already mentioned, despite many synthetic studies diterpenoid 1 itself has only
succumbed to total syntheses by two groups even though it has been known for nearly half a
century. Clearly there is ample synthetic space yet to be explored en route to the DDOs and
resiniferatoxin, especially since prior efforts to this molecule and related tiglianes and
rhamnofolanes all focus on the same logic of early construction and decoration of the C ring. A
different strategy orthogonal to the prior art could prove more rapid, reveal new insights into the
complex chemistry of the 5,7,6-tricyclic scaffold, and most importantly, serve as a steppingstone
to access more complex DDOs — something which existing routes to RTX have not done to date
in published literature. Secondly, while several SAR studies related to RTX exist, comparatively
little is known about the bioactivities of daphnane diterpenoids that interact with PKC and how
there binding effects downstream PKC signaling. A route that allows for the total synthesis of RTX
and more highly oxidized DDOs would be a valuable tool for the detailed study of the biological
properties of less explored members of the daphnane family. Thus, the development of a new
general synthetic route to these natural products would serve the dual purpose of advancing the
field of total synthesis and providing chemical biologists with tools for further elucidation of the
biological properties of complex daphnane diterpenoid orthoesters. For these reasons we sought to
enter the synthetic discourse on this family of natural products and selected resiniferatoxin as the
initial synthetic target, in order to serve as proof of concept for the envisioned general route to the
DDOs.

The stereochemically complex C ring of RTX and related diterpenes is undoubtedly the
most challenging part of these structures and the selective assembly of this motif at any stage of
the synthesis can be a daunting task. It is not surprising that in successful syntheses of
resiniferatoxin and the tiglianes this part of the molecule is constructed at an early stage prior to
the assembly of the 7-membered ring or the full tricyclic core. Our initial studies, discussed
elsewhere, also tried to employ this logic but the routes were invariably hampered by low
functional group tolerance or lack of stereoselectivity and culminated in substrates either lacking
one C-C bond of the desired 5,7,6-fused tricyclic core or sufficient functionality for further
elaboration. These problems could ultimately be traced back to the use of carvone as a chiral pool
starting material containing a 6-membered ring.
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To avoid such issues, a radically new retrosynthetic route was envisioned, in which,
contrary to existing precedent, the C ring would be assembled late-stage via a two-step union of a
5,7-fused bicycle 1.5.5 and a linear fragment 1.5.6 (Scheme 1.5.1). Importantly, this type of
disconnection is not reported in prior syntheses or synthetic studies and is orthogonal to the logic
of early 6-membered ring construction utilized in prior syntheses. Such a novel approach however
would allow for a highly modular and convergent route that could be ideally suited to arrive not
only RTX but also previously inaccessible DDOs.

Scheme 1.5.1. Novel retrosynthetic approach involving late-stage assembly of the C ring of the
daphnane diterpenoid orthoesters.

cyclization FG R

(+)-resiniferatoxin (RTX) ROPA (1.5.1) 1.5.2 1.5.3

late-stage

convergent C-ring closure
and modular multiple possible
approach reaction manifolds

e FG
\ aldol Grignard Me 1.5.6 Me 1
(‘»\) reaction  addition R R
\ o, ! o 14
= NS Heck ®
;Qk e oo — H on

N QM
o | ﬂ upling - 3 3 \\ dol
~alaol
R 5 64 Me Me O reaction
Bng//\ oms \ RS o R
OTMS FG oTMS FG

rapid assembly 157
of Bring 1.5.5 1.5.4

Specifically, RTX was simplified to triol 1.5.2 via late stage orthoesterification to
resiniferonol 13,14,15-orthophenylacetate (ROPA, 1.5.1) and installation of the homovanillic acid
ester as the final step. The introduction of these two sidechains was postponed to the last part of
the synthesis in order to avoid undesired chemo- and regioselectivity issues involving the
potentially acid-labile orthoester and very electron-rich arene in the ester sidechain. Tricycle 1.5.2
was further simplified to less functionalized congener 1.5.3, envisioned to arise from an
intramolecular cyclization reaction connecting carbons C9 and C11. The exact mechanism for such
a transformation was unclear at this stage but an intramolecular mode of closing the 6-membered
ring was preferred from the outset due to the hindered nature of the C9 ketone. Indeed, attempts at
intermolecular functionalization of this moiety, discussed in Chapter 2.3, were futile. The
cyclization precursor for the envisioned C ring closure, ketone 1.5.4, was further simplified via an
aldol reaction to hydroazulene 1.5.5 and aldehyde 1.5.6. We envisioned that the exact structure of
these building blocks could be varied to accommodate the different oxidation patterns found across
the daphnane diterpenoid orthoesters and were optimistic that the venerable aldol reaction would
forge the C8 and C14 bond without issues. Furthermore, given the ample precedent for
stereocontrol observed in aldol reactions we hypothesized that fragments 1.5.5 and 1.5.6 could be
united in a stereoselective way, thereby making the daunting task of constructing the 5 contiguous
stereocenters decorating the C ring of the daphnanes somewhat simpler. While we were less sure
of the degree of stereocontrol with which the C9-C11 bond formation would proceed, the ability
to harness different reagents and reaction mechanisms for this transformation meant that a
substrate and/or conditions leading to stereoselective closure of the 6-membered ring could be
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found. This flexibility in terms of reaction manifold for the union of C9 and C11 was also expected
to circumvent chemo- and regioselectivity issues. Given these considerations we hypothesized that
the envisioned synthetic route was feasible, and the challenge of late-stage C ring assembly could
be solved.

Trans-fused hydroazulene 1.5.5 was further simplified to less oxidized congener 1.5.7.
Notably, the C20 functional group envisioned as a handle for subsequent installation of the
requisite hydroxyl group could be installed by conjugate 1,6-addition into vinylogous enone 1.5.7
and we entertained the idea of carrying out such an addition and trapping the resulting enolate with
aldehyde 1.5.6, thereby arriving at cyclization precursor 1.5.4 in a single step from enone 1.5.7. In
the event that such a cascade was not feasible, a discrete intermediate 1.5.5 containing suitable
functionality would be used instead. The 7-membered ring of 1.5.6 was disconnected at three C-C
bonds taking inspiration from the previously disclosed synthetic studies carried out in the Maimone
lab. A similar Pd-mediated 7-exo-trig reaction was planned to close the B ring by connecting C6
and C7. The carbons needed for construction of the 7-membered ring would be tethered to a
functionalized cyclopentanone via an aldol reaction between C9 and C10 and a 1,2-addition to
construct the C4-C5 bond. In this way 5,7-fused bicycle 1.5.7 was simplified to three bifunctional
intermediates, each containing two orthogonal functional handles for the formation of two C-C
bonds. The reaction mechanisms for these disconnections were specifically chosen to allow for
functional group compatibility and rapid formation of the B ring. While the exact substitution at
the A ring was unclear at the outset, we hypothesized that the oxidation of that ring could be
gradually built up along the course of the synthesis, with the aim of minimizing potential chemo-
and regioselectivity issues stemming from a highly functionalized A ring being present during C-
C bond construction. Thus, the hypothetic retrosynthetic approach disclosed herein would be rapid,
convergent, chemo-, regio-, and hopefully stereoselective and would hence result in facile
construction of RTX with the potential to be adapted for the synthesis of other daphnane
diterpenoid orthoester natural products.
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1.7. Structures of daphnane diterpenoid orthoesters*3%-%*
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Chapter 2.
Total Synthesis of Resiniferatoxin

30



2.1 Synthesis of Trans-Fused Hydroazulenol 2.1.10

Our first objective in the development of a synthetic route to resiniferatoxin based on our
proposal in Chapter 1.5 was the rapid and scalable synthesis of a frans-fused hydroazulenol
fragment which would enable subsequent studies of the late-stage construction of the C ring of the
daphnane core (see structure 1.5.7 in Scheme 1.5.1). Our efforts began with the synthesis of (2)-
3-iodoacrolein 2.1.3, envisioned to serve as a linchpin in the formation of the 7-membered ring by
virtue of the aldehyde and vinyl iodide functional handles (Scheme 2.1.1). This aldehyde was
obtained on gram-scale via DIBAL reduction of the corresponding methyl ester of (Z)-3-
iodoacrylic acid 2.1.2,! which is commercially available or easily accessible in one step from
methyl propiolate 2.1.1.2 It is important to note that 2.1.3 is quite sensitive to both light and
temperature in its neat form and was observed to violently decompose if stored at room
temperature for more than 30 minutes even in the absence of light. Nevertheless, aldehyde 2.1.3
could be handled as a solution and was successfully employed as an electrophile in an aldol
reaction with commercially available 3-methyl cyclopentenone 2.1.4 thus forging the first of the
three C-C bonds necessary for formation of the B ring.

Scheme 2.1.1. Forming the first C-C bond of RTX via an aldol reaction.
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This process resulted in two diastereomeric products, anti-aldol product 2.1.6 and syn-aldol
product 2.1.5, in a 1:1 diastereomeric ratio and 76% combined yield. As a cyclic ketone, 2.1.4 can
only generate an (E)-enolate and would therefore be expected to provide predominantly the anti-
aldol product if reacting via a closed Zimmerman-Traxler transition state.>* The diastereomeric
ratio observed with LHMDS in THF is therefore consistent with an open transition state being
operational. As neither reaction partner contains a chiral center, bond formation via an open
transition state could occur from either face of the pro-chiral aldehyde C2 with equal probability,
providing equal amounts of the two C9-epimers 2.1.5 and 2.1.6. The anti-aldol product 2.1.6 could
be preferentially formed in 3:1 dr with KHMDS in Et2O, conditions under which the expected
closed transition state appeared to be operational at least to some degree. While one might expect
a Zimmerman-Traxler transition state to be more favored with a lithium enolate compared to a
potassium one, owing to the shorter metal-oxygen bond length in the former case, the observed
results are likely caused by differences in aggregation between the two sets of reaction conditions.
The shorter Li-O bonds might cause the lithium enolate of 2.1.4 to form tight oligomers in solution,
resulting in a coordinatively saturated Li center unable to engage in the chelation to 2.1.3 required
for a closed transition state. We initially viewed the diastereomeric outcome of this transformation
as inconsequential — the 5,7-fused bicyclic intermediate 1.5.7 (see Chapter 1.5) we envisioned
would possess a carbonyl group at C9 and could thus arise from either epimer via an oxidation of
the corresponding secondary alcohol. The diastereomeric products were therefore separated and
individually subjected to the subsequent C-C bond forming steps in the hope that the two series of
compounds would be reunited at a later oxidative stage.

Both C9-epimers 2.1.6 and 2.1.5 proceeded to readily react with allyl Grignard reagent
with excellent diastereoselectivity at the newly formed C4 stereocenter, providing tertiary alcohols
2.1.7 and 2.1.9 respectively (Scheme 2.1.2). The presence of a silyl protecting group on the
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secondary alcohol at C9 was crucial to ensure a clean reaction and stereoselective addition from
the less hindered a-face of the carbonyl group. The products of this allylation reaction proved to
be unstable, especially in the presence of acid or silica gel, likely due to the sensitive nature of the
tertiary allylic alcohol moieties. Hence, vinyl iodides 2.1.7 and 2.1.9 were subjected the subsequent
reaction without purification.

Scheme 2.1.2. Difference in reactivity between aldol products toward construction of the desired
trans-fused hydroazulene.
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With two of the three C-C bonds necessary for the B ring already constructed in only three
steps from commercially available materials, the stage was set for the closure of the 7-membered
ring via a Heck cyclization.>”” Crude iodide 2.1.7, derived from anti-aldol product 2.1.6, was
subjected to a suite of classic® palladium catalysts and bases but no desired C-C bond formation to
hydroazulene 2.1.8 was observed; instead, we noted reaction mixtures containing products
stemming from decomposition of the starting materials presumably via thermal of base-mediated
pathways. The residual mass balance in these studies consisted of a complex mixtures of products
containing an intact mono-substituted olefin moiety. Thus, the preliminary screen did not result in
the identification of reaction conditions that can bring about the desired 7-exo-trig cyclization of
vinyl iodide 2.1.7.

In contrast, cyclization precursor 2.1.9, arising from syn-aldol product 2.1.5, reacted
successfully in the proposed 7-exo-trig ring formation, providing trans-fused hydroazulenol 2.1.10
in 30% yield over two steps. The only other product observed in this process was 5,8-fused bicycle
2.1.11, arising from a competing 8-endo-trig cyclization. The formation of 2.1.11 was not too
surprising as it matched observations from prior studies on a similar scaffold conducted in this
laboratory and discussed in Chapter 1.° However, the combined yield of bicyclic products 2.1.10
and 2.1.11 did not account for the complete mass balance of the Heck reaction, with the remainder
of vinyl iodide 2.1.9 presumably undergoing thermal decomposition similarly to C9-epimer 2.1.7.
The desired 5,7-fused scaffold found in 1.5.7 could thus be accessed, albeit in low yield, in only
four steps from commercially available materials, thereby proving the first part of our
retrosynthetic hypothesis.

While the availability of hydroazulene 2.1.10 would allow the study of the subsequent
transformations proposed in the retrosynthesis to proceed, the lack of material would necessitate
lengthy and laborious scale-up efforts to bring about the desired amounts of this key intermediate.
A thorough screen of the parameters of the Heck reaction could possibly alleviate the supply issues
by revealing conditions that suppress formation of undesired constitutional isomer 2.1.11 in favor
of the desired hydroazulenol, increase the overall mass recovery of the cyclization of reactive C9-
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epimer 2.1.5, or even allow for productive cyclization of previously unreactive C9-epimer 2.1.7.
This screening endeavor was however postponed for a later stage of the project in favor of
exploring the challenging key steps for formation of the C ring as soon as possible (see Chapter
2.8 for optimization efforts that ultimately increased the yield of 2.1.10 to 51%). A temporary
solution for improving material throughput was found instead by increasing the available amount
of ketone 2.1.5, the precursor to desired hydroazulenol 2.1.10. We focused our efforts on
converting the undesired aldol product 2.1.6 into the desired isomer 2.1.5. This could be done by
epimerizing ketone 2.1.6 at C10 with DBU, giving rise to the desired syn relative stereochemical
relationship at C9 and C10. Due to the racemic nature of the two diastereomer series, such an
epimerization of (+)-2.1.6 provided (+)-2.1.5 in 43% yield or 88% yield based on recovered
undesired epimer 2.1.6, which could be resubjected to the basic conditions. Even though the
conversion in this process was partial, most likely due to both epimers having similar equilibrium
concentrations under the DBU conditions, desired C9-epimer 2.1.5 could be obtained in 51% yield
per aldol reaction and epimerization batch, which increased the overall material throughput and
allowed the exploration of subsequent chemistry.

2.2 Oxidative Manipulations of the Hydroazulene Fragment and Forays into Formation of the CS§-
C14 Bond

At this point, the stage was set for exploring oxidative manipulations that would provide a
bicyclic ketone of the type 1.5.7, one of two partners in the envisioned C8-C14 bond-forming
event. A salient way in which this connection could be achieved while simultaneously introducing
a heteroatom functional handle at C20 would be to carry out a 1,6-hetero Michael addition with
vinylogous enone 2.2.2, followed by trapping of the resulting enolate with a suitable aldehyde
(Scheme 2.2.1). Heck product 2.1.10 could be elaborated into 2.2.2 in a straightforward manner
via TBAF-mediated desilylation and allylic oxidation at C9 in the presence of MnO,. However,
diol 2.2.1 and ketone 2.2.2 proved to be quite unstable to purification and storage in their neat
form. The latter was observed to rapidly (within 10 minutes) polymerize after concentration,
necessitating its use in crude form and storage as a solution in benzene. When subjected to an
excess of dimethylaluminum thiophenolate,!®"'? formed in-situ from PhSH and Me3Al, vinylogous
enone 2.2.2 underwent the desired conjugate 1,6-addition and aldol cascade using prenal as a test
aldehyde substrate but the reaction proceeded further to yield the aldol condensation product 2.2.4.
Formation of such a triene could not be suppressed by modifying the reaction parameters and no
other conditions involving a conjugate addition and aldol reaction cascade provided any productive
C-C bond formation between enone 2.2.2 and prenal. In both cases the presence of a free alcohol
at C4 in 2.2.2 is the likely culprit for the observed reactivity or lack thereof — in the latter instances,
this OH group is not compatible with the attempted conjugate reduction!*-!¢ or borylation!’!?
conditions; while in the former this free alcohol, existing under the reaction conditions as an
aluminum alkoxide (see enolate 2.2.3), could act as an endogenous base to bring about an E1cB
process generating triene 2.2.4 from the desired aldol product. Thus, enone 2.2.2 no longer
appeared to be a desirable reaction partner in the envisioned C8-C14 bond forming step and we
turned our attention to its C4-silylated counterpart (see 2.2.7 in Scheme 2.2.2) in the hopes that
protecting the C4 alcohol would suppress the elimination reaction leading to triene 2.2.4 and could
allow for a broader spectrum of productive reaction conditions for the proposed conjugate
addition/aldol cascade.
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Scheme 2.2.1. Synthesis of enone 2.2.2 and its participation in a thiol-mediated conjugate 1,6-
addition/aldol reaction cascade.
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In order to synthesize the new desired substrate, ketone 2.2.7, two reaction sequences were
considered — silylation of the alcohol of previously obtained ketone 2.2.2 or TMS-protection of
Heck product 2.1.10 followed by selective deprotection at the C9-alcohol and oxidation (Scheme
2.2.2). While both series of reactions could be utilized to produce silanol 2.2.7, the latter order of
events was preferable as it avoided handling unstable intermediates 2.2.1 and 2.2.2. Protection of
hydroazulenol 2.1.10 proceeded without issue and selective deprotection of the secondary alcohol
in 2.2.5 could be carried out with formic acid in an Et2O/MeOH solvent mixture, resulting in mono-
silylated bicycle 2.2.6, which could be handled and purified without any issues. At first, TMS-
protected enone 2.2.7 was made fresh, via oxidation of 2.2.6 with DMP, and handled without
purification out of concern for instability issues similar to free alcohol 2.2.2. Crude vinylogous
enone 2.2.7 successfully underwent the conjugate 1,6-addition/aldol reaction cascade in the
presence of PhSAIMe: and prenal, resulting in desired product 2.2.9 without any elimination to
triene 2.2.4. Thus, protecting the C4 alcohol in the hydroazulenol substrate successfully suppressed
the undesired reactivity and provided a compound suitable for exploration of the C8-C14 bond
forming event. Furthermore, enone 2.2.7 was later found to be stable to purification and storage,
which simplified subsequent reaction protocols.

Scheme 2.2.2. A suitably protected hydroazulene enables C8-C14 bond formation via an aldol
reaction.

o
3 TMSCI, H
imid. NaHCO3 g
Me Me Me
ﬂ DCM ﬂ DCM
OH (99%) OTMS (75%) 22,7 OTMS -78°C

THF/DCM
2.1.10 TMS (2.2.5) (48%)
By (2 50 HCOOH, Et,O/MeOH (92%)

= 2,29 Phs
R

2.3 Initial Exploration of Linear Fragments and C Ring Formation

Having successfully identified vinylogous enone 2.2.7 as a competent trans-fused
hydroazulenol partner of type 1.5.7, the nature of the linear aldehyde piece for the envisioned aldol
reaction was explored next. Hypothetically, three kinds of linear fragments would be feasible
(Scheme 2.3.1). The first type, represented by small bifunctional compounds such as ethyl
glyoxalate, would require subsequent installation of several fragments, representing both parts of
the C ring and/or the isopropenyl sidechain (Scheme 2.3.1A). The second would be comprised of
fragments with the general structure 2.3.3, corresponding to the highlighted parts in 2.3.4, 2.3.5,
or 2.3.6 that possess the carbons necessary for C ring construction but lack C15, C16, and C17
(Scheme 2.3.1B). Finally, the third type of aldehyde partner (see 2.3.7 in Scheme 2.3.1C) would
contain all carbons needed for both the 6-membered ring and the sidechain decorating it, with
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representative aldol products 2.3.8 and 2.3.9. At this stage the exact reaction manifold for the
closure of the C ring was yet unclear, so we explored all three types of aldehydes, theorizing that
the use of a type I partner would offer the most flexibility in terms of subsequent chemistry but
would require the highest number of steps to achieve the full daphnane core. In contrast, we
hypothesized that the use of a type III aldehyde, while allowing for the theoretically fastest
construction of the core, would be plagued with functional group compatibility issues and would
limit the types of transformations that could be employed for closure of the C9-C11 bond.
Subsequent experiments however would reveal that type I partners were the least amenable to
further elaboration and that aldehydes of type III were uniquely suited for the completion of the
daphnane core.

Scheme 2.3.1. Conceptual classification of different types of aldehyde partners (left) and examples
of aldol products arising from each type (right). Type I aldehydes (A) lack the carbons necessary
for C ring formation, type II aldehydes (B) lack C15, C16, C17, while type III aldehydes (C)
contain all carbon atoms necessary for the diterpene core.

Retrosynthetic logic: Aldol products based on aldehyde type:
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As already discussed, prenal was found to be a competent type I partner for the conjugate
addition/aldol cascade. Another such aldehyde was ethyl glyoxalate, giving rise to ester 2.3.2.
These aldol products could theoretically be further elaborated via additions of nucleophiles to the
C9 carbonyl and/or ester functional groups. However, such processes proved difficult in practice
and substantial amounts of elimination of the C14 alcohol and retro-aldol reaction were observed.
The ketone moiety on the hydroazulene core proved especially difficult to functionalize due to its
sterically hindered nature. At this point it became clear that constructing further C-C bonds with
the aldol products arising from reaction with a type I aldehyde was far more difficult than
anticipated. An aldehyde partner of higher complexity, i.e. of type II or III that already bears all
carbon atoms necessary for the six-membered ring, would hence be required. We further
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hypothesized that an intramolecular process involving a sterically unencumbered intermediate
would have better success at engaging the hindered C9 ketone and thereby closing the C ring.

Known?® type II aldehyde 2.3.10 was therefore explored as a partner in the conjugate
addition/aldol reaction (Scheme 2.3.2A). We hypothesized that the nitroalkane moiety in 2.3.10
could engage the C9 ketone via a Henry reaction in the presence of a base and were hopeful this
could occur under the basic conditions of the aldol reaction itself, allowing for a one-step
annulation to construct the C ring from bicycle 2.2.7 via aldolate 2.3.11 and stabilized carbanion
2.3.12. A similar type of annulation process, albeit with simpler substrates, was precedented in
literature to proceed well and to generate the desired frans-fusion of the newly formed 6-membered
ring.?! While at this stage the fate of the C11 stereocenter in tricycle 2.3.13 would be uncertain, a
radical-mediated reduction of the nitro group in the putative cyclization product was expected to
lead to the desired equatorial positioning of C18 under thermodynamic control. However, the only
compound observed in the union of bicycle 2.2.7 and aldehyde 2.3.10 was aldol product 2.3.4 as
a complex mixture of diastereomers (Scheme 2.3.2B). This result could be explained by the
difference in enolate counterions — whereas in the literature precedent lithium is employed, the use
of aluminum for the conjugate addition/aldol part of the proposed cascade was necessary. If
deprotonation at C11 of aldolate 2.3.11 by an aluminum alkoxide is not kinetically favored, the
Henry part of the desired transformation would not proceed, and the reaction would stop at aldol
product 2.3.4 as observed.

Scheme 2.3.2. Proposed 1,6-addition/aldol/Henry reaction cascade for the desired annulation of
hydroazulene 2.2.7 (A) and experimental attempts to bring about this transformation (B).
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Even though the proposed one-step annulation did not occur, one of the two C-C bonds
necessary for formation of the six-membered ring was still successfully constructed and attempts
were made to forge the remaining bond in a separate step. However, a variety of lithium bases
such as LHMDS only led to a retro-aldol process, resulting in recovery of enone 2.2.7. Milder
bases such as DBU, also precedented to bring about Henry reactions,? provided enone 2.3.14,
arising from an E1¢B process. While the former problem of a competing retro-aldol pathway could
be theoretically suppressed by protection of the C14 alcohol, doing so would not address the
possibility of a competing E1cB reaction. A bigger change in the retrosynthetic plan was therefore
needed to suppress the issues encountered in the base-mediated attempts to forge the C9-C11 bond
in substrate 2.3.4.
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To circumvent the undesired E1cB or retro-aldol reactions observed during the attempted
cyclization of nitroalkane 2.3.4, a radical-based reaction mechanism was explored next. Such a
proposed one-electron reaction mechanism could bypass undesired two-electron pathways and
would be highly suited for the sterically congested environment around C9 as it would involve
unencumbered and reactive radical intermediates. The only one-electron side reaction we could
envision, a 3-exo-trig cyclization between C9 and C7, would be kinetically much slower than the
desired 6-exo-trig process,? and hence was not expected to pose a problem. Specifically, olefin-
bearing aldehyde partner of type II 2.3.15 was chosen, as the corresponding aldol products could
participate in a 6-exo-trig radical cyclization initiated by the formation of a ketyl radical at C9
(Scheme 2.3.3A). Cyclization precursor 2.3.5b could be successfully constructed alongside its co-
polar C8-epimer 2.3.5a from hydroazulene 2.2.7 and 4-pentenal 2.3.15 using the standard
conjugate addition/aldol procedure employed thus far (Scheme 2.3.3B). The flexible nature of the
sidechain precluded a nOe-based analysis of the relative stereochemistry at this stage, with the
stereochemical information shown arising from analysis of subsequent tricyclic compounds
derived from these co-polar cyclization precursors.

Scheme 2.3.3. Modified retrosynthetic hypothesis involving a radical-based 6-exo-trig cyclization

(A) and synthesis of corresponding cychzatlon precursors (B)
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Before the specifics of the 6-exo-trig cyclization of aldol products 2.3.5a and 2.3.5b are
discussed, a general overview of the stereochemical outcome of such a transformation will be
provided, specifically in the context of using Kagan’s reagent (Smlz) (Scheme 2.3.4A). Samarium
(1) iodide has found wide use in the formation of ketyl radicals in complex systems?*2® and has
been observed to dictate the relative stereochemistry in subsequent 5-exo-trig and 6-exo-trig bond-
forming events.?” One way in which samarium iodide impacts the stereochemical outcome of such
processes is via chelation to a hydroxyl group in proximity to the reaction center.?® For example,
after generation of ketyl radical 2.3.17 from simple -hydroxy ketone 2.3.16, both oxygen atoms
remain coordinated to samarium and the resulting chelate cyclizes with the two oxygen atoms
anchored on the same face of the ring being formed (see transition states 2.3.18 and 2.3.19 and
cyclization product 2.3.20).2° This type of chelation-based control would be highly beneficial for
us, as the secondary alcohol at C14 and the tertiary alcohol at C9 in the natural product reside on
the same face (see Scheme 2.3.3A). Thus, the former stereocenter, if set correctly, would guide the
selective formation of the latter during the proposed 6-exo-trig cyclization. The stereochemical
outcome at the cyclization terminus however could prove problematic, as secondary orbital overlap
between the olefin and substituents bound to the ketyl carbon atom dictates the preferential
positioning of said termini anti to the oxygen of the ketyl radical in the proposed operative
transition state 2.3.20.° An alternative explanation for this observed preference has also been
proposed, involving partially polarized transition state 2.3.19, in which electrostatic interactions
govern the positioning of the cyclization terminus syn to a C-C bond and anti to the C-O bond of
the ketyl radical.’® Regardless of the exact nature of the transition state, for the simple substrates
in the cited study, the reaction result in the methyl and hydroxyl groups occupying opposite faces
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of the ring in the products. It would be quite problematic if the proposed cyclization needed for
construction of the daphnane core occurs with this anti selectivity, as this would position C18 on
the f-face of the C ring instead of the desired o-face (see Scheme 2.3.3A) and there would be no
easy way to invert the C11 stereocenter without involving the C9 alcohol as the only potential
functional handle in close proximity. However, since the existing literature suggests that the
stereochemical outcome at the cyclization terminus in more complex systems is more ambiguous
and case-specific,>!3? likely due to steric and electronic factors competing and potentially
overriding the preference for hyperconjugative overlap, we were optimistic that we could find a
substrate capable of cyclizing so that both stereocenters at C9 and C11 would be set correctly.

Scheme 2.3.4. Existing precedent for the stereochemical outcome of Sml;-mediated 6-exo-trig
cyclizations (A) and attempts at such cyclization with aldol products 2.3.5a and 2.3.5b (B).
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The reactivity of potential cyclization substrates 2.3.5a and 2.3.5b was next explored in
the hopes of forging the C9-C11 linkage with the desired stereochemistry (Scheme 2.3.4B).
However, under a variety of common Smlx-based cyclization conditions no productive reaction
was observed. At lower temperatures consumption of the starting material was slow, even in the
presence of common additives such as alcohols or HMPA. The only products isolated were enone
2.2.7 and aldehyde 2.3.15, arising from a retro-aldol process in which Sml> most likely acts as a
Lewis acid. The color of the reaction solution remained blue (or purple when HMPA was used as
additive), indicative of the presence of excess Sm(II), and compounds resulting from Sml,-
mediated 1,2-reduction of 2.2.7 and/or 2.3.15 were observed to varying degree, clearly indicating
that a reducing environment was maintained in the reaction flask. We hypothesized that the lack
of products arising from formation of the desired ketyl radical at C9 occurred because the retro-
aldol process happened faster than reduction of the ketone, thereby precluding generation of
appreciable amounts of this key reactive intermediate.

In order to combat these unfavorable kinetics, water was used as a co-solvent additive,
since existing precedent suggested that coordination of water to Sm(II) would make this reagent a
better reductant in terms of both thermodynamics and kinetics.>*3* Indeed, in a 10:1 THF:H,O
mixture, the 1,2-reduction products 2.3.23a and 2.3.23b of ketones 2.3.5a and 2.3.5b respectively
were finally observed, indicative of generation of the ketyl radical being faster than the undesired
retro-aldol process in this case. A product of 6-exo-trig cyclization was also observed but was
revealed to arise from the undesired C8 epimer 2.3.5a. Careful analysis of the relative
stereochemistry in tricycle 2.3.22 using a NOESY NMR experiment confirmed our projections
around the stereocontrol that samarium could exert in this transformation, with both C9 and C14
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oxygen atoms residing on the same fface and the methyl group at C11 being placed on the
opposite a-face (see ketyl radical 2.3.21 which illustrates the conformation of the reactive
transition state leading to 2.3.22). While neither 2.3.5a or its cyclization product 2.3.22 contained
the relative stereochemistry required for the daphnane core, these compounds served as proof-of-
concept for several elements in our proposed retrosynthesis: a 6-exo-trig reaction was successfully
used to connect C9 and C11 and the chiral center at C14 successfully guided the stereochemical
outcome at C9. However, the relative stereochemistry at C11 in 2.3.22, as well as the fact that no
cyclization product arising from the desired C8 epimer 2.3.5b was observed, were deeply
concerning. A different cyclization precursor, arising from a different aldehyde partner in the
conjugate addition/aldol cascade, was therefore called for.

Due to the possibility that productive cyclization of the ketyl radical formed from desired
Cl4-epimer 2.3.5b is kinetically slower relative to further reduction and protonation to provide
2.3.23b, known? racemic aldehyde 2.3.24 was explored next as a type II partner (Scheme 2.3.5).
The bulky OTBS substituent could render the 6-exo-trig cyclization kinetically more favorable via
the Thorpe-Ingold effect while also being able to influence the stereochemical outcome in the
initial aldol reaction between 2.2.7 and 2.3.24 in a potentially beneficial way. Indeed, the union of
these two fragments proceeded with a higher degree of selectivity relative to the formation of
2.3.5a and 2.3.5b, resulting in diastereomer 2.3.6 as the single major reaction product alongside
several minor diastereomers. A higher preference for the correct C8 epimer was therefore
observed, alongside a curious case of matched-mismatched interaction, in which one enantiomer
of the racemic enolate arising from 2.2.7 is preferentially joined with one enantiomer of racemic
aldehyde. Aldol reaction via open transition state 2.3.25 governed by the Felkin-Anh model is the
most likely explanation for the stereochemistry observed in 2.3.6, especially based on the C14
chiral center.*¢

Scheme 2.3.5. Synthesis of modified cyclization precursor containing an OTBS group.
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The relative configuration thereof was not confirmed until after cyclization of 2.3.6 to two
copolar products, 2.3.29 and 2.3.33, which contained rigid carbon skeletons amenable to providing
definitive correlations in NOESY experiments (Scheme 2.3.6). The ready formation of these two
compounds and the diminished amounts of 1,2-reduction products observed point to the beneficial
effects of the OTBS group for the cyclization, thereby fully confirming our hypothesis behind the
use of aldehyde 2.3.6.

The structures of the cyclization product merit discussion in some detail. The topography
and connectivity in the major component of the mixture, tetracycle 2.3.29, are not at all surprising
given the preferred stereochemical outcome of Sml>-mediated cyclizations discussed above. In
this product the oxygen atoms at C14 and C9 both reside on the -face due to chelation to samarium
during the 6-exo-trig bond forming event and CI18 is positioned anti to the C9 oxygen (see
transition state 2.3.27), thereby conforming to the trend observed in literature and in the formation
of2.3.22. However, in the current case, because of the difference in stereochemistry at C8, radical
2.3.28 arising from the initial cyclization event can undergo a subsequent 5-exo-trig reaction
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connecting C18 and C7, since C18 is positioned sufficiently close in space to interact with the n*
orbital of the olefin in the B ring.’” This second cyclization, evidently faster than further reduction
and protonation of radical 2.3.28, would result in a tertiary radical that can be quenched by
expelling phenylthiyl radical and forming an exocyclic double bond, providing tetracycle 2.3.29.
A similar two-electron mechanism centered around an anion at C18, formed by reduction of the
corresponding radical, can also be proposed but is less likely as protonation of such an anion would
be very rapid. Still, taken together the events leading to formation of 2.3.29 appeared to be in
accordance with documented samarium reactivity. The more interesting cyclization product was
2.3.33, in which chelation positions the hydroxy group at C9 on the same f-face as the one on
Cl14, as expected, but C18 is also positioned on the f-face, in clear contrast with literature
precedent (see transition state 2.3.31). A possible explanation for this phenomenon is that both
pseudo-axial (leading to 2.3.29) and pseudo-equatorial (leading to 2.3.33) orientations of the
cyclization terminus allow for sufficient secondary orbital overlap, likely with the C-C or C-H
bonds of the A ring, bringing the corresponding transition states 2.3.27 and 2.3.31 sufficiently
close in energy that products arising from both are observed. At this stage it remained unclear
whether the formation of 2.3.33 was a special case or indicated the general possibility of obtaining
both relative stereochemistries at C11 regardless of the cyclization precursor. This question,
combined with the fact that no tricycle with C9 and C14 oxygen atoms on the desired a-face of
the C ring had been observed so far, prompted the exploration of even more aldehyde partners
corresponding to new substrates for the 6-exo-trig reaction. As the hypothesis that introducing a
TBSO-bearing stereocenter in the type Il aldehyde would be beneficial for both the aldol reaction
and cyclization, future studies focused on even more complex aldehyde congeners.

Scheme 2.3.6. Sml>-mediated 6-exo-trig cyclization of ketone 2.3.6.
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The straightforward way to increase structural complexity in the aldehyde partner would
be to employ a type III aldehyde, containing all carbons for both the C ring and the sidechain. First,
known?® enal 2.3.34 was envisioned as an achiral partner still capable to influencing the rate of
cyclization via the Thorpe-Ingold effect and the rigidity provided by the sp?-hybridization of C13
(Scheme 2.3.7A). However, when aldehyde 2.3.34 was subjected to the conjugate addition/aldol
conditions, no reactivity was observed. This result was unexpected as prenal, a simpler enal lacking
the allyl chain found in 2.3.34, as well as all other aldehydes employed previously had successfully
provided the corresponding aldol products. A possible explanation was the difference in
hybridization at C13, so the corresponding epoxide 2.3.35 with a sp*-hybridized alpha-carbon was
employed next and was found to successfully engage in the construction of the desired C8-C14
bond (Scheme 2.3.7B). However, the reaction resulted in multiple diastereomeric aldol products,
owing to the stereochemical complexity already present in the two racemic reaction partners and
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the apparent lack of matched-mismatched reactivity as observed in the formation of 2.3.6. Working
with this more complex mixture meant that each individual constituent thereof was obtained in
low yield, making analysis and subsequent chemistry more difficult. However, the greater number
of diastereomeric products increased the chance of observing a compound containing the desired
a-face hydroxyl group at C14, a substrate that had remained largely elusive so far.

Scheme 2.3.7. Initial design of type III aldehyde (2.3.34, left) and productive aldol reaction with
a type III aldehyde 2.3.35 (right).
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Diastereomer 2.3.8a, which was the most polar component of the product mixture and
would later be revealed to bear the desired relative configuration at not only C14 but also C13,
could be isolated in 17% yield and subjected to the Sml>-mediated cyclization conditions (Scheme
2.3.8). As before, the stereochemistry around the C ring could only be confirmed after cyclization.
In tricycle 2.3.43, observed in the mixture of products from the 6-exo-trig cyclization, the tertiary
alcohol at C9 was found to reside on the a-face as desired for the daphnane core and as expected
from the chelation-based control that samarium, coordinated to the a-face C14 hydroxy group,
would exert. However, the methyl substituent at C11 was positioned on the undesired p-face,
meaning that once again the daphnane core remained elusive (see transition state 2.3.41). As the
chiral center at C11 was set so the methyl is anti to the C9 oxygen, thereby matching the predicted
outcome based on existing precedent, the other components of the product mixture were explored
in the hope that one of them would contain the desired stereotriad at C8, C9, and C11. The only
other compound that appeared to be the result of a 6-exo-trig cyclization, however, was 2.3.43b in
which the A ring olefin is transposed to reside between C1 and C2. This tricycle, copolar with
previously discussed 2.3.43, unfortunately bears the same relative stereocenters and seems to arise
via largely the same pathway. Coordination of Sml; to the oxygens at C14 and C9, followed by
inner-sphere SET, would result in a ketyl radical, which could exist in one of two conformations
in which the cyclization terminus is pseudo-axial (2.3.40) or pseudo-equatorial (2.3.36)
respectively. These conformations would in turn give rise to two isomeric transition states for the
6-exo-trig cyclization. Transition state 2.3.37 which would involve a pseudo-equatorial orientation
of the cyclization terminus is likely higher in energy than 2.3.41 due to fewer stabilizing secondary
orbital interactions, even though the corresponding pseudo-equatorial conformation of the ketyl
radical 2.3.36 would likely be lower in energy than 2.3.40, suggesting that the Curtin-Hammett
principle could be used to explain the observed diastereoselectivity at C11. Radical 2.3.42,
resulting from transition state 2.3.41 can undergo either further reduction and protonation to
provide 2.3.43, or can participate in a 1,5-hydrogen atom transfer to generate an allylic radical
with resonance contributors 2.3.44 and 2.3.45.> The latter intermediate is presumably further
reduced and then protonated at either C1, generating more 2.3.43, or C3, which leads to 2.3.43b.
It is unclear how much of the material in the cyclization undergoes the 1,5-HAT as the product
containing C2-C3 olefin can be formed either with or without the hydrogen atom transfer. In
summary, the use of type III aldehyde 2.3.35 allowed for the construction of the 5,7,6-fused
tricyclic core in 2.3.43 and 2.3.43b that resembles the desired daphnane core very closely in terms
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of relative stereochemistry, and the stereocenters at C8, C9, C13, and C14 could all be set correctly
as needed for the natural product scaffold. The only stereocenter that remained problematic was
C11 as no desired product 2.3.39 was observed.

Scheme 2.3.8. Observed reactivity in the 6-exo-trig cyclization of desired aldol product 2.3.8a.
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Given that 2.3.6 was observed to cyclize to both 2.3.29, where C18 is anti to the C9 oxygen
atom, and 2.3.33, where these two substituents are syn, it is perhaps surprising that 2.3.8a only
reacted to products containing a C11-bound methyl anti to the C9 hydroxyl group. Indeed, the only
other products identified in the cyclization reaction, 2.3.46a and 2.3.46b, arose from 1,2-reduction
of the ketone instead of cyclization. It is possible that 6-exo-trig reaction via transition state 2.3.37
in which the cyclization terminus is pseudo-equatorial is too slow for substantial amounts of
product to be formed; alternatively, reaction via 2.3.37 and resulting radical 2.3.38 proceeds but is
followed by some unknown decomposition pathway so that no compounds related to this mode of
reactivity are formed. The latter option could account for the observed low mass balance but does
not point to a way in which the C11 stereocenter could be set as desired.

Since a major difference between 2.3.6 and 2.3.8a was the C14 stereocenter, aldol product
2.3.8b, possessing an Rt slightly higher than 2.3.8a, was also explored as a cyclization substrate in
the hopes of determining some trend regarding the stereochemical outcome at C11 (Scheme 2.3.9).
Surprisingly, diastereomer 2.3.8b provided tricycle 2.3.54 as the major product, in which C18 and
the oxygen atoms at C9 and C14 are located on the f-face of the C ring. Tetracycle 2.3.50, which
would be expected to be favored based on both literature precedent for the anti-arrangement of
C18 and the C9 hydroxyl group and the precedent observed with 2.3.29 being the major product
arising from 2.3.6, was observed only in small amounts. Comparison of the stereotriads at C8, C9,
and C14 in 2.3.33, 2.3.54, and 2.3.43 seemed to point to an empiric rule where C18 is preferentially
positioned on the f-face of any tricycle, regardless of the relative stereochemistry at C14, possibly
due to a higher degree of favorable secondary orbital interactions when the cyclization terminus is
positioned above the plane of the A ring, irrespective of substrate specifics. Taken together, the
studies on substrates 2.3.5a, 2.3.6, 2.3.8a, and 2.3.8b confirmed the feasibility of closing the C
ring via a 6-exo-trig reductive radical cyclization and the potential of samarium to correctly set the
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C9 stereocenter in a substrate bearing an appropriately oriented C14 hydroxyl group but presented
several unsolved challenges — the relative stereochemistry at Cl1 remained somewhat
unpredictable and largely out of our control, the low yield of the cyclization, and the poor yield
and diastereoselectivity in the preceding aldol reaction. Most importantly, the desired daphnane
core had still yet to be realized.

Scheme 2.3.9. Reactivity of undesired aldol product 2.3.8b in the 6-exo-trig cyclization
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2.4 Smi>-Mediated Construction of the Daphnane Core Based on a Thiophenol-Bearing
Cyclization Precursor

The problematic stereochemical outcome at C11 was tackled first, as any optimization of
the conjugate addition/aldol process would be rendered pointless if the subsequent Sml>-mediated
cyclization could not forge the desired daphnane core with all stereocenters set correctly. Since
epimerizing tricycle 2.3.43 would be highly difficult without concomitantly destroying the C9
stereocenter, e.g. by forming a C9-C11 olefin, we attempted to find a different cyclization
precursor that could allow for a-face selective formation of the C18 methyl group. The first
intermediate that was explored was alkyne 2.4.2 (Scheme 2.4.1A), under the hypothesis that the
6-exo-dig cyclization of this compound would proceed in a similar manner to olefin 2.3.8a and
would afford the correct relative stereochemistry at C9 due to chelation of the ketyl oxygen atom
and the C14 hydroxyl group to samarium. In contrast to the olefin case, however, the alkyne moiety
in 2.4.2 would result in an exocyclic double bond at C11 in the desired cyclization product 2.4.1.
This alkene functional handle could then be used to install the correct C11 stereocenter at a later
stage via reduction to the corresponding methyl group. The desired alkyne-bearing aldehyde
partner 2.4.3 was easily obtained and proceeded to react with enone 2.2.7 under the previously
employed conditions, resulting again in a mixture of diastereomeric products (Scheme 2.4.1B).

Scheme 2.4.1. Revised retrosynthetic strategy involving 6-exo-dig cyclization (A) and synthesis
of alkyne-containing cyclization precursor (B).
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Aldol product 2.4.2 was tentatively assigned to bear the desired relative stereochemistry at
C14 by virtue of being the most polar constituent of the product mixture, as the desired C14-epimer
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2.3.8a was the most polar product as well and the differences in structure between the two
compounds were not expected to result in a drastic change in polarity. This trend in polarity would
also be observed in other congeners in the series, wherein the most polar aldol product matched
the relative stereochemistry found in olefin 2.3.8a (see below). In order to confirm this
stereochemical assignment and explore the 6-exo-dig cyclization manifold, alkyne 2.4.2 was
subjected to a large excess of Kagan’s reagent in the previously employed THF/H>O mixture, but
only trace cyclization product containing an exocyclic olefin was observed (Scheme 2.4.2A). The
major reaction product was instead 2.4.6 via simple 1,2-reduction of the ketone. The lack of
cyclization product in the crude mixture could, as discussed above, result from a kinetically
unfavored 6-exo-dig reaction, or because the putative tricyclic intermediate undergoes some form
of decomposition, with the former explanation being more likely. A brief analysis of transition
state 2.4.5 required for formation of the desired cyclization product suggested that the linear nature
of the cyclization terminus in this case positions C18 in close proximity to the TMS group and A
ring. The resulting steric clash likely makes 2.4.5 too high in energy and therefore non-operative,
which is why no appreciable amounts of tricycle 2.4.1 were observed. The proposed use of an
alkyne to circumvent the undesirable stereochemical outcome at C11 was thus a dead end, likely
due to unfavorable steric interactions in the transition state required for the cyclization.

Scheme 2.4.2. Attempts at 6-exo-dig cyclization with desired C14-epimer 2.4.2 (A) and undesired
Cl4-epimer 2.4.4 (B).
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To test the feasibility of any 6-exo-dig cyclization with the current scaffold, diastereomer
2.4.4, analogous to 2.3.8b in bearing the incorrect C13 and C14 stereochemistry, was explored
(Scheme 2.4.2B). This isomer could be separated from the other aldol products, was as in the
previous case slightly less polar than the corresponding desired diastereomer, and was subjected
to the Sml> conditions, resulting in allylic alcohol 2.4.9 if a large excess (10 equiv.) of samarium
was used. Clearly, C9 and C11 can be united via a 6-exo-dig cyclization, even though this process
is kinetically slower and is only operational for a substrate with undesired relative stereochemistry
at C14. In the case for formation of allylic alcohol 2.4.9, the alkyne cyclization terminus is
positioned at the less hindered a-face of the bicyclic system, thereby making the corresponding
transition state devoid of problematic steric interactions (see radical intermediates 2.4.7 and 2.4.8).
Chelation of the C9 and C14 oxygen atoms was observed and as expected resulted in the selective
formation of the B-disposed tertiary alcohol 2.4.9. Thus, while technically feasible with undesired
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diastereomer 2.4.4, the concept of executing a 6-exo-dig cyclization to access a tricycle of type
2.4.1 with desired aldol product 2.4.2 could not be realized in practice.

Given the failure of the 6-exo-dig idea, we reverted to exploring substrates bearing a sp>-
hybridized C18 and C11 were further explored under the hypothesis that a substituted olefin
cyclization terminus could result in correct formation of both C9 and C11 stereocenters. The design
of this next generation of cyclization termini would incorporate two concepts that were observed
to be beneficial in the prior cyclization studies discussed above (Scheme 2.4.3A). Firstly, we
sought to incorporate a substituent at C11 bearing lone electron pairs and thus capable of
hyperconjugative secondary orbital interactions in a putative cyclization transition state. The
degree to which such interactions seemed to govern the C11 stereochemistry in 2.3.54 suggested
that secondary orbital overlap could be productively harnessed to position the cyclization terminus
pseudo-equatorially, and if such overlap was not present in the native substrate, it would have to
occur with a new substituent at C18 (see proposed transition state 2.4.11). Furthermore, as sterics
appeared to be the cause for one 6-exo-dig substrate cyclizing much more readily than the other
(2.4.4 vs. 2.4.2), we wished to harness steric clash in a productive fashion. A substituent at C18
could be helpful in this case too, as it would cause unfavorable steric interactions with substituents
on the B-face of the bicycle if the appropriately substituted cyclization terminus were positioned
pseudo-axially (see proposed transition state 2.4.12). Hence, a bulky substituent with lone pairs
that, in the ideal case was easy to remove, was called for, and we envisioned that a halide would
serve such a role very well — bromine and iodine atoms have large van der Waals radii relative to
the other atoms in the substrate, possess multiple lone electron pairs, and can be removed under a
variety of reductive conditions. Under this hypothesis we strove to access substrates such as 2.4.13
containing vinyl halides as cyclization termini.

Scheme 2.4.3. Revised retrosynthetic analysis incorporating a halide substituent at C18 (A) and

synthesis of corresponding (£)-vinyl bromide-containing cyclization substrates (B).
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First, (E)-vinyl bromide 2.4.13 was targeted (Scheme 2.4.3B). The corresponding (E)-vinyl
bromide-containing aldehyde 2.4.14 could be readily sourced from the series of intermediates
leading up to aldehyde 2.4.3 (see section 2.12). With 2.4.14 in hand, the conjugate addition/aldol
reaction with enone 2.2.7 was attempted and amongst the multiple diastereomeric aldol products,
desired substrate 2.4.13 and its C13, C14 bis-epimer 2.4.15 were isolated. The trends in relative
polarity of these compounds on TLC remained the same as for previous aldol products, but the
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relative ratio of the two diastereomers was in this case much more skewed to favor formation of
2.4.15. As a result, 2.4.13 was only isolated in 6.4% yield. The most likely explanation for this is
that the aldol reaction proceeds with a different degree of stereochemical matching/mismatching
between an enantiomer of enolate 2.2.8 with the enantiomers of racemic aldehyde 2.4.14, as the
two reaction products 2.4.13 and 2.4.15 discussed here arise from opposite aldehyde enantiomers
(see relative stereochemistry at C13; for further discussion see Section 2.5). Irrespective of the
yields, both desired cyclization precursor 2.4.13 and the diastereomer 2.4.15, which mapped onto
the undesired diastereomer series from previous substrates, could be accessed and were subjected
to Sml.

However, the cyclization of (E)-vinyl bromide 2.4.13 proceeded with terrible mass
recovery, providing only traces of tricycle-containing products (Scheme 2.4.4). Upon scale-up and
close examination with 2D NMR experiments, tricycle 2.4.10 was revealed to have exactly the
desired relative stereochemistry necessary for the daphnane core. The C9 hydroxy group was
correctly installed on the a-face, expected due to chelation control by samarium, and the C11
stereocenter was set appropriately as well. Thus, the elusive diastereomer where C18 and the two
oxygen atoms at C9 and C14 all residing on the a-face of the 5,7,6-fused tricycle was finally
achieved, and the hypothesis of using a vinyl halide to do so was largely proven correct. However,
the prohibitively low yield in which 2.4.10 was obtained meant that the problem of synthesizing
the daphnane diterpene core had yet to be fully solved. Upon closer examination of transition states
2.4.12 and 2.4.11, containing a pseudo-axial and pseudo-equatorial cyclization terminus
respectively, a potential reason for the very low yield was found — even in the desired transition
state 2.4.11 unfavorable steric interactions involving the bulky bromine atom, positioned closely
to the A ring due to the olefin geometry, could render cyclization kinetically slow. Thus, while the
use of a vinyl halide seemed to successfully suppress formation of undesired diastereomer 2.4.18,
likely by lowering the energy of 2.4.11 relative to that of undesired transition state 2.4.12, it
appeared that the desired transition state was still too high in energy to provide substantial amounts
of desired cyclization product. A simple solution for this issue would be changing the olefin
geometry of the cyclization terminus. A (Z)-vinyl bromide would still be able to participate in
stabilizing secondary orbital overlap as well as unfavorable steric interactions if positioned
pseudo-axially. Moreover, in this case the pseudo-equatorial positioning of the (Z)-vinyl bromide
would not result in steric clash between the bromine atom and the A ring as it seemed to be the
case for the (E)-isomer. Before the cyclization of a substrate containing a (Z)-vinyl halide was
explored however, an alternative hypothesis for the low yield of 2.4.10 had to be addressed.
Scheme 2.4.4. Sml>-mediated 6-exo-trig cyclization of (E)-vinyl bromide 2.4.13.
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The possibility existed that a vinyl halide was simply not a suitable cyclization substituent
for a Smlr-mediated 6-exo-trig reaction, and indeed there was no literature precedent to suggest
the feasibility of such a transformation. Aldol product 2.4.15 was thus used as a benchmark, as in
previous instances compounds with a B-disposed hydroxyl group at C14 always successfully
participated in the forging of the C9-C11 bond. This substrate did so as well, resulting in a mixture
of tricycle 2.4.23 and tetracycle 2.4.21, formed analogously to 2.3.54 and 2.3.50 respectively
(Scheme 2.4.5). Interestingly, the tetracyclic intermediate was found to spontaneously lose
TMSOH, resulting in triene 2.4.24 — a rapid process that occurred during the acquisition of 2D
NMR spectra. This spontaneous elimination reaction serves to highlight the sensitivity of the
synthetic intermediates involved in this project and is reminiscent of decomposition pathways
observed during the attempts, not discussed herein, of further functionalizing the various tricyclic
compounds synthesized thus far. The presence of cyclization products 2.4.23 and 2.4.21, however
unstable they might be, highlighted the feasibility of using a vinyl halide as a cyclization terminus
and encouraged us that the use of a (Z)-vinyl bromide would likely solve the issues observed in
the cyclization of 2.4.13.

Scheme 2.4.5. Cyclization of undesired (£)-vinyl bromide 2.4.15.

TMSO. * TMSO.

0 . [0} .
0 6-exo-trig 0 5-exo-trig
Sm""o Me —_— Sm”"o Me
MewBr Me., —Br ;
g PhS-

Sml, Me' Me'
THF
2.4.19 2.4.20 2.4.21 (24%)

on
lstanding
TMSO, *
/oo 6-exo-trig
Sm:l’()% Me R

Me'

LBr
2.4.22

2.4.23 (16%) ' 2.4.24

Thus, the corresponding aldehyde 2.4.25 containing a (Z)-vinyl bromide was synthesized
in six steps (see Section 2.12) and unified with trans-fused hydroazulene 2.2.7 (Scheme 2.4.6). As
in the case of the (E£)-vinyl bromide isomer, the undesired diastereomer at C13 and C14 2.4.27 was
preferentially formed over desired isomer 2.4.26.

Scheme 2.4.6. Synthesis of (Z)-vinyl bromide-containing cyclization substrates.
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The former underwent 6-exo-trig cyclization without any issue, delivering previously
described tricycle 2.4.23 without formation of any tetracyclic intermediates. The fact that (Z)-vinyl
bromide 2.4.27 reacted to provide solely a diastereomer containing a syn-relationship between C18
and the oxygen atoms at C9 and C14, all located on the B-face of 2.4.23, was most encouraging
and indeed, aldol product 2.4.26 cyclized to known 5,7,6-fused tricycle 2.4.10 in much higher
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yield than 2.4.13 (Scheme 2.4.7). The A ring olefin isomer arising from 1,5-HAT similarly to
2.3.43b was also observed and found to possess all C ring stereocenters as desired for the daphnane
core. With a combined yield of 40% between olefin isomers 2.4.10 and 2.4.10b, an intermediate
possessing all carbons and stereocenters of the daphnane diterpenes was finally synthetically
accessible in only nine steps from commercially available materials. The stereocenters at both C9
and C11 were set with greater than 20:1 dr, confirming the hypothesis that a (Z)-vinyl halide
cyclization terminus is crucial, by virtue of both sterics and electronics, for formation of the desired
diastereomer via favorable transition state 2.4.10 and reaffirming our retrosynthetic plan of using
a 6-exo-trig radical cyclization to forge the last bond in the C ring. Before detailed exploration of
the endgame of the synthesis could commence, however, a major problem — the very low yield of
desired aldol product 2.4.26 — had to be solved.

Scheme 2.4.7. Successful synthesis of the daphnane core with all requisite carbons and
stereocenters.
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2.5 Identification of Stereoselective Conditions for the Formation of the C8-C14 Bond

To address the low yield for the formation of the desired diastereomer of (Z)-vinyl halide
2.4.26, a closer look at the product distribution in conjugate addition/aldol cascades with various
aldehydes was very helpful. In contrast to aldehydes 2.3.35 and 2.4.3, where the diastereomer with
desired C13 and C14 stereochemistry (2.3.8 and 2.4.2) and the diastereomer with undesired C13
and C14 stereochemistry (2.3.8b and 2.4.4) were formed in roughly equal amounts, with the vinyl
halide-bearing aldehyde substrates the undesired C13, C14 diastereomer (2.4.15 and 2.4.27) was
formed in much higher quantitates than the desired diastereomer 2.4.13 or 2.4.26 respectively.
These results can be rationalized by the observation that all these aldol products arise from the
aluminum enolate of the hydroazulene fragment reacting with either enantiomer of the aldehyde
partner via open transition states 2.5.1 and 2.5.2 (Scheme 2.5.1) governed by the polar Felkin-Anh
model.*® The product distribution is thus simply a reflection of which transition state,
corresponding to different pairings of the enantiomers of the two racemic reaction partners, is
preferred. For formation of the desired Cl4-epimer reaction with the aldehyde enantiomer
possessing an o-face oxygen atom is required (transition state 2.5.1). It thus appears that in all
these cases, as well as the formation of 2.3.6, matched-mismatched reactivity between different
enantiomers of hydroazulene and aldehyde is operational to a varying degree, with aldol product
2.3.6 being at one end of the spectrum, corresponding to a large degree of enantiomeric matching,
while simple alkene- and alkyne-containing aldol products resided at the other end where bicycle
enantiomers barely discriminate between aldehyde enantiomers. Vinyl halides, meanwhile,
seemed to be positioned in between these two extremes. As the match between enantiomers of the
reaction partners seemed so important, one could easily hypothesize that a change in the structure
of either one would influence the relative energies of the respective transition states corresponding
to 2.5.1 and 2.5.2, thereby potentially favoring formation of the desired aldol product.
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Scheme 2.5.1. Stereochemical rationale for the observed product distribution in the aluminum-
mediated 1,6-addition/aldol cascade.

Me

O[AI] R ﬁ\ Me
H o)
: H

PhS 2.2.8 Phs PhS
2.5.1 (desired) 2.5.2 (undersired)

Me
R3/\ Me

13- OH

Such a hypothesis was however too vague, as it did not suggest any specific structural
modifications and more importantly, did not address the presence of multiple other aldol products
in each of the cases discussed above. Suppressing these additional diastereomers in favor of 2.4.26
would have a more marked impact on the reaction yield and could potentially be easily done if the
aldol reaction were to proceed via a closed transition state. A union of a hydroazulene fragment
and aldehyde 2.4.25 via a more ordered Zimmerman-Traxler would be expected to be much more
selective in terms of product stereochemistry at C8 and C14, especially since the aldehyde in such
a transition state would still be engaged according to the polar Felkin-Anh model. A brief sketch
of such a closed transition state reveals that the stereocenters at C8 and C14 would be set exactly
as desired and both enantiomers of the aldehyde partner would most likely react in the same way
(see 2.5.5 and 2.5.7 in Scheme 2.5.2). Thus, we hypothesized that changing the reaction
mechanism of the aldol reaction to one involving a Zimmerman-Traxler transition state would
drastically increase the yield of the desired diastereomer product.

Scheme 2.5.2. Modified hydroazulene substrate engages in stereoselective aldol reaction via
closed transition state.
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Such a change would likely occur when a different counterion was used for the enolate,
with lithium being the most obvious choice given the vast amount of literature precedent on lithium
enolates participating in Zimmerman-Traxler transition states.***! However, the use of a lithium
enolate posed a potential problem in the form of an undesired E1cB pathway that would eliminate
any heteroatom substituent at C20, resulting in recovery of enone 2.2.7. It was therefore decided
to carry out the aldol reaction with enolate 2.5.4 in which such an elimination would be impossible
as no suitable leaving group was present at C20, which position would later be oxidized as
necessary. Ketone 2.5.3 containing an unconjugated olefin between C6 and C7 could be readily
prepared from vinylogous enone 2.2.7 via a conjugate 1,6-reduction that could be carried out with
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Stryker’s reagent or in higher yield with L-Selectride, and in the latter case without competing 1,4-
reduction. The lithium enolate of 2.5.3 was generated in a straightforward manner using LHMDS
at cryogenic temperatures and upon addition of (Z)-vinyl bromide-bearing aldehyde 2.4.25 an aldol
product containing the desired relative stereochemistry at C8 and C14 as well as an a-face epoxide
at C13 and C15 was isolated in 45% yield. Thus, desired Zimmerman-Traxler transition state 2.5.5
was operational and desired diastereomer 2.5.6, which corresponded perfectly to 2.4.26 in terms
of relative stereochemistry, could be isolated in nine times greater yield. Reaction with the other
enantiomer of the aldehyde via diastereomeric transition state 2.5.7 was also observed, resulting
in C13,C15 epimer 2.5.6b. Since the two products are formed in roughly equal yields, it seems
that no great degree of matching between enantiomers of the two reaction partners is operational.
Importantly, the relative stereochemistry at C8 and C14 in 2.5.6b was also set correctly, as
expected from a closed transition state. While in theory both aldol products could be productively
harnessed, the chemistry of the desired C13 epimer 2.5.6 was explored first.

This new substrate was then successfully reacted with Sml to provide tricycles 2.5.9 and
2.5.10, with all stereocenters set correctly for the daphnane core (Scheme 2.5.3). Because of the
(Z£)-vinyl bromide cyclization terminus this transformation was once again highly stereoselective
and in this case the relative stereochemistry of the cyclization products, isomeric at the A ring
olefin due to yet another instance of a 1,5-HAT, was confirmed by X-ray crystallography. Since
aldol product 2.5.6 could be obtained in much higher yield than previous substrates and could be
used to successfully access tricyclic compounds 2.5.9 and 2.5.10 containing all carbon atoms and
stereocenters of daphnane core, the endgame of the total synthesis of resiniferatoxin could finally
be explored.

Scheme 2.5.3. Cyclization of selectively formed aldol product 2.5.6.

The first two transformations of daphnane core-containing compounds 2.5.9 and 2.5.10
towards RTX that were investigated first were the removal of the now superfluous halide at C18
and the installation of oxidation at C20, under the hypothesis that both olefin isomers could
eventually be productively oxidized to the desired A ring enone. The former transformation proved
surprisingly difficult, with a variety of radical-based reduction conditions such as those involving
AIBN and Bu3SnH providing complex mixtures of products (Scheme 2.5.4A). The most likely
source for this undesired reactivity was the proximity of C18 to the A ring — in the case of olefin
isomer 2.5.9 a 5-exo-trig cyclization could take place before a putative radical at C18 can undergo
hydrogen atom transfer. Indeed, the low number of olefin peaks present in the '"H NMR spectrum
of the complex mixture suggested that some compounds in it likely lack the A ring olefin. While
this proposed 5-exo-trig pathway does not explain the fate of olefin isomer 2.5.10, a related
interaction of the C18 radical generated from 2.5.10 with functionality on the A ring, most likely
a 1,5-HAT event, could lead to a variety of reactive radical species that undergo undesired
transformations instead of intermolecular HAT with Bu3SnH. Given the higher reaction
temperature and different kinetics of the attempted reductions, it is not surprising that the fate of
an allyl radical arising from 1,5-HAT might be different than the one observed with Sml; as
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reductant. Using the latter reagent to remove the bromide at C18, simply by increasing the reaction
time of the cyclization of 2.5.6 in order to directly observe the desired reduction product, did not
prove fruitful either. The yields of tricycles 2.5.9 and 2.5.10 were diminished with reaction time,
but no reduced product 2.5.11 (see Scheme 2.5.4) was observed, either due to the same kind of
problematic radical-based pathways as previously observed, or because of the Lewis acidity of
samarium species in the reaction mixture leading to decomposition of the acid-sensitive tricyclic
products. Hence, an alternative to the one-electron reduction mechanism would have to be found
in order to remove the halide substituent.

Scheme 2.5.4. Failed C18 reduction attempts (A), successful removal of C18 halide (B), and

oxidative manipulations of key tricyclic intermediates 2.5.9 and 2.5.10.

A Observed instead: v B.

AIBN, BusSnH,
PhH, reflux
or Mg(0),
EtOH

2~ Me Se0,
THF

50 °C
low yield;
3 2 irreproducible
OTMS Me formation of
25.10 2513

2.5.13 (0 - 25%) 2.5.14 (50%)

Change of reduction mechanism from one- to two-electron did not result in desired product
either. The use of Mg(0) or Zn(0) as reductants resulted in formation of an undesired oxetane
product 2.5.12 in which C18 is connected to the C9 oxygen atom. An extensive screen of other
metal-based reducing conditions was not performed since the observation of the oxetane by-
product suggested the possibility of cleaving the C-Br bond via an Sx2 mechanism (Scheme
2.5.4B). If a hydride was used as the nucleophile in such a process, the desired reduction product
would be obtained and indeed, when tricycles 2.5.9 and 2.5.10 were treated with an excess of LAH
at 0 °C, the corresponding compounds containing a methyl group bound to CI11, together
designated as 2.5.11, were finally observed. While the formation of the latter intermediates was
not completely clean at this stage, LAH was thus identified as a promising way to remove the
halide substituent from C18.

The installation of an oxygen atom at C20 was studied in parallel with the reduction
experiments discussed above (Scheme 2.5.4C). Literature precedent suggested that carrying out
an allylic oxidation with SeO> could selectively target the C20 position over the C19 methyl and
other allylic carbons in the molecule. Oxidation product 2.5.14 was easily obtained when the
mixture of isomers 2.5.9 and 2.5.10 was stirred with SeO> in THF at 50 °C followed by direct
purification of the reaction mixture on silica gel without prior concentration. While in the ideal
case such an allylic oxidation would result in the desired alcohol at C20, over-oxidation to the
corresponding aldehyde was not surprising. Unexpected, however, was the fate of olefin isomer
2.5.9 since little to no oxidized intermediate 2.5.13 related to this compound could be isolated,
with yields varying widely between different batches. Aldehyde 2.5.14 was observed to be
unstable and was only obtained in low yields when a work-up procedure different from the one
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described above was used. It is likely therefore that aldehyde 2.5.13 succumbs to decomposition
before or during purification more quickly than its isomer 2.5.14. This difference in reactivity is
problematic since we hypothesized that both olefin isomers could be converted to the oxidation
pattern found in the A ring of the natural product. If tricycle 2.5.9 could not be reliably converted
to usable late-stage intermediates, the material throughput of the synthetic daphnane core
intermediates would essentially be reduced by half. In order to address this issue, as well as low
yields observed in the epoxidation of the A ring olefin of aldehyde 2.5.14, a new substrate with
different functionality on the 5-membered ring was considered.

2.6 Harnessing the Adventitious 1,5-HAT Event toward a Substrate with a More Suitably
Functionalized Five-Membered Ring

A new series of intermediates were designed to circumvent reactivity differences between
olefin isomers 2.5.9 and 2.5.10 by harnessing the adventitious 1,5-HAT event observed in the
Sml,-mediated 6-exo-trig reaction of various substrates in a more productive way (Scheme
2.6.1A).

Scheme 2.6.1. Determination of optimal A ring substitution in order to harness 1,5-HAT event
(A), synthesis of A ring allylic alcohol substrate 2.6.9 and elaboration thereof to a highly advanced
daphnane precursor (B).
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Specifically, we reasoned that assuming a medium to high degree of 1,5-HAT leading to formation
of substantial amounts of allylic radical 2.6.2 from substrates containing an A ring olefin between
C2 and C3 (see 2.6.1 as general representation), a mixture of products 2.6.3 isomeric at the A
olefin would be observed. This was indeed the case with cyclization precursors 2.4.26 and 2.5.6
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and can be explained by the fact that the allylic anion arising from 2.6.2 has a similar likelihood
to be protonated at either C1 or C3, both of which are secondary carbon atoms with roughly similar
stereochemical environment. The lack of selectivity for the olefin geometry in the product 2.6.3 is
therefore a result of the lack of kinetic preference for protonation at a particular carbon. In contrast,
a cyclization precursor bearing a 1,1-disubstituted olefin between C19 and C2 (see 2.6.4) would
be expected to result in complete transposition of this double bond, giving rise to an olefin between
CI and C2 in the proposed cyclization product 2.6.6. The crucial component of this hypothesis
was that protonation of the transient allylic anion arising from allylic radical 2.6.5 would be much
faster at the less hindered primary C19. Thus, a substrate containing an exocyclic A ring olefin
was targeted with the expectation of a much more selective olefin transposition after 1,5-HAT. In
order to circumvent stability issues such as the ones observed in the oxidation of 2.5.9, additional
oxidation at C3 would be introduced in the desired substrate, which was envisioned to contain an
allylic alcohol (see 2.6.9 in Scheme 2.6.1). Upon oxidation of the C3 oxygen atom the electronic
properties and thus the reactivity of the A ring olefin could be modulated, so tricyclic intermediates
arising from hydroazulene 2.6.9 were expected to behave much better under allylic oxidation
conditions.

To access a hydroazulene containing the desired exocyclic allylic alcohol, enone 2.2.7 was
selectively epoxidized at the most electron-rich site, namely the A-ring olefin (Scheme 2.6.1B).
The resulting epoxide 2.6.7 was subjected to 1,6-reduction conditions, providing ketone 2.6.8. This
compound was elaborated to an allylic alcohol via epoxide opening mediated by diethylaluminum
2,2,6,6-tetramethylpiperidide (DATMP),* resulting in hydroazulene 2.6.9, containing the desired
A ring oxidation pattern. Despite the presence of a free alcohol at C3, ketone 2.6.9 was a competent
substrate for the aldol reaction with aldehyde 2.4.25, which once again proceeded via a closed
transition state (see 2.6.11) with very good diastereoselectivity at C8 and C14. Newly constructed
cyclization precursor 2.6.12 was then subjected to Kagan’s reagent to provide a mixture of tricyclic
products 2.6.16 and 2.6.19 containing 1,1-disubstituted and trisubstituted olefins respectively. In
terms of stereochemistry, both tricycles had all stereocenters set as desired, owing to the presence
of the (Z)-vinyl bromide cyclization terminus leading to formation of radical 2.6.15. The formation
of desired cyclization product 2.6.19 arising from 1,5-HAT and olefin transposition was
encouraging, but the ratio between undesired olefin isomer 2.6.16 and desired 2.6.19 was not, since
the former product featuring an exocyclic olefin was favored. While in theory this product
distribution might be the result of preferential protonation of the allylic anion arising from allylic
radical 2.6.18 at secondary carbon C1, the more likely explanation was that 2.6.16 was the result
of reduction and protonation of the C18 radical 2.6.15 before the 1,5-HAT could occur. We
reasoned that changing the nature of the halide at C18 might subtly tune the reactivity of radical
2.6.15 due to differences in orbital overlap with said halide caused by the different sizes of Group
17 atoms. For instance, an iodine atom, being larger than bromine, would be expected to have a
lesser stabilizing effect on the carbon-centered radical 2.6.15, thereby increasing the reactivity of
the latter, which would hopefully translate in an increased propensity for 1,5-HAT, leading in turn
to a higher degree of olefin transposition during the cyclization. A cyclization substrate containing
a (£)-vinyl iodide was thus targeted.

The corresponding (Z)-vinyl iodide-containing aldehyde 2.6.10 was synthesized similarly
to its vinyl bromide counterpart. The aldol reaction between 2.6.10 and the lithium enolate of 2.6.9
proceeded without any issues or differences when compared to the formation of 2.6.12, resulting
in stereoselective formation of (Z)-vinyl iodide 2.6.13. Fortunately, when this aldol product was
reacted with Kagan’s reagent under the standard cyclization conditions, tricycle 2.6.20 containing
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a transposed A ring olefin was isolated in much higher yield, alongside small amounts of its
copolar isomer 2.6.17 containing an exocyclic alkene. As expected, tricycle 2.6.20 contained the
desired stereochemistry at C9 and C11. Hence, substituting the bromine atom in the cyclization
precursor for an iodine did indeed result in a much higher degree of 1,5-HAT, likely due to a more
reactive radical 2.6.15 giving rise to much higher amounts of allylic radical 2.6.18, which in turn
led to a higher yield of transposed olefin-containing product. With our hypothesis proven, the stage
was set to advance tricycle 2.6.20 to a congener containing oxidation at C20.

When the mixture of olefin isomers 2.6.20 and 2.6.17 was subjected to the previously
employed allylic oxidation conditions, the major component 2.6.20 was cleanly oxidized to the
expected mixture of aldehydes 2.6.21 and 2.6.21b (Scheme 2.6.2). Aldehyde 2.6.21 was perfectly
poised for a pre-meditated double reduction event, wherein the iodide substituent would be
removed under the LAH conditions discussed above while simultaneously the carbonyl group at
C20 would be reduced to the desired alcohol moiety. These transformations could be successfully
carried out in the presence of a large excess of LAH, resulting in a C20 allylic alcohol containing
a methyl substituent at C11. This highly polar compound was used without purification and after
TBS protection provided silanol 2.6.22, which could be obtained as a single olefin isomer. The
fate of exocyclic olefin 2.6.21b in this sequence is less clear, as no substantial amounts of
compounds derived from this olefin isomer could be isolated, possibly due to sensitivity to Lewis
acidic species in the reduction step. The LAH-mediated double reduction reaction, however rapid
and selective, had some scalability issues. While reduction proceeded cleanly on small scale,
resulting in pure 2.6.22 after reaction with TBSCl in a second step, when the double reduction was
carried out on more than 5 mg scale a byproduct tentatively arising from reductive opening of the
epoxide at C15 was also isolated. The structure of this impurity was confirmed using 2D NMR
experiments as 2.6.23 after TBS protection of the primary alcohol. To suppress the unproductive
epoxide opening pathway, the double reduction was carried out in multiple parallel 5 mg batches
and the reaction mixtures were left to slowly warm up over 12 hours. With these modifications to
the reduction procedure the material throughput ultimately yielding silanol 2.6.22 was
substantially increased and with scalable access to that key intermediate the stage was set for the
formation of the hallmark orthoester moiety.

Scheme 2.6.2. Oxidative manipulations of tricycle 2.6.20.
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2.7 Forging the Orthoester and Completion of the Total Synthesis of Resiniferatoxin

Prior art suggested that the orthoester functional group can be most efficiently constructed
from triol 2.7.1 via esterification of the C14 alcohol with phenylacetic acid, usually carried out
under Yamaguchi conditions (see 2.7.2), followed by acid-mediated orthoesterification (Scheme
2.7.1A).#7% Hence, the synthesis of triol 2.7.1 from silanol 2.6.22 was attempted by initial
oxidation of the C3 alcohol followed by DATMP-mediated opening of the C13, C15 epoxide
(Scheme 2.7.1B). The oxidation at C3 proved difficult, however, with a variety of common
conditions resulting in low reactivity (e.g. Stahl oxidation or precedented conditions involving

54



AZADO) or complex mixtures (e.g. TEMPO/PIDA, likely due to acid-mediated decomposition).
Out of all conditions surveyed, only DMP buffered with sodium bicarbonate delivered some of
desired enone 2.7.5, alongside double oxidation product 2.7.4. These copolar compounds were
subjected to DATMP but unfortunately, no desired reactivity was observed and several products
tentatively arising from undesired reactivity of the A ring enone were observed instead as
components of a complex mixture. The order of operations was inverted to circumvent this
reactivity issue, so triol 2.6.22 was reacted with diethylaluminum 2,2,6,6-tetramethylpiperidide to
provide tetraol 2.7.6 (Scheme 2.7.1C). However, conversion in this transformation was not
complete and the product was observed to be highly unstable to acid, likely due to the presence of
the newly formed tertiary allylic alcohol. The oxidation of tetraol 2.7.6 also did not proceed
smoothly and in this instance the double oxidation product 2.7.7 was the major component in the
reaction mixture at various levels of conversion and a lot of additional products were observed.
Desired triol 2.7.1 could thus not be produced in satisfactory yield, so a new approach for the
formation of the orthoester was necessary.

Scheme 2.7.1. (A) Initial retrosynthetic route for orthoester construction. (B) Attempts at
synthesizing triol 2.7.1 via oxidation followed by epoxide opening. (C) Attempts at epoxide

opening followed by oxidation.
A.
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esterification

DMP, NaHCO3
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As esterification of triol 2.6.22 or tetraol 2.7.6 would likely proceed at the more sterically
accessible C3 hydroxy group and C3-ketone 2.7.1 could not be accessed in sufficient amounts, we
turned our attention to acid-catalyzed trans-orthoesterification conditions wherein a trialkyl
orthoester is attached to a pre-existing triol with concomitant loss of three simple alcohol
molecules (Scheme 2.7.2A).447 Tetraol 2.7.6 was envisioned as the initial reaction partner in this
proposed transformation under the hypothesis that attachment of some orthoester moiety to the
free C3 alcohol would be transient and that the final reaction product once equilibrium was reached
would be orthoester 2.7.11 via intermediate 2.7.9 and oxonium ion 2.7.10. However, due to the
excessive acid instability of the starting material this transformation could not be carried out and
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any attempts to do so resulted in mostly decomposition of 2.7.6, with only trace amounts of 2.7.11
being isolated. Enone 2.7.5 was the next substrate with which this transformation was attempted
despite the lack of a tertiary alcohol at C13 (Scheme 2.7.2B). The a-disposed oxygen atom at that
carbon could feasibly still participate in the orthoesterification reaction mechanism by engaging
putative oxonium ion 2.7.13 with concomitant cleavage of the C15-oxygen bond. The resulting
carbocation 2.7.14 could then lose a proton to regenerate the acid catalyst in this transformation,
providing the desired olefin moiety in that sector of the molecule. This proposed cascade would
be a faster and more facile way to access the desired orthoester product and would circumvent the
problems inherent in the construction of a C ring triol in this series of intermediates. Indeed, in the
presence of an excess of (2,2,2-trimethoxyethyl)benzene (2.7.8) and catalytic CSA, epoxide 2.7.5
was observed to react to a new compound which was less polar on TLC and which, upon
purification, reacted to form an even less polar intermediate that was identified as desired
orthoester 2.7.3. The most likely explanation for this observed reactivity is that in solution a mixed
orthoester such as 2.7.12 is formed, wherein the C9 and C14 alcohols are attached to the
phenylacetic sidechain but the C13 oxygen atom is still part of an epoxide. This observation is
supported by the "H NMR spectrum of the crude reaction mixture which does not contain any
peaks that would indicate the presence of a 1,1-disubstituted olefin. Then, upon exposure of 2.7.12
to silica gel the mixed orthoester is likely converted to desired oxonium ion 2.7.13, which
undergoes the proposed orthoesterification with concomitant epoxide opening sequence. The
crucial orthoester moiety of resiniferatoxin was thus installed in a facile way.

Scheme 2.7.2. Attempts at trans-orthoesterification with tetraol 2.7.6 (A), enone 2.7.5 (B), and
triol 2.6.22 (C).
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However, due to the low selectivity in the oxidation reaction leading to enone 2.7.5, the
overall material throughput to orthoester 2.7.3 was not ideal. In order to increase the supply of
2.7.3 the trans-orthoesterification reaction was attempted with triol 2.6.22 under the assumption
that mixed orthoester 2.7.15 could be formed even in the presence of the free alcohol at C3, with
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the latter maybe transiently engaging intermediates arising from 2.7.8 before equilibrium could be
reached (Scheme 2.7.2C). This proposed orthoesterification product would then possess only one
free alcohol, thereby avoiding any regioselectivity issues during the subsequent oxidation at C3.
Gratifyingly, this hypothesis was correct and under the trans-orthoesterification conditions
employed thus far 2.6.22 was gradually converted to a less polar compound tentatively assigned
as 2.7.15 which, similarly to the previous case, was transformed in the presence of silica gel to
desired orthoester 2.7.11. While the overall yield of this reaction was modest if full conversion of
the starting material was desired, a very high yield of the orthoester product based on recovered
triol 2.6.22 could be obtained if the reaction was worked up once equilibrium amounts of these
two compounds were reached. Allylic alcohol 2.7.11 was readily oxidized to the desired
orthoester-bearing enone 2.7.3, thereby solving the material throughput issue. Fluoride-mediated
deprotection of the C20 and C4 alcohols resulted in previously known resiniferonol-9,13,14-
orthophenyl acetate (ROPA, 1.5.1), which was in turn united with the homovanillic sidechain in a
single step based on a Mitsunobu reaction previously utilized by the Inoue group to provide
synthetic resiniferatoxin (1.1.1) (Scheme 2.7.3). Hence, the flagship of the daphnane diterpene
orthoesters was synthesized in 19 steps using a novel retrosynthetic logic orthogonal to previous
syntheses. The odyssey of developing the modular, convergent, and highly stereoselective route to
RTX was however not yet over, as the goals of reducing the step count and increasing the yields
of several transformations remained.

Scheme 2.7.3. Synthesis of (+)-resiniferatoxin from orthoester 2.7.3.
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(+)-resiniferatoxin (RTX) (1.1.1)

2.8 Optimized 12-step Synthetic Route to the Daphnane Diterpene Orthoesters. A 15-Step Total
Synthesis of Resiniferatoxin

With the synthetic map to resiniferatoxin fully constructed, the final task of optimizing and
shortening the route was explored. Several steps that could theoretically be carried out in the same
pot were identified, namely the Grignard addition and Heck coupling to convert syn-aldol product
2.1.5 to hydroazulene 2.1.10, as well as the functional group manipulations in the sequence from
alcohol 2.1.10 to epoxide 2.6.7 (Scheme 2.8.1). The one-pot conversion of secondary alcohol 2.2.6
to epoxide-containing enone 2.6.7 was the most straightforward (see step 5 in Scheme 2.8.1), as
simple addition of m-CPBA to the DMP-mediated oxidation of 2.2.6 to 2.2.7 was sufficient to
bring about the desired epoxidation without any decrease in yield. Since no material or solvent left
the flask in this sequence, this oxidation and epoxidation cascade can be considered as a single
step in the synthetic route. The one-step conversion of Heck product 2.1.10 to secondary alcohol
2.2.6 (see step 4 in Scheme 2.8.1) was also easily carried out thanks to the adventitious observation
that the C9 silanol of doubly protected intermediate 2.2.5 was spontaneously removed during
purification with silica gel. In order to ensure full conversion to the free secondary alcohol, silica
gel was added to the rection mixture, and the resulting suspension was concentrated to dryness.
While these two optimized steps, each comprising of two functional group manipulations, could
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in theory be combined into one pot, converting Heck product to 2.1.10 directly to epoxide 2.6.7 in
a single flask, this was not accomplishable in practice without removing the silica gel after the
crude mixture contained free alcohol 2.2.6 (end of step 4). The presence of silica gel proved
detrimental for the subsequent oxidative manipulations, especially the epoxidation. Hence, the step
count for the functional group manipulations from hydroazulene 2.1.10 to enone 2.6.7 could at
best be reduced to two steps.

Scheme 2.8.1. Optimized 12 step synthesis of the daphnane orthoester core and 15 step total
synthesis of resiniferatoxin.
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The one-step transformation of ketone 2.1.5 to bicycle 2.1.10 was investigated next (see
step 3 in Scheme 2.8.1). Anhydrous HCI (2 M solution in Et,0) was quickly identified as a suitable
quench for the magnesium alkoxide resulting from 1,2-addition of allyl Grignard into enone 2.1.5.
Excess acid would be neutralized by the large excess of EtsN necessary for the Heck reaction but
due to the acid sensitivity of tertiary alcohol 2.1.9, base had to be added immediately after the acid
quench while the reaction mixture was still warming up. From this point on the 7-exo-trig
cyclization was set-up as usual and gratifyingly resulted in formation of the desired hydroazulene
2.1.10. The yield of this Heck reaction also had to be improved as discussed in Section 2.1.
Extensive screening of reaction conditions revealed that the formation of undesired 5,8-fused
bicycle 2.1.11 could be suppressed if MeCN was used as reaction solvent. This solvent however
proved detrimental for the desired one-step allylation/cyclization cascade. While the allylation
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could be carried out at much higher concentration and the resulting mixture could be diluted with
a large amount of MeCN, corresponding to a 10:1 MeCN:THF ratio, only trace desired Heck
product was observed under these conditions and the reaction profile was far worse than usual. A
compromise had to be struck, with the use of a 1:1 MeCN:THF mixture providing the optimal
yield of Heck product 2.1.10 in the one-step reaction from ketone 2.1.5. With that the synthetic
route was shortened by yet another step and the formation of trans-fused hydroazulene 2.1.10 was
accomplished in a satisfactory yield higher than the one obtained with the original conditions.

The optimization of the synthetic route continued with attempts to utilize a compound
already bearing oxidation at C20 in the key aldol with aldehyde 2.6.10. While concerns about an
undesired E1cB reaction had prevented such studies thus far, exploring the reactivity of a substrate
such as 2.8.3 was worthwhile in the context of optimizing a completed synthesis of RTX. The 1,6-
reduction and subsequent allylic oxidation at C20 used in the current route could be viewed as
unnecessarily lengthy functional group manipulations if a formal conjugate 1,6-addition of an
oxygen atom could be carried out with enone 2.6.7, provided that the resulting intermediate could
be productively converted to the natural product. Screening of suitable conditions*®*=° for the
conversion of enone 2.6.7 into allylic alcohol 2.8.1 revealed that the use of a ligandless copper
catalyst in a 2:1 THF/H>O mixture was optimal for transforming enough of the starting material
into the desired product on scale. Under these conditions formation of the undesired 1,4-addition
product was largely suppressed. Formation of the latter could be completely eliminated under very
dilute reaction conditions, but these were not amenable to scale-up, so once again a compromise
between selectivity and material throughput had to be struck. Allylic alcohol 2.8.1 was then
subjected to DATMP and the concerns about a problematic E1cB pathway were partially justified,
since a far less polar compound was observed alongside the desired diol 2.8.2. However, the
formation of this tentative E1cB-related byproduct could be minimized with careful control of the
reaction time — the desired epoxide opening with this substrate proceeded much more rapidly than
with 2.6.8, likely due to favorable coordinative interactions with the C20 oxygen atom in the
necessary transition state. With diol 2.8.2 obtained in adequate yield, an aldol reaction with
aldehyde 2.6.10 was attempted but no desired product was found. Under the hypothesis that the
presence of two free alcohols was too much for this transformation, the primary alcohol was
protected with TBSCI. Some attempts were made to combine the epoxide opening and protection
in a single step, but those efforts were thwarted by increasing amounts of E1cB-related byproducts
when different non-aqueous quenches for the aluminum alkoxides formed in the first step of the
sequence were investigated. Hence, silanol 2.8.3 could at best be accessed in a total of 8§ steps from
commercially available methyl (Z)-3-iodoacrylate.

Fortunately, no undesired E1cB reactivity was observed when ketone 2.8.3 was reacted
with an excess of LHMDS to form the lithium enolate necessary for the key aldol reaction, and the
desired aldol product 2.8.4 bearing oxidation at C20 was obtained in very good yield and with a
high degree of stereocontrol at C8 and C14. Similar to analogous aldol products discussed, 2.8.4
could only be isolated in high yield when the aldol reaction was quenched with an excess of AcOH
shortly after addition of the aldehyde. The lack of enone by-products arising from elimination of
the C20 OTBS group was likely a result of the cryogenic temperature used for this transformation
(cf. the epoxide opening to diol 2.8.1 being carried out at 0 °C). The concerns about a compound
with oxidation at C20 being an unsuitable substrate were thus unjustified. Moreover, the desired
aldol product was observed in higher yield than previous congeners 2.5.6, 2.6.12, and 2.6.13. The
explanation for this lies in the different degrees of matched-mismatched reactivity between
enantiomers of the corresponding bicyclic enolate and the corresponding aldehyde enantiomer
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leading to the relative stereochemistry that maps onto the desired aldol product. The only by-
product of the aldol reaction, which is carried out with a two-fold excess of aldehyde 2.6.10 in
each of these cases, was the C13,C15 bis-epimer resulting from reaction with the opposite
aldehyde enantiomer (see Section 2.12). The addition of a OTBS group at C20 clearly changes the
relative energies of transition states the diastereomeric Zimmerman-Traxler transition states
containing different aldehyde enantiomers to a much higher degree than the corresponding cases
with a lower oxidation-state C20. As a result of this energy difference, aldol product 2.8.4 is
formed preferentially than the bis-epimer at the epoxide, while in prior cases the two types of
products were present in roughly equal amounts. This matching of enantiomers not only increases
the yield of the desired diastereomer but also introduces the possibility of an enantioselective
synthetic route wherein only one of the two reaction partners is enantioenriched while the other is
racemic. While such a route will be explored in the future, it is sufficient to say for now that the
desired aldol product 2.8.4 containing the requisite allylic alcohol at C20 could be successfully
obtained in only nine steps with very good yield and stereocontrol.

Ketone 2.8.4 was then successfully converted to tricycle 2.8.5 in the presence of Sml, with
a high yield and excellent stereocontrol similar to that observed with prior (Z)-vinyl halide-bearing
substrates. The degree of A ring olefin transposition was even higher in this case compared to
2.6.20, and the reduction of the iodine atom with LAH proceeded smoothly to deliver previously
synthesized silanol 2.6.22 in a total of 11 steps from commercially available starting materials. As
the yields of subsequent steps leading to orthoester 2.7.11 and from there resiniferatoxin were
deemed satisfactory, no further optimization efforts were carried out and the final synthetic route
requiring 12 steps to access the DDO scaffold and 15 steps to construct RTX was disclosed to the
scientific community.>!

2.9 Conclusion

In conclusion, the highly bioactive daphnane diterpene orthoester resiniferatoxin was
synthesized in a total of 15 steps via a highly convergent and stereoselective route. This synthetic
sequence conformed conceptually to the retrosynthetic hypothesis described in Section 1.5 and
incorporated the novel concept of late-stage construction of the 6-membered ring, but substantial
experimentation and modification were required in order to arrive at the optimized synthetic
sequence. Specifically, while trans-fused hydroazulene 2.1.10 could be readily obtained,
determining the exact substitution of this partner as well as the functionality contained in the
corresponding linear partner took several rounds of hypothesis-driven improvement. Highlights
from these efforts include the use of a lithium enolate instead of an aluminum one to bring about
a highly diastereoselective aldol reaction occurring via a closed Zimmerman-Traxler transition
state as well as the iterative investigation of the optimal cyclization terminus for the key 6-exo-trig
reaction. In this latter transformation the inherent stereochemical preference of Sml>-mediated
cyclizations was partially harnessed and partially suppressed, and indeed inverted, to construct the
stereocenters at C9 and C11 respectively. The key to the latter was the use of a (Z)-vinyl halide as
radical acceptor which modulated the stereochemical outcome via a combination of steric and
electronic factors, namely unfavorable steric interactions in the undesired transition state for this
transformation coupled with beneficial secondary orbital overlap in the desired one. This vinyl
halide structural fragment was proven as a suitable cyclization terminus in a variety of substrates
for the Sml>-mediated cyclization, all of which resulted in highly stereoselective formation of the
desired daphnane diterpene core, thereby proving the modularity of the synthetic route. The nature
of the C18 halide was further used to favor the occurrence of an adventitious 1,5-HAT event that
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led to a beneficial A ring olefin isomerization. Finally, a new way to install the orthoester moiety
found in the DDOs was discovered, thereby circumventing the handling of sensitive C-ring triol
intermediates as well as a suite of other issues inherent to complex synthetic intermediates bearing
multiple functional groups. In this way resiniferatoxin was accessed in a rapid manner and our
retrosynthetic hypothesis that the stereochemically dense 6-membered ring of the daphnanes can
be forged at a late stage with a high degree of selectivity was proven correct.

Given the low step count and modular nature of the synthetic route to resiniferatoxin, one
could envision the synthetic logic described above being applied to a multitude of other daphnane
diterpene orthoesters. Thus, the logical continuation of this project would be the synthesis of more
highly oxidized daphnane natural products. Future work would also have to address the racemic
nature of the current route, possibly by harnessing the matched-mismatched interactions observed
in the aldol reaction between the hydroazulene enolate and the linear aldehyde. Since my time as
a graduate student is coming to an end, I can only hope that such future studies will be fruitful and
that despite the myriad synthetic challenges inherent in the fascinating structures of the DDOs, a
way forward will be found.

2.10 Distribution of Credit

The synthetic strategy to access resiniferatoxin, disclosed in Section 1.5 and explored in
Chapter 2, was envisioned and designed by me under the guidance of Prof. Thomas Maimone,
who is credited for continuously providing helpful advice and suggestions. All frontline
experiments detailed in Sections 2.1 up to 2.7 were carried out solely by me and all new
compounds disclosed therein were characterized solely by me using 2D NMR experiments. Lukas
Spessert is credited with scaling up the initial reaction sequence leading to hydroazulene 2.1.10
and with providing some of the aldehyde partners used to study the formation of the C9-C11 bond.
The optimized route to RTX discussed in Section 2.8 is a result of a collaborative effort between
me, Lukas Spessert, and Dr. Kuan Yu under the guidance of Prof. Thomas Maimone, wherein Dr.
Kuan Yu is credited for some initial optimization of the 7-exo-trig Heck step and for finding the
initial 1,6-borylation conditions to obtain allylic alcohol 2.8.1. Lukas Spessert is credited with
scaling up and initial exploration of the aldol reaction with silanol 2.8.3. The final reaction
conditions for the optimized route, including the one-step conversion of 2.1.5 to 2.1.10, 2.1.10 to
2.2.6, and 2.2.6 to 2.6.7 were optimized by me. Finally, the X-ray crystal structures disclosed
above were obtained by Dr. Nicholas Settineri using a suitable crystalline sample prepared by me.
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2.12 Experimental Procedures and Characterization Data.
2.12.1 General Procedures:

All reactions were performed in flame- or oven-dried glassware under positive pressure
of nitrogen or argon, unless otherwise noted. Air- and moisture-sensitive liquids were transferred
via syringe. When indicated, solvents or reagents were degassed by sparging with argon for 10
minutes in an ultrasound bath at 25 °C. Volatile solvents were removed under reduced pressure
rotary evaporation. Analytical and preparative thin-layer chromatography (TLC) were performed
using glass plates coated with silica gel (0.25-mm, 60-A pore size, Merck TLC Silicagel 60
F254) impregnated with a fluorescent indicator (254 nm). TLC plates were visualized by
exposure to ultraviolet light (UV) and then were stained by submersion in an ethanolic
anisaldehyde solution or potassium permanganate solution followed by brief heating on a hot
plate. Flash column chromatography was performed with silica gel purchased from Fisher
Scientific (230-40 mesh, Grade 60). All samples were loaded onto flash columns either as
solutions in EtOAc/hexanes or dry loaded by resuspension of the crude mixture in Et,O followed
by careful concentration to dryness under reduced pressure. Triethylamine,
chlorotrimethylsilane, and 2,2,6,6-tetramethylpiperidine were distilled over calcium hydride
prior to use. Anhydrous acetonitrile (MeCN), tetrahydrofuran (THF), toluene (PhMe),
dichloromethane (DCM) were obtained by passing these previously degassed solvents through
activated alumina columns. Anhydrous benzene (PhH) was purchased from Sigma Aldrich. All
other reagents were used as received from commercial sources, unless otherwise noted. Proton
nuclear magnetic resonance ('H NMR) spectra and carbon nuclear magnetic resonance (*C
NMR) spectra were recorded on Bruker AVB400, AV500, AV600, and AV700 spectrometers at
23 °C. Proton chemical shifts are expressed as parts per million (ppm, 6 scale) and are referenced
to residual solvent (CHCl;, 6 7.26 (s), CsDsH 6 7.16 (s)). Carbon chemical shifts are expressed as
parts per million (ppm, & scale) and are referenced to the solvent (CHCl;, & 77.0, Cs¢Ds, 6
128.06). Data is presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, dd =
doublet of doublets, ddd = doublet of doublet of doublet, dt = triplet of doublet, t = triplet, q =
quartet, m = multiplet, br = broad, coupling constant (/) in Hertz (Hz), and integration. Infrared
spectra were recorded on a Bruker Alpha FT-IR spectrometer as thin films and are reported as
frequency of absorption (cm™). Only selected resonances are reported. High-resolution mass
spectra (HRMS) were obtained by the mass spectrometry facility at the University of California,
Berkeley using a Finnigan LTQFT mass spectrometer (Thermo Electron Corporation).
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2.12.2 Experimental Procedures and Tabulated Characterization Data.

Meo)j

|
Ester 2.1.2: 21.2
Ester 2.1.2 was prepared from commercially available methyl propiolate according to the
procedure reported in ref. 2 (see Section 2.11) and was used without purification. The spectral
data were found to match those reported in literature.?

)
I

Aldehyde 2.1.3: 2.1.3

Aldehyde 2.1.3 was prepared from methyl (Z)-3-iodoprop-2-enoate, either freshly prepared or

purchased from commercial sources, according to the procedure reported in ref. 1 (see Section

2.11) and was used without purification. The spectral data were found to match those reported in

the literature.!

LHMDS; oTMS oTMS oTMS

0 —<:\I\ then TMSCI, H * H H =
Me EtsN, THF 29 L 9
H + o —_— Me + Me = Me @ \
-78°C o | o | o |
| 21.4 76%, 1:1
213 commercially (76%, 1:1 dr) (+)-2.1.5 (+)-2.1.6

available syn anti

Aldol product 2.1.5:

A flame-dried 500 mL round-bottom flask was charged with THF (56 mL) and LHMDS (56 mL,
IM in THF, 56 mmol, 1.2 equiv.) and was subsequently cooled to 0 °C. 3-methyl cyclopentenone
(4.70 mL, 4.54 g, 47.2 mmol, 1.0 equiv.) was added neat and the resulting red-orange colored
solution was stirred for 15 minutes before being cooled to — 78 °C. Aldehyde 2.1.3 (8.59 g, 47.2
mmol, 1.0 equiv.) was dissolved in THF (38.0 mL) and the resulting solution was added
dropwise using a syringe pump at a flow rate of 50 mL/h. After stirring for an additional 1 hour,
EtsN (14.3 g, 20.0 mL, 142 mmol, 3.0 equiv.) and TMSCI (7.69 g, 9.00 mL, 70.8 mmol, 1.5
equiv.) were added dropwise. The reaction mixture was allowed to warm to ambient temperature
over 2.5 hours before being quenched by the addition of saturated ag. NH4CIl (100 mL). The
layers were separated, and the aqueous layer was extracted with EtcO (3 x 100 mL). The
combined organic layers were dried over Na>SO4 and concentrated under reduced pressure. The
crude residue was passed through a short plug of silica gel (0 to 20% EtOAc/hexanes in 10%
increments) to afford aldol product 2.1.5 and its C10-epimer 2.1.6 (12.5 g, 35.1 mmol, 76%, 1:1
dr) as a yellow oil. These diastereomers can be separated by careful flash column
chromatography (0 to 15% EtOAc/hexanes in 2.5% increments) to provide pure 2.1.5 and 2.1.6.
aldol product 2.1.5:

TLC: Rr=0.37 (10% EtOAc/hexanes)

TH NMR (600 MHz, CsDs): 6 6.01 (t, J = 7.7 Hz, 1H), 5.84 (dd, J = 7.7, 1.2 Hz, 1H), 5.76 (h, J
= 1.5 Hz, 1H), 5.25 (ddd, J = 7.7, 2.4, 1.2 Hz, 1H), 2.46 (dddt, J = 17.7, 3.2, 2.0, 1.1 Hz, 1H),
2.37-2.32 (m, 1H), 1.83 — 1.75 (m, 1H), 1.45 (s, 3H), 0.17 (s, 9H).

13C NMR (150 MHz, C¢Ds): 6 206.3, 176.8, 143.1, 130.7, 80.0, 74.4, 52.0, 33.2, 18.9, 0.4.
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IR (thin film) vmax (cm™): 2956, 2907, 1698, 1623, 1250, 1102, 1056, 1027, 856.

HRMS (m/z): (ESI) calced. for C12H1902'?1?*Na?8Si [M+Na]": 373.0091, found 373.0093.
C10-epimer 2.1.6:

TLC: Rr=0.31 (10% EtOAc/hexanes)

TH NMR (600 MHz, CsDg): 8 6.76 (t, J = 7.8 Hz, 1H), 5.89 (dd, J = 7.5, 0.9 Hz, 1H), 5.69 (s,
2H), 4.70 (dd, J = 8.0, 3.6 Hz, 1H), 2.48 (dt, /= 6.7, 3.1 Hz, 1H), 2.19 — 2.12 (m, 1H), 2.02 (dd,
J=18.1,7.2 Hz, 1H), 1.43 (s, 3H), 0.12 (s, 9H).

13C NMR (150 MHz, C¢Dg) 6 206.1, 175.3, 142.4, 131.4, 81.3, 76.3, 51.9, 36.6, 18.6, 0.4.

The undesired aldol product 2.1.6 can be epimerized as follows: an oven-dried 500 mL round-
bottom flask was charged with undesired C10-epimer 2.1.6 (8.40 g, 24 mmol, 1.0 equiv.), DCM
(240 mL), and DBU (7.2 mL, 48.0 mmol, 2.0 equiv.). The resulting solution was stirred at room
temperature for 12 hours before being quenched with satd. ag. NH4Cl (200 mL). The organic
layer was separated and the aqueous layer extracted with DCM (3 x 200 mL). The combined
organic layers were dried over Na;SO4 and concentrated under reduced pressure to obtain a
crude mixture of 2.1.5 and 2.1.6, which was purified as detailed above to provide the desired
diastereomer 2.1.5 (3.60 g, 10.3 mmol, 43% yield).

OTMS OTMS
H allylMgBr, 1
9 N THF, =78 °C 0 A\
Me R — Me
o | used crude 1
(+)-2.1.5 (20:1 dr) HO/
syn 21.9

Tertiary alcohol 2.1.9:

An oven-dried 250 mL round-bottom flask was charged with syn-aldol product 2.1.5 (4.60 g,
13.1 mmol, 1.0 equiv.) and THF (131 mL). The resulting solution was cooled to —78 °C and a
solution of allylmagnesium bromide (15.7 mL, 1 M in Et;O, 15.7 mmol, 1.2 equiv.) was added
dropwise. After 3 minutes the reaction mixture was quenched with satd. ag. NH4CI (100 mL) and
allowed to warm to room temperature. The organic layer was separated and the aqueous layer
was extracted with Et2O (3 x 100 mL). The combined organic layers were dried over Na;SO4 and
concentrated under reduced pressure to provide crude allylic alcohol 2.1.9, which was used in the
subsequent step without purification.

TLC: Rr=0.50 (10% EtOAc/hexanes)

TH NMR: (600 MHz, CsDs) & 6.12-6.07 (m, 2H), 5.79 (dd, J= 7.6, 1.0 Hz, 1H), 5.43 (d, J= 1.6
Hz, 1H), 5.20 (ddt, J = 17.2, 2.5, 1.4 Hz, 1H), 5.15 (d, J = 10.3 Hz, 1H), 4.94 (dd, J = 8.2, 2.4
Hz, 1H), 3.14 (br s, 1H, OH), 2.66 (dd, J=13.7, 6.3 Hz, 1H), 2.62 — 2.53 (m, 2H), 2.29 (ddd, J =
9.3,6.4,3.1 Hz, 1H), 1.98 (dd, /= 16.2, 8.7 Hz, 1H), 1.55 (d, /= 1.1 Hz, 3H), 0.12 (s, 9H).

oTMS oTMS oTMS
H " Pd(OAc), H: HZ
Me —_— Me + Me
I THF, 60 °C
HO_ (30% over OH HO
2.1.9 2 steps) 2.1.10 2.1.11 (20%)

Trans-fused hydroazulene 2.1.10:

Two-step procedure with crude allylation product 2.1.9: An oven-dried 500 mL round-bottom
flask was charged with Pd(OAc), (540 mg, 2.4 mmol, 0.18 equiv.), PPh3 (1.26 g, 4.8 mmol, 0.37
equiv.), and THF (100 mL). The resulting suspension was stirred at room temperature for 5
minutes, then EtsN (9 mL, 65 mmol, 4.96 equiv.) was added and the reaction mixture was stirred
at 60 °C for 5 minutes, resulting in a deep red color. At this stage a solution of crude tertiary
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alcohol 2.1.9 (assumed 13.1 mmol, 1.0 equiv.) in THF (30 mL) was added and stirring was
continued at 60 °C for 12 hours or until consumption of the starting material was complete as
judged by TLC. The reaction mixture was cooled to room temperature and quenched with satd.
ag. NaHCOs3 (100 mL). The organic layer was separated and the aqueous layer was extracted
with Et20 (3 x 100 mL). The combined organic layers were dried over Na;SO4 and concentrated
under reduced pressure to provide crude hydroazulene 2.1.10. The resulting crude mixture was
purified using flash column chromatography (0 to 15% EtOAc/hexanes in 2.5% increments) to
provide pure trans-fused hydroazulene 2.1.10 (1.04 g, 3.93 mmol, 30% from ketone 2.1.5) as a
colorless to pale yellow oil alongside 5,8-fused bicycle 2.1.11 (692 mg, 2.62 mmol, 20% from
ketone 2.1.5).

oTMS oTMS oTMS
H = 3. allylMgBr. : then EtzN :

H : :
e "\ THF-78°C e "\ PA(PPhg)s :
o | then HCI I MeCN, 75 °C
(+)-2.1.5 2.1.9 HO_ (51%) 2.1.10 OH

One-step procedure from aldol product 2.1.5:

An oven-dried reaction tube was charged with enone 2.1.5 (100 mg, 0.285 mmol, 1.0 equiv.) and
dry THF (2.8 mL). The resulting solution was cooled to —78 °C and a solution of allylmagnesium
bromide (0.34 mL, 1 M in THF, 0.34 mmol, 1.2 equiv.) was added dropwise. After stirring for 3
minutes, hydrogen chloride (0.20 mL, 2 M in Et;O, 0.40 mmol, 1.4 equiv.) and triethylamine
(0.400 mL, 2.88 mmol, 10.0 equiv.) were added sequentially. The reaction mixture was warmed
to 0 °C, diluted with acetonitrile (2.8 mL), and stirred for 10 min, at which point Pd(PPhs3)4 (16
mg, 0.014 mmol, 0.05 equiv.) was added and the reaction flask placed into a pre-heated 75 °C oil
bath. Conversion was monitored by TLC and an additional portion of Pd(PPh3)s was added after
3 hours if starting material was still present in the reaction mixture. Once conversion was
complete as judged by TLC, the reaction flask was cooled to room temperature and quenched
with satd. ag. NaHCO3 (5 mL). The organic layer was separated and the aqueous layer extracted
with EtOAc (3 x 5 mL). The combined organic layers were dried over NaxSO4 and concentrated
under reduced pressure. The resulting crude mixture was purified using flash column
chromatography (0 to 15% EtOAc/hexanes in 2.5% increments) to provide pure trans-fused
hydroazulene 2.1.10 (38.0 mg, 0.144 mmol, 51%) as a colorless to pale yellow oil.

Trans-fused hydroazulene 2.1.10:

TLC: Rr=0.29 (10% EtOAc/hexanes)

TH NMR (600 MHz, CsDe¢): 8 6.09 (ddd, J = 13.1, 2.3, 1.0 Hz, 1H), 5.74 — 5.68 (m, 1H), 5.14
(hept, J = 1.5 Hz, 1H), 4.99 (ddq, J = 2.4, 1.6, 0.8 Hz, 1H), 4.94 (td, J = 2.3, 1.2 Hz, 1H), 4.59
(dt,J=10.3, 2.3 Hz, 1H), 2.68 (dd, J = 15.1, 0.9 Hz, 1H), 2.53 (dt, J = 15.1, 2.5 Hz, 1H), 2.49 —
2.41 (m, 1H), 2.40 — 2.35 (m, 2H), 1.54 (s, J= 1.2 Hz, 3H), 0.16 (s, 9H).

13C NMR (150 MHz, C¢Ds): & 144.7, 142.4, 135.8, 132.4, 129.2, 81.5, 73.1, 55.6, 47.7, 41.7,
16.9, 0.6.

IR (thin film) vmax (cm™): 3500, 2956, 2911, 2850, 1441, 1249, 1054, 1043, 883, 836.

HRMS (m/z): (ESI) calcd. for Ci5sH230:%8Si [M—H]": 263.1473, found 263.1474.

5,8-fused bicycle 2.1.11:

TLC: Rr=0.32 (10% EtOAc/hexanes)

TH NMR: (600 MHz, C¢D¢) 8 5.97 (dd, J = 11.3, 3.8 Hz, 1H), 5.94 (dd, J = 11.9, 5.4 Hz, 1H),
5.69 (dd, J=12.0, 3.6 Hz, 1H), 5.64 (dt, J=11.1, 8.0 Hz, 1H), 5.30 (s, 1H), 4.75 — 4.71 (m, 1H),
2.57 (dd, J=12.9, 8.6 Hz, 1H), 2.36 (dddd, J = 15.2, 9.6, 2.2, 1.3 Hz, 1H), 2.28 (td, /= 9.7, 6.6
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Hz, 1H), 2.20 (dd, J = 15.3, 6.6 Hz, 1H), 2.14 (dt, J = 12.7, 6.4 Hz, 1H), 1.53 (s, 3H), 0.18 (s,
9H).

13C NMR: (151 MHz, CeDe) & 146.5, 140.8, 134.2, 129.2, 128.8, 122.7, 80.5, 69.2, 55.6, 37.6,
37.2,17.2,0.3.

HRMS (m/z): (ESI) calcd. for CisH240,23Na2$Si [M+Na]": 287.1438, found 287.1438.

OoTMS OH
H TBAF H =
'- THF
Me ’ —> Me
(99%)
OH OH
2.1.10 2.2.1

Diol 2.2.1:

An oven-dried 10 mL round-bottom flask was charged with trans-fused hydroazulene 2.1.10 (75
mg, 0.28 mmol, 1.0 equiv.) and THF (2.8 mL). A solution of TBAF (0.28 mL, 1 M in THF, 0.28
mmol, 1.0 equiv.) was added to the reaction mixture, resulting in an immediate color change to
dark yellow. After 5 minutes conversion was complete as judged by TLC, so the solution was
quenched with satd. ag. NH4Cl (3 mL) and diluted with Et,O (3 mL). The layers were separated
and the aqueous layer was extracted with Et;O (3 x 3 mL). The combined organic layers were
dried over Na>xSO4 and concentrated under reduced pressure to provide diol 2.2.1 (53 mg, 0.28
mmol, 99 %) as a dark orange oil which was used immediately without purification due to
instability.

TLC: Rr=0.10 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢Ds) 8 6.06 — 6.02 (m, 1H), 5.61 (d, J=13.4 Hz, 1H), 5.12 (s, 1H), 4.98
(s, 1H), 4.93 (s, 1H), 4.30 (d, /= 10.7 Hz, 1H), 2.70 (d, J = 15.2 Hz, 1H), 2.48 (dt, /= 15.4,2.3
Hz, 1H), 2.30 — 2.25 (m, 1H), 2.20 (dd, J = 16.2, 7.5 Hz, 1H), 2.09 (dt, J = 10.5, 8.2 Hz, 1H),
1.52-1.51 (m, 3H).

I3C NMR: (151 MHz, C¢Ds) 6 144.4, 142.1, 134.9, 132.1, 129.5, 120.9, 81.4, 72.0, 55.3, 47 4,
40.9, 16.6.

HRMS (m/z): (ESI) calced. for C12H1602**Na [M+Na]*: 215.1043, found 215.1042.

OH o

H 3 MnO, H
d Et,0 :
Me —>» Me
m (89%)
OH OH
2.2.1 2.2.2

Enone 2.2.2:

A small reaction tube was charged with crude diol 2.2.1 (48 mg, 0.25 mmol, 1.0 equiv.) and Et,O
(2.5 mL). Activated MnO; (217 mg, 2.5 mmol, 10.0 equiv.) was added and the resulting
suspension was stirred vigorously at room temperature. The reaction progress was monitored by
TLC at 1-hour intervals and additional portions of MnO> (108 mg, 1.25 mmol, 5.0 equiv.) were
added as necessary. Once all starting material was consumed, the reaction mixture was filtered
through a pad of Celite in order to remove the solid components of the mixture and the filter pad
was washed with DCM (5 mL). The resulting pale-yellow solution was concentrated under
reduced pressure to provide crude enone 2.2.2 (43 mg, 0.22 mmol, 89%) as a yellow gum, which
was immediately re-dissolved in THF (2.2 mL) to avoid polymerization and/or decomposition of
the neat enone. The THF solution obtained in this way was used in the next step without
additional manipulations.

TLC: Rr=0.40 (50% EtOAc/hexanes)
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IH NMR: (600 MHz, C¢Ds) & 6.31 (d, J = 12.9 Hz, 1H), 6.01 (d, J = 12.9 Hz, 1H), 5.04 (s, 1H),
4.98 (s, 1H), 4.96 (s, 1H), 3.13 (ddd, J= 17.1, 8.2, 1.1 Hz, 1H), 2.97 (t, J = 8.0 Hz, 1H), 2.79 (d,
J=16.1 Hz, 1H), 2.48 (d, J = 16.1 Hz, 1H), 1.99 (dd, J= 16.9, 7.8 Hz, 1H), 1.43 (s, 3H).

Me

H O[Al] f\ Me
Me H 0 Me

O[AI]
2.2.3 Phs 2.2.4 Phs

Triene 2.2.4:

An oven-dried 25 mL round-bottom flask was charged with Me3;Al (0.440 mL, 2 M in PhMe,
0.88 mmol, 4.0 equiv.) and DCM (2.2 mL). Then, PhSH (0.089 mL, 0.88 mmol, 4.0 equiv.) was
added dropwise at 0 °C and the resulting solution was stirred for 15 minutes at that temperature.
At this point the reaction mixture was cooled to —78 °C and a solution of enone 2.2.2 (0.22
mmol) in THF (2.2 mL) was added dropwise. Stirring was continued for 15 minutes, when
consumption of enone 2.2.2 was complete as judged by TLC. A solution of prenal (0.042 mL,
0.44 mmol, 2.0 equiv.) in DCM (2 mL) was added and the reaction mixture was stirred at 0 °C
for 5 minutes before being quenched with satd. ag. NH4Cl (5 mL). The resulting mixture was
diluted with Et2O (10 mL) and satd. ag. Rochelle’s salt (10 mL) and was then stirred vigorously
for 10 minutes. The layers were separated and the aqueous layer was extracted with EtoO (3 x 10
mL). The combined organic layers were dried over Na;SO4 and concentrated under reduced
pressure. The crude reaction product was purified by column chromatography (10 to 60%
EtOAc/hexanes) to provide pure triene 2.2.4 (48 mg, 0.13 mmol, 60%) as a yellow oil.

TLC: Rr=0.62 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢Ds) & 7.96 (d, J = 12.3 Hz, 1H), 7.43 — 7.37 (m, 2H), 7.00 (t, J = 7.6 Hz,
2H), 6.94 — 6.90 (m, 1H), 6.39 (s, 1H), 6.01 (d, J = 12.3 Hz, 1H), 5.05 (s, 1H), 3.47 — 3.34 (m,
3H), 3.26 (m, 1H), 2.93 (d, J = 18.6 Hz, 1H), 2.49 (d, J = 18.5 Hz, 1H), 2.00 (dd, /= 17.1, 8.3
Hz, 1H), 1.54 (s, 3H), 1.54 (s, 3H), 1.48 (s, 3H).

OTMS OR o
H: TMSCI, H 3 DMP H
'- imid. B NaHCO4 B
Me ’ —> Me ’ —> Me
DCM DCM
OH (99%) OTMS (75%) 2.2,7 OTMS
2.1.10 R =TMS (2.2.5) o
R=H (2.2.6) HCOCOH, Et,O/MeCOH (92%)

Silanol 2.2.5:

An oven-dried 10 mL round-bottom flask was charged with trans-fused hydroazulene 2.1.10
(100 mg, 0.379 mmol, 1.0 equiv.) and DCM (4 mL). Imidazole (77 mg, 1.14 mmol, 3.0 equiv.)
was added, followed by dropwise addition of TMSCI (72 pL, 0.57 mmol, 1.5 equiv.), resulting in
formation of a white precipitate. The reaction mixture was stirred for 1 hour, at which point
conversion was complete as judged by TLC. The suspension was quenched with satd. agq.
NaHCO; (4 mL) and the layers were separated. The aqueous layer was extracted with DCM (3 x
4 mL) and the combined organic layers were dried over Na;SO4 and concentrated under reduced
pressure to provide crude silanol 2.2.5. This compound was purified by a short silica plug (0 to
15% EtOAc/hexanes), resulting in pure bicycle 2.2.5 (126 mg, 0.375 mmol, 99%) as a pale
yellow oil.

TLC: Rr=0.92 (25% EtOAc/hexanes).
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IH NMR: (600 MHz, CsDs) & 6.12 (d, J = 13.0 Hz, 1H), 5.74 (d, J = 13.0 Hz, 1H), 5.24 (s, 1H),
4.99 (d,J=2.1 Hz, 1H), 4.92 (s, 1H), 4.67 (d, J = 9.1 Hz, 1H), 2.76 (d, J = 15.2 Hz, 1H), 2.53
(dt, J=15.2, 2.2 Hz, 1H), 2.48 — 2.36 (m, 3H), 1.55 (s, 3H), 0.19 (s, 9H), 0.11 (s, 9H).

13C NMR: (151 MHz, CeDe) & 145.3, 143.3, 135.6, 132.0, 129.1, 119.3, 84.3, 73.1, 57.0, 48.4,
41.5,16.7,2.1,0.5.

Secondary alcohol 2.2.6:

Via deprotection of 2.2.5: A small reaction tube was charged with silanol 2.2.5 (62 mg, 0.18
mmol, 1.0 equiv.), Et;O (1.4 mL) and MeOH (1.4 mL). Neat formic acid (10 pL, 0.27 mmol, 1.5
equiv.) was added and the resulting mixture was stirred at room temperature. Conversion was
monitored by TLC and additional HCOOH (3.3 pL, 0.09 mmol, 0.5 equiv.) was added if there
was still starting material present after 1 hour. Once all silanol 2.2.5 was consumed, the reaction
mixture was carefully quenched by dropwise addition of satd. ag. NaHCO3 (5 mL or until all
formic acid was neutralized). The layers were separated and the aqueous layer was extracted
with Et2O (3 x 5 mL). The combined organic layers were washed with brine, dried over Na;SOs,
and concentrated under reduced pressure to provide crude alcohol 2.2.6. Purification by column
chromatography (0 to 25% EtOAc/hexanes in 5% increments) resulted in pure secondary alcohol
2.2.6 (45 mg, 0.17 mmol, 92%) as a colorless oil.

One-step procedure from Heck product 2.1.10: An oven-dried 25 mL round-bottom flask was
charged with frans-fused hydroazulene 2.1.10 (105 mg, 0.398 mmol, 1.0 equiv.) and DCM (4.0
mL). To this solution were added imidazole (54.1 mg, 0.796 mmol, 2.0 equiv.) and TMSCI
(0.060 mL, 0.48 mmol, 1.2 equiv.) and the resulting suspension was stirred for 3 hours at room
temperature until full consumption of the starting material was observed by TLC. At this stage,
silica gel (5.0 g) was added and stirring was continued for another 3 h to liberate the C9 alcohol.
The resulting suspension was concentrated under reduced pressure and the crude residue was
loaded onto a flash column and purified (0 to 25% EtOAc/hexanes in 5% increments) to obtain
the pure free secondary alcohol 2.2.6 (104 mg, 0.394 mmol, 99% yield) as a colorless oil.

TLC: Rr=0.26 (10% EtOAc/hexanes)

TH NMR (600 MHz, CsDe¢): 8 6.07 (ddd, J = 13.0, 2.4, 1.1 Hz, 1H), 5.66 — 5.60 (m, 1H), 5.22
(hept, J=1.3 Hz, 1H), 4.99 (tt, J = 2.4, 0.9 Hz, 1H), 4.91 (td, J = 2.4, 1.2 Hz, 1H), 4.37 (ddt, J =
10.1, 7.8, 2.4 Hz, 1H), 2.76 (d, J = 15.2 Hz, 1H), 2.49 (dt, J = 15.2, 2.5 Hz, 1H), 2.38 — 2.30 (m,
1H), 2.23 (dd, J = 16.1, 7.3 Hz, 1H), 2.07 (ddd, J = 10.5, 8.9, 7.2 Hz, 1H), 1.56 — 1.51 (s, 3H),
0.88 (br's, 1H of OH), 0.08 (s, 8H).

13C NMR (150 MHz, C¢Ds): 6 145.4, 143.4, 134.9, 131.9, 129.6, 119.7, 84.5, 72.3, 57.2, 48.5,
41.2,16.8,2.2.

IR (thin film) vmax (cm™): 3304, 2959, 2931, 2910, 1594, 1438, 1248, 1140, 1020, 865, 762.
HRMS (m/z): (ESI) caled. for CisH230,%8Si [M—H]: 263.1473, found 263.1479.

Enone 2.2.7:

An oven-dried 10 mL round-bottom flask was charged with secondary alcohol 2.2.6 (100 mg,
0.379 mmol, 1.0 equiv.) and DCM (4 mL). Then, solid NaHCO3 (63.6 mg, 0.756 mmol, 2.0
equiv.) was added, followed by Dess-Martin periodinane (193 mg, 0.455 mmol, 1.2 equiv.).
After 5 minutes conversion was complete as judged by TLC. The reaction mixture was quenched
with satd. ag. NaHCO3 (3 mL) and satd. aq. Na>S>03 (3 mL) and the layers were separated. The
aqueous layer was extracted with DCM (3 x 6 mL) and the combined organic layers were dried
over NaxSO4 and concentrated under reduced pressure to provide crude enone 2.2.7. This
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compound can be used in its crude form or, alternatively, can be purified by column
chromatography (0 to 20% EtOAc/hexanes) to provide pure enone 2.2.7 (74.5 mg, 0.284 mmol,
75%) as a pale-yellow oil.

TLC: Rr=0.75 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CsDs) 6 6.32 (d, J=12.9 Hz, 1H), 5.99 (d, J = 12.9 Hz, 1H), 5.12 (s, 1H),
5.06 (s, 1H), 4.96 (s, 1H), 3.22 (dd, J = 16.8, 8.3 Hz, 1H), 2.95 (t, /= 8.0 Hz, 1H), 2.82 (d, J =
16.1 Hz, 1H), 2.54 (dt, J = 16.1, 2.2 Hz, 1H), 1.49 (s, 3H), 0.02 (s, 9H).

I3C NMR: (151 MHz, C¢Ds) 6 196.1, 145.7, 143.1, 141.2, 129.5, 128.9, 125.7, 83.8, 63.2, 47 4,
36.3,16.5, 1.7.

HRMS (m/z): (ESI) calcd. for Ci5sH220,**Na?®Si [M+Na]*: 285.1281, found 285.1284.

General procedure A: /,6-addition/aldol cascade with enone 2.2.7.

An oven-dried round-bottom flask was charged with MesAl solution (2 M in PhMe, 3.0 equiv.)
and DCM (0.3 M). The resulting solution was cooled to 0 °C and neat PhSH (3.0 equiv.) was
added dropwise and stirring was continued for 15 minutes at 0 °C. Then, the reaction mixture
was cooled to —78 °C and a solution of enone 2.2.7 (1.0 equiv.) in THF (0.1 M) was added
dropwise. After stirring the resulting solution for 20 minutes at —78 °C, full consumption of
enone 2.2.7 was checked by TLC and a solution of the appropriate aldehyde partner (2 equiv.) in
DCM (0.2 M) was added dropwise. After another 15 minutes of stirring at —78 °C, the reaction
mixture was quenched with satd. agq. Rochelle’s salt (volume equal to total reaction volume) and
diluted with Et2O (volume equal to total reaction volume). The resulting mixture was allowed to
warm to room temperature and was vigorously stirred for 5 minutes. The layers were separated
and the aqueous layer was extracted three times with Et;O. The organic layers were combined,
dried over Na;SO4 and concentrated under reduced pressure. The resulting crude residue was
purified by column chromatography.

o
H
2
2.2.7 OTMS -78°C

THF/DCM
(48%)

O[AIl] f\Me
H I
3 H Y0
Me CO Me
OTMS
2.2.8 Phs 2.2.9 PhS

Allylic alcohol 2.2.9:

Synthesized according to general procedure A from enone 2.2.7 (14.5 mg, 0.055 mmol) and
commercially available prenal (10 pL, 0.11 mmol). Column chromatography (0 to 40%
EtOAc/hexanes) provided pure alcohol 2.2.9 (12 mg, 0.027 mmol, 48%, mixture of
diastereomers) as a colorless oil.

TLC: Rr=0.45 (25% EtOAc/hexanes)

"H NMR: (600 MHz, C¢Ds) & 7.35 — 7.31 (m, 2H), 7.05 — 7.00 (m, 2H), 6.96 — 6.91 (m, 1H),
5.50 (s, 1H), 5.31 (dt, J = 8.1, 1.3 Hz, 1H), 5.19 — 5.16 (m, 1H), 5.16 — 5.11 (m, 1H), 3.83 (s,
1H), 3.34 (d, /= 13.2 Hz, 1H), 3.28 (d, /= 13.0 Hz, 1H), 3.14 (t, J = 8.1 Hz, 1H), 3.10 — 3.03
(m, 2H), 2.82 (d, J = 18.3 Hz, 1H), 2.56 — 2.50 (m, 1H), 2.42 (d, J = 6.6 Hz, 1H), 2.00 (dd, J =
16.9, 8.1 Hz, 1H), 1.56 (d, J= 1.0 Hz, 3H), 1.55 (s, 3H), 1.54 (s, 3H), 1.45 (s, 3H), 0.04 (s, 9H).
13C NMR: (151 MHz, C¢D¢) & 209.3, 144.2, 134.6, 131.6, 131.4, 130.2, 129.5, 128.8, 126.7,
126.4, 124.0, 85.1, 69.6, 61.0, 57.8, 45.7, 45.6, 35.8, 25.7, 18.2, 16.4, 1.9, 1.8.

HRMS (m/z): (ESI) calcd. for C26H36032*Na*2S28Si [M+Na]*: 479.2047, found 479.2051.
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2.3.2

Ester 2.3.2:

Synthesized according to general procedure A from enone 2.2.7 (14.5 mg, 0.055 mmol) and
commercially available ethyl glyoxalate (22 pL, 50% in PhMe, 0.11 mmol). Column
chromatography (0 to 40% EtOAc/hexanes) provided pure alcohol 2.3.2 (3.9 mg, 8.3 pumol, 15%,
one major diastereomer contaminated with copolar impurities derived from ethyl glyoxalate) as a
colorless oil.

TLC: Rr=0.35 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CsDs)  7.32 (dd, J = 8.3, 1.2 Hz, 2H), 7.05 (t, J = 7.8 Hz, 1H), 6.94 — 6.91
(m, 2H), 5.47 — 5.39 (m, 1H), 5.20 (dd, J = 5.4, 2.1 Hz, 1H), 5.14 (s, 1H), 4.07 (s, 1H), 3.83 —
3.78 (m, 1H), 3.78 — 3.71 (m, 1H), 3.40 (d, /= 10.0 Hz, OH), 3.31 (d, /= 13.3 Hz, 1H), 3.25 (d, J
=13.4 Hz, 1H), 3.20 (t, /= 8.0 Hz, 1H), 3.12 (dd, /= 16.9, 7.7 Hz, 1H), 2.96 (d, J= 5.5 Hz, 1H),
2.80 (d, J=18.6 Hz, 1H), 2.53 — 2.44 (m, 1H), 1.98 (dd, J=17.0, 8.1 Hz, 1H), 1.43 (s, 3H), 0.83
(t,J=7.1 Hz, 3H), 0.05 (s, 9H).

13C NMR: (151 MHz, C¢Ds) & 205.8, 174.7, 144.5, 135.7, 134.5, 131.3, 129.0, 128.9, 126.6,
122.0, 85.3,77.1, 71.5, 62.0, 61.5, 60.7, 55.3, 45.9, 45.2,35.9, 16.4, 13.8, 1.7.

Nitroalkane 2.3.4:

Synthesized according to general procedure A from enone 2.2.7 (30 mg, 0.11 mmol) and
known?® 4-nitropentanal (28.8 mg, 0.22 mmol). Column chromatography (10 to 50%
EtOAc/hexanes) provided pure alcohol 2.3.4 (30 mg, 59 pumol, 54%, mixture of diastereomers)
as a colorless oil alongside some residual 4-nitropentanal (6 mg), which was copolar.

TLC: Rr=0.75 (50% EtOAc/hexanes)

Selected NMR shifts of the diastereomeric mixture are reported:

TH NMR: (600 MHz, C¢Ds) & 7.38 — 7.33 (m), 7.30 — 7.26 (m), 7.08 — 7.04 (m), 7.02 — 6.92 (m),
5.12 (d, J=7.3 Hz, 1H), 5.08 (s, 1H), 4.69 (s, 1H), 4.55 (s, 1H), 4.26 —4.19 (m, 1H), 4.13 (dtd, J
=9.0, 4.9, 2.4 Hz, 2H), 4.05 (dqd, J = 12.5, 6.1, 3.2 Hz, 1H), 3.90 (dddt, J = 13.3, 6.7, 4.5, 2.5
Hz, 1H), 3.76 — 3.72 (m), 3.30 — 3.22 (m), 3.00 — 2.95 (m, 3H), 2.81 (d, J = 17.0 Hz, 3H), 2.54
(q, J = 7.4 Hz, 1H), 2.50 — 2.42 (m, 1H), 2.34 (dd, J = 17.9, 9.7 Hz, 1H), 2.01 — 1.92 (m, 4H),
1.76 (dd, J=17.0, 7.3 Hz, 1H), 1.60 — 1.54 (m, 7H), 1.46 (s, 8H), 1.05 (d, J = 5.1 Hz, 3H), 1.04
(d, J=5.1 Hz, 3H), 0.97 (d, J = 6.2 Hz, 3H), 0.95 (d, 3H), 0.06 (s, 9H), 0.04 (d, /= 2.9 Hz, 9H),
0.03 (s, 9H), 0.02 (s, 9H).

13C NMR: (151 MHz, C¢Ds) 8 210.5, 210.3, 210.0, 209.6, 145.1, 144.1, 135.7, 135.3, 135.3,
133.3, 132.1, 131.9, 131.6, 131.3, 129.5, 129.0, 127.2, 127.1, 126.9, 126.9, 122.9, 122.0, 121.8,
86.2, 86.2, 84.9, 83.7, 83.6, 82.7, 82.1, 72.2, 72.1, 71.4, 71.3, 61.4, 61.2, 60.9, 57.4, 56.7, 56.2,
56.2, 46.1, 46.0, 45.5, 39.2, 35.7, 34.9, 34.9, 32.4, 32.0, 31.5, 30.9, 30.6, 30.5, 30.1, 29.6, 26.8,
19.3,19.2,18.8, 18.8, 18.6, 16.4,1.9,1.9, 1.8, 1.8, 1.7.

HRMS (m/z): (ESI) caled. for CosH370sN*Na*2S28Si [M+Na]*: 526.2054, found 526.2059.
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NO,

Me

OTMS
2.3.14
Enone 2.3.14:
An oven-dried small reaction tube was charged with aldol products 2.3.4 (13 mg, 26 umol, 1.0
equiv.). This mixture of diastereomers was dissolved in DCM (0.26 mL) and DBU (10 pL, 0.067
mmol, 2.6 equiv.) was added. The reaction mixture was stirred at room temperature and
gradually changed color to deep red over 10 minutes. At this point the starting material was
consumed as judged by TLC, so the reaction mixture was quenched with satd. ag. NH4Cl (0.5
mL). The layers were separated and the aqueous layer was extracted with DCM (3 x 0.5 mL).
The combined organic layers were dried over Na>SO4 and concentrated under reduced pressure.
The crude reaction product was purified by column chromatography (10 to 60% EtOAc/hexanes)
to provide pure enone 2.3.14 as a mixture of diastereomers (5.4 mg, 14 umol, 53%).
TLC: Rr= 0.8 (50% EtOAc/hexanes)
Selected NMR resonances for this mixture of diastereomers are reported.
TH NMR: (600 MHz, C¢Ds) 8 6.81 (s, 1H), 6.76 (s, 1H), 5.19 (s, 1H), 5.12 — 5.09 (m, 1H), 5.04
—4.99 (m, 1H), 4.39 (s, 1H), 4.33 — 4.27 (m, 1H), 4.16 (dq, J = 13.6, 7.5 Hz, 1H), 3.30 — 3.22
(m, 1H), 2.97 (q, J = 7.5 Hz, 1H), 2.81 (dd, J = 16.3, 4.5 Hz, 1H), 2.55 - 2.50 (m, 1H), 2.39 (d, J
= 6.6 Hz, 1H), 2.20 (d, J = 6.2 Hz, 1H), 1.98 (dd, J = 17.4, 8.4 Hz, 1H), 1.50 (s, 3H), 1.50 (s,
3H), 1.02 (d, J= 6.6 Hz, 3H), 0.99 (d, J = 6.6 Hz, 3H), 0.03 (s, 9H), 0.01 (s, 9H).
13C NMR: (151 MHz, C¢D¢) & 197.8, 197.4, 145.4, 145.3, 142.7, 139.9, 139.7, 132.1, 129.0,
126.3, 84.5, 83.5, 83.0, 73.4, 72.8, 62.8, 62.7, 47.4, 35.9, 34.2, 33.9, 32.0, 31.9, 18.9, 18.6, 16.5,

1.7.
A\, 2.3.15
9
o

H PhSH
3 MesAl
Me —> Me
ﬂ THF/DCM
OTMS -78°C

0, .
227 (50%, 1.3:1 dr)

Olefins 2.3.5a and 2.3.5b:

Synthesized according to general procedure A from enone 2.2.7 (59 mg, 0.22 mmol) and known
4-pentenal 2.3.15 (37 mg, 0.44 mmol). Column chromatography (5 to 50% EtOAc/hexanes)
provided pure alcohols 2.3.5a and 2.3.5b (50 mg, 0.11 mmol, 50%, 1.3:1 dr) as a colorless oil.
TLC: Rr=0.22 (25% EtOAc/hexanes)

2.3.5a — bold

2.3.5b — underlined

Overlapping signals from both - normal

TH NMR: (600 MHz, CsDs) & 7.32 (dt, J=8.5, 1.7 Hz, 2H), 7.31 — 7.28 (m, 2H), 7.07 — 7.04 (m,
2H), 7.04 — 7.00 (m, 2H), 6.97 — 6.91 (m), 5.90 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.76 (ddt, J =
17.0, 10.2, 6.7 Hz, 1H), 5.32 — 5.26 (m), 5.18 (s, 1H), 5.14 — 5.09 (m), 5.06 — 5.03 (m), 5.02 —
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5.00 (m), 4.99 — 4.96 (m), 4.30 (s, 1H), 4.19 (s), 3.75 (s, 1H), 3.32 — 3.23 (m, 4H), 3.22 — 3.15
(m, 1H). 3.07 — 2.99 (m), 2.86 — 2.78 (m), 2.71 (t, J = 6.1 Hz, 1H), 2.52 (d, J = 17.7 Hz, 1H),
2.48 — 2.41 (m, 1H), 2.37 — 2.32 (m, 1H), 2.32 — 2.23 (m), 2.08 — 2.01 (m, 1H), 1.98 (dd, J =
16.5, 7.7 Hz, 1H), 1.76 (dd, J = 16.8, 7.8 Hz, 1H), 1.57 (dddd, J = 13.1, 9.5, 6.5, 2.6 Hz, 1H),
1.47 (s, 3H), 1.46 (s, 3H), 1.42 (dq, J = 13.7, 4.6 Hz, 1H), 1.27 (dddd, J = 12.0, 9.4, 6.5, 3.3 Hz,
1H), 0.06 (s, 9H), 0.03 (s, 9H).

13C NMR: (151 MHz, C¢D¢) & 210.0, 208.9, 145.1, 144.2, 139.2, 138.6, 136.3, 135.9, 134.7,
132.4, 131.9, 131.2, 129.6, 129.2, 129.0, 128.9, 128.9, 123.6, 122.6, 114.8, 114.6, 86.0, 85.0,
71.9, 71.8, 61.3, 60.9, 58.2, 56.4, 46.2, 45.6, 45.6, 45.5, 35.7, 35.0, 34.3, 33.4, 30.9, 30.2, 16 .4,
2.0, 1.8.

HRMS (m/z): (ESI) calcd. for C26H36032*Na*2S28Si [M+Na]*: 479.2047, found 479.2051.

2.3.6 (39%,
major diastereomer)

Silanol 2.3.6:

Synthesized according to general procedure A from enone 2.2.7 (29 mg, 0.11 mmol) and
known® aldehyde 2.3.24 (47 mg, 0.22 mmol). Column chromatography (5 to 40%
EtOAc/hexanes) provided pure alcohol 2.3.6 (25 mg, 43 pumol, 39%) as a colorless oil.

TLC: Rr=0.33 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CsDs) 6 7.34 (dd, J= 8.3, 1.1 Hz, 2H), 7.03 (t, J = 7.7 Hz, 2H), 6.94 — 6.91
(m, 1H), 6.00 — 5.91 (m, 1H), 5.90 (s, 1H), 5.20 (s, 1H), 5.11 (dd, J=17.2, 1.8 Hz, 1H), 5.06 —
5.03 (m, 1H), 4.50 (td, J = 6.6, 3.0 Hz, 1H), 4.05 (s, 1H), 3.95 (dt, J = 6.8, 5.1 Hz, 1H), 3.58 —
3.50 (m, 1H), 3.41 — 3.33 (m, 1H), 3.21 (t,J= 8.1 Hz, 1H), 3.03 (dd, /= 15.8, 8.0 Hz, 1H), 2.80
(d, J=18.2 Hz, 1H), 2.70 (d, J = 18.2 Hz, 1H), 2.54 — 2.48 (m, 1H), 2.36 — 2.32 (m, 1H), 2.01
(dd, J=16.9, 8.1 Hz, 1H), 1.46 (s, 3H), 0.97 (s, 9H), 0.12 (s, 3H), 0.09 (s, 3H), 0.07 (d, /= 1.9
Hz, 9H).

13C NMR: (151 MHz, C¢Ds) 6 208.6, 144.2, 136.7, 134.8, 134.7, 131.1, 129.9, 129.0, 126.6,
124.5,117.5, 85.2,73.3, 73.3, 60.7, 53.5, 45.7, 45.4, 38.4, 35.8, 26.1, 18.3, 16.5, 2.0, 1.8, -4.2, -
4.3.

HRMS (m/z): (ESI) caled. for C3:Hs004**Na32S28Si [M+Na]*: 609.2861, found 609.2867.

Samarium (II) iodide, solution in THF: (CAUTION: Sml: is a very air-sensitive reagent.
Careful Schlenk technique should be used at all times.)

Solutions of Sml, in THF were prepared fresh from Sm(0) and I, via a modified procedure by
Procter et al. (see ref. SI-1 in Section 2.12.4) wherein a 100 mL Schlenk storage flask equipped
with a single outlet stoppered by a Teflon-coated screw was charged with Sm(0) powder (700
mg, 4.66 mmol, 2.1 equiv.), evacuated and back-filled with argon. The evacuation and back-
filling was repeated 4 more times. THF was degassed by sparging with argon in a sonicator for
15 minutes (note a 20 gauge inlet needle and 22 gauge outlet needle was used). Then, the Sm(0)
powder was suspended in 20 mL of degassed THF with vigorous stirring. A solution of iodine
(560 mg, 2.21 mmol, 1.0 equiv.) in degassed THF (4 mL) was added to the Sm(0) suspension,
resulting in a dark brown mixture. At this point the Teflon stopcock was closed and the reaction
mixture was stirred vigorously at 60 °C for 18 hours. A gradual color change to light brown, then
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green, and finally dark blue was observed, with the dark blue color indicating the presence of
Sm(II). Note that the intensity of the blue color does not correlate to Sm(II) concentration, so
even if the dark blue color is observed within the first hour, heating of the reaction mixture
should be continued for the full duration state above. Once the 18-hour interval had elapsed, the
deep blue solution was allowed to cool to room temperature and the remaining solid Sm(0)
powder was allowed to settle. At this point the Sml, solution in THF was ready to use with an
assumed concentration of 0.1 M. This solution can be stored outside of a glovebox for several
weeks in the previously described reaction vessel.

General procedure B: Smil>-mediated 6-exo-trig cyclization.

An oven-dried round-bottom flask was charged with neat starting material (1.0 equiv.) and was
evacuated then back-filled with argon. The evacuation and back-filling was repeated two more
times. THF was degassed by sparging with argon in a sonicator for 5 minutes. The neat starting
material was dissolved in degassed THF (0.07M) and H>O (10% of THF volume) was added to
the resulting solution. The reaction mixture was degassed by sparging with argon in a sonicator
for 5 minutes and was then cooled to 0 °C. Then, a solution of Sml> in THF (0.1 M, 5.0 equiv.)
was added (rapid drops) with vigorous stirring. After 1 minute, conversion of the starting
material was checked by TLC and more Sml, was added if necessary. Once all starting ketone
was consumed, the reaction mixture was quenched with satd. ag. Rochelle’s salt (volume equal
to THF volume in reaction mixture) and diluted with Et;O (volume equal to THF volume in
reaction mixture). A color change from dark blue/purple to dark green was observed. The
resulting biphasic mixture was vigorously stirred for 10 minutes at room temperature, during
which time the intensity of the green color decreased, and the layers were separated. The
aqueous layer was extracted with Et;O or EtOAc for more polar products and the combined
organic layers were dried over Na;SO4 and concentrated under reduced pressure. The resulting
crude product was purified by column chromatography.

Also observed:

H [Sm

Smi (]
on THFHO | 0% o QTS
—_—
0°C
(10%) i | H
SPh 2.3.21
2.3.5a 2.3.23a (13%) 2.3.23b (7%)
(+ copolar 2.3.5b) from 2.3.5b

Tricycle 2.3.22:

Synthesized by subjecting a mixture of diastereomers 2.3.5a and 2.3.5b (40 mg, 88 umol, 1.3:1
dr) to general procedure B. The tricyclic product 2.3.22 (10 mg, 22 umol) was isolated alongside
diols 2.3.23a and 2.3.23b (20 mg, 44 pmol, 2:1 2.3.23a:2.3.23b).

Tricycle 2.3.22:

TLC: Rr=0.78 (50%EtOAc/hexanes)

TH NMR: (600 MHz, CsDs) 8 7.40 (dd, J = 8.2, 1.0 Hz, 2H), 7.06 (t, J = 7.8 Hz, 2H), 6.94 (t, J =
7.4 Hz, 1H), 6.25 (s, 1H), 6.02 (s, 1H), 5.15 (s, 1H), 5.08 (d, /= 10.3 Hz, 1H), 3.88 — 3.82 (m,
1H), 3.73 (d, J=12.7 Hz, 1H), 3.49 (d, J = 12.7 Hz, 1H), 2.71 (d, J = 15.5 Hz, 1H), 2.66 — 2.55
(m, 2H), 2.30 (dt, J=15.5, 2.3 Hz, 1H), 1.94 (s, 1H), 1.93 — 1.89 (m, 1H), 1.88 — 1.82 (m, 2H),
1.67 (dd, J=9.8, 6.4 Hz, 1H), 1.52 (tt, J = 13.8, 3.8 Hz, 1H), 1.49 (s, 3H), 1.10 (dd, J=13.5, 3.3
Hz, 1H), 0.63 (d, J=7.2 Hz, 3H), -0.01 (s, 9H).
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13C NMR: (151 MHz, CeéD¢) & 147.3,137.3, 133.1, 132.7, 131.4, 130.1, 128.9, 126.1, 86.9, 77.3,
72.8,56.7,46.8,43.6,43.3,37.8, 35.8,27.8,21.7, 16.9, 15.2, 1.6.

HRMS (m/z): (ESI) calcd. for C26H33032*Na*2S?8Si [M+Na]*: 481.2203, found 481.22009.

Diols 2.3.23a and 2.3.23b:

TLC: Rr=0.56 (50% EtOAc/hexanes)

2.3.23a — bold

2.3.23b — underlined

Overlap — normal

TH NMR: (600 MHz, CsDs) & 7.40 — 7.36 (m, 2H), 7.30 (dd, J = 8.2, 1.2 Hz, 2H), 7.06 (t, J= 7.7
Hz, 2H), 7.02 - 6.98 (m, 2H), 6.92 — 6.88 (m, 1H), 5.87 (dtd, /= 10.4, 6.9, 3.5 Hz, 1H), 5.67 (s,
1H), 5.31 (s, 1H), 5.17 (s, 1H), 5.13 (dq, J = 3.5, 1.7 Hz, 1H), 5.11 — 5.09 (m), 5.02 — 5.00 (m,
1H), 4.32 (d, /= 9.8 Hz, 1H), 4.05 (t, 1H), 3.81 (dd, /= 8.5, 4.4 Hz, 1H), 3.74 (s, 1H), 3.69 (d, J
=13.0 Hz, 1H), 3.45 (d, J = 13.0 Hz, 1H), 3.42 (d, J = 13.0 Hz, 1H), 3.25 (d, J = 13.1 Hz, 1H),
2.75(d,J=15.1 Hz, 1H), 2.70 (d, /= 18.0 Hz, 1H), 2.58 (d, /= 18.0 Hz, 1H), 2.30 (td, /= 15.0,
7.9 Hz, 1H), 2.19 (dq, J = 14.4, 6.4 Hz, 1H), 2.08 (d, /= 8.1 Hz, 1H), 1.78 — 1.67 (m, 2H), 1.53
(s, 2H), 1.51 (s, 1H), 0.05 (d, /= 1.5 Hz, 9H), -0.02 (s, 9H).

13C NMR: (151 MHz, C¢D¢) & 143.2, 139.1, 138.9, 136.4, 134.8, 134.5, 132.2, 131.6, 131.2,
130.8, 130.4, 126.5, 126.4, 125.8, 114.6, 114.6, 86.1, 84.3, 79.6, 74.5, 73.0, 69.6, 56.5, 54.2,
50.2,46.7,45.8,44.6,43.9, 42.8, 40.4, 38.7, 35.6, 35.3, 31.1, 30.5, 16.9, 16.6, 2.0, 1.7.

HRMS (m/z): (ESI) calcd. for C26H33032*Na*2S?8Si [M+Na]*: 481.2203, found 481.2207.

2.3.29
Tricycle 2.3.33 and tetracycle 2.3.29:
Synthesized from 2.3.6 (25 mg, 43 umol) according to general procedure B. The two cyclization
products were copolar (5 mg, 8.5 umol, 20%, 1.3:1 2.3.29:2.3.33).
Tetracycle 2.3.29:
TLC: Rr=0.67 (50% EtOAc/hexanes)
TH NMR: (700 MHz, C¢Ds) 8 6.13 (s, 1H), 5.27 (s, 1H), 4.85 (s, 1H), 4.74 (s, 1H), 3.97 — 3.91
(m, 2H), 3.80 — 3.77 (m, 1H), 3.33 (dd, J=29.6, 12.2 Hz, 1H), 3.27 (s, 1H), 2.68 — 2.65 (m, 1H),
247 (d,J=15.1 Hz, 1H), 2.46 — 2.43 (m, 1H), 2.42 (d, /= 11.7 Hz, 1H), 2.32 (dd, J=16.2, 7.1
Hz, 1H), 1.95 (dd, J = 9.7, 7.3 Hz, 1H), 1.78 (s, 1H), 1.74 (dd, J = 12.9, 7.4 Hz, 1H), 1.66 (s,
3H), 1.55 (dd, J = 14.5, 9.9 Hz, 2H), 0.82 (s, 9H), 0.22 (s, 9H), -0.04 (s, 3H), -0.07 (s, 3H).
HRMS (m/z): (ESI) calcd. for C26Ha604>*Na?8Si, [M+Na]*: 501.2827, found 501.2836.
Tricycle 2.3.33:
TLC: Rr=0.67 (50% EtOAc/hexanes)
TH NMR: (600 MHz, CsDs) 6 7.24 (d, J = 7.4 Hz, 2H), 7.01 (t, J = 7.7 Hz, 2H), 6.95 — 6.89 (m,
1H), 5.31 (s, 1H), 4.82 (s, 1H), 4.66 (s, 1H), 4.34 (br s, 1H, OH), 3.69 — 3.63 (m, 1H), 3.30 (m,
1H), 3.18 (s, 1H), 2.97 (m, 1H), 2.91 (br s, 1H, OH), 2.64 (m, 1H), 2.45 (m, 1H), 2.10 (dd, J =
14.7, 8.7 Hz, 1H), 1.92 (m, 1H), 1.82 (m, 1H), 1.62 (s, 3H), 1.19 — 1.13 (m, 1H), 0.98 (m, 1H),
0.91 (d, 3H), 0.90 (s, 9H), 0.28 (s, 9H), 0.05 (s, 3H), 0.02 (s, 3H).
HRMS (m/z): (ESI) caled. for C3:Hs204**Na*2S?8Si, [M+Na]*: 611.3017, found 611.3025.
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13C NMR: (151 MHz, C¢Ds) 8 150.5, 146.2, 134.5, 132.3, 131.2, 130.7, 128.7, 126.6, 112.7,
86.6, 85.9, 79.1, 76.2, 68.0, 60.3, 46.9, 46.6, 45.6, 45.1, 38.2, 32.2, 29.8, 25.8, 25.7, 18.0, 17.0,
16.8,2.3,2.1,-4.4,-4.6,-4.8,-5.2.

Note 3C shifts for the mixture of 2.3.33 and 2.3.29 are reported; for additional structural
information see 2D spectra.

General procedure C: Synthesis of type III aldehydes.

Step C1: Michael addition of a methyl Gilman reagent to ethyl 2-butynoate followed by
alkylation of the resulting cuprate.

An oven-dried round-bottom flask was charged with CuBreDMS (1.0 equiv.) inside a glovebox.
THF (0.14 M, degassed) was added, and the resulting suspension was cooled to 0 °C.
Methyllithium (1.6 M in Et,0, 2.0 equiv.) was added and the resulting clear solution was cooled
to —78 °C. Ethyl 2-butynoate (1.0 equiv.) in THF (0.56 M, degassed) was added dropwise and the
reaction mixture was stirred for 1 hour. Then, the corresponding allyl or propargyl halide (2.0
equiv.) in THF (2 M, degassed) was added dropwise and the reaction mixture was stirred
overnight while being allowed to slowly warm to ambient temperature. The reaction mixture was
quenched by addition of satd. ag. NH4ClI (volume equal to total THF volume). The organic layer
was separated and the aqueous layer was extracted with Et;O (3 x volume equal to total THF
volume). The combined organic layers were dried over Na;SO4 and concentrated under reduced
pressure. The crude residue was purified by silica gel chromatography (0 to 40% EtO/hexanes)
to give the corresponding alkylated Michael addition product.

Step C2: Reduction of alkylation products.

A flame-dried round-bottom flask was charged with the ester product from step C1 (1.0 equiv.)
and DCM (0.1 M) and was subsequently cooled to —78 °C. A solution of DIBAL (1 M in
hexanes, 3.5 equiv.) was added and the reaction mixture was stirred for 3 hours before being
quenched by addition of EtOAc (10% of DIBAL solution volume) and satd. ag. NH4ClI (40% of
DIBAL solution volume). The resulting mixture was allowed to warm to ambient temperature
and was then stirred for 1 hour. The resulting suspension was filtered over a pad of celite, and the
filter cake was generously washed with Et;O and the filtrate was concentrated under reduced
pressure. The crude residue was purified by silica gel chromatography (10 to 70% Et,O/hexanes)
to afford the corresponding alcohol products.

Step C3: Epoxidation of reduction products.

A flame-dried round-bottom flask was charged with the alcohol obtained in step C2 (1.0 equiv.),
DCM (0.1 M), and NaHCO3 (5.0 equiv.). Then, m-CPBA (1.4 equiv.) was added and the reaction
mixture was stirred for 10 minutes or until conversion was completed as judged by TLC. After
quenching with satd. ag. NaHCO; (volume equal to DCM volume) and satd. ag. Na>S>03
(volume equal to DCM volume), the layers were separated and the aqueous layer was extracted
three times with DCM. The combined organic layers were dried over Na;SO4 and concentrated
under reduced pressure. The crude reaction product was purified by column chromatography (10
to 70% Et:O/hexanes) to provide pure epoxide product.

Step C4: Oxidation to form type Il aldehydes.

An oven-dried round-bottom flask was charged with the corresponding o,p-epoxy alcohol
arising from step C3 (1.0 equiv.), DCM (0.1 M), and NaHCO3; (2.0 equiv.). Then, DMP (1.3
equiv.) was added and the reaction mixture was stirred at room temperature for 5 minutes or until
conversion was complete as judged by TLC. After quenching with satd. ag. NaHCO3 (volume
equal to DCM volume) and satd. ag. Na>S>03 (volume equal to DCM volume), the layers were
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separated and the aqueous layer was extracted three times with DCM. The combined organic
layers were dried over Na;SOs and concentrated under reduced pressure. The crude reaction
product was purified by column chromatography (0 to 40% Et,O/hexanes) to provide pure
aldehyde product.

Me Me Me

S m-CPBA DMP
\/\f\ Me —_— A Me _ A Me
o 0
OH OH o
SI-1 SI-2 2.3.35

Type III aldehyde 2.3.35:

Synthesized according to general procedure C, steps C3 and C4, from known alcohol SI-1.5-2
Step C3: Epoxide SI-2 was synthesized from known olefin SI-1 (1 g, 7.9 mmol) according to
general procedure C, step C3. After purification, desired o,-epoxy alcohol SI-2 (824 mg, 5.9
mmol, 75%) was obtained as a colorless oil.

Epoxide SI-2:

TLC: Rr=0.20 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl;3) 8 5.83 (ddt, J = 14.2, 10.3, 6.9 Hz, 1H), 5.19 — 5.11 (m, 2H), 3.78
—3.68 (m, 2H), 2.72 (ddt, J = 14.8, 7.2, 1.3 Hz, 1H), 2.27 (dd, J = 14.7, 6.2 Hz, 1H), 1.39 (s,
3H), 1.38 (s, 3H).

I3C NMR: (151 MHz, CDCl3) 4 133.2, 118.0, 66.1, 62.9, 62.6, 35.2, 21.2, 20.7.

HRMS (m/z): (ESI) caled. for CsH140,?*Na [M+Na]": 165.0886, found 165.0885.

Step C4: Epoxide SI-2 (361 mg, 2.54 mmol) was subjected to general procedure C, step C4, to
provide type III aldehyde 2.3.35 (256 mg, 1.82 mmol, 72%).

Aldehyde 2.3.35:

TLC: Rr=0.70 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl3) 6 9.51 (s, 1H), 5.81 (ddt, J = 17.2, 10.2, 6.6 Hz, 1H), 5.17 — 5.09
(m, 3H), 2.76 (dd, J=15.2, 7.1 Hz, 1H), 2.42 (dd, /= 15.2, 6.1 Hz, 1H), 1.43 (s, 6H).

I3C NMR: (151 MHz, CDCl3) 4 201.8, 131.9, 118.4, 68.7, 64.2, 31.9, 21.8, 20.6.

HRMS (m/z): (EI+) calcd. for CsH1202: 140.0837, found 140.0835.
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227 2.2.8 Phs 2.3.8a (17%) 2.3.8b (19%)
+ other diastereomers

Cyclization precursors 2.3.8a and 2.3.8b:

Synthesized from 2.2.7 (132 mg, 0.500 mmol) and type III aldehyde 2.3.35 (141 mg, 1.0 mmol)
according to general procedure A, resulting in 2.3.8a (44 mg, 0.086 mg, 17%) and 2.3.8b (48
mg, 0.093 mmol, 19%) after purification by column chromatography (5 to 50% EtOAc/hexanes)
alongside other tentative diastereomer products.

Desired C14 epimer 2.3.8a:

TLC: Rr=0.53 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢Ds¢) & 7.32 — 7.26 (m, 2H), 7.03 — 6.98 (m, 2H), 6.94 — 6.88 (m, 1H),
5.34 (d, J=3.7 Hz, 1H), 5.16 (d, J = 6.3 Hz, 1H), 5.04 (dd, J = 17.2, 1.6 Hz, 1H), 5.00 — 4.97
(m, 1H), 4.14 (dd, J = 8.9, 1.8 Hz, 1H), 4.09 — 4.03 (m, OH), 3.88 (s, 1H), 3.31 (d, J = 13.7 Hz,
1H), 3.25 (d, J = 13.7 Hz, 1H), 3.07 (t, J = 8.1 Hz, 1H), 2.98 — 2.89 (m, 1H), 2.78 (d, J = 18.1
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Hz, 1H), 2.70 (dd, J = 15.6, 7.8 Hz, 1H), 2.59 — 2.50 (m, 1H), 2.40 (d, J = 18.0 Hz, 1H), 1.99
(dd, J=16.8, 8.0 Hz, 1H), 1.46 (s, 3H), 1.24 (s, 3H), 1.21 (s, 3H), 0.07 (s, 9H).

13C NMR: (151 MHz, C¢D¢) 8 209.9, 144.3, 136.3, 135.6, 134.6, 131.0, 129.7, 129.0, 126.8,
122.9, 116.1, 84.7, 74.6, 66.2, 62.0, 60.3, 55.3, 45.8, 45.4, 36.0, 33.9, 22.0, 21.7, 16.4, 1.9.
HRMS (m/z): (ESI) calcd. for C2oH4004**Na32S28Si [M+Na]*: 535.2309, found 535.2312.
Undesired C14 epimer 2.3.8b:

TLC: Rr=0.59 (50% EtOAc/hexanes)

TH NMR: (600 MHz, CsDs) 6 7.38 (dd, J = 8.3, 1.2 Hz, 2H), 7.05 (t, J = 7.8 Hz, 2H), 6.96 — 6.91
(m, 1H), 5.96 — 5.89 (m, 1H), 5.88 (s, 1H), 5.19 (s, 1H), 5.02 — 4.99 (m, 1H), 4.98 (dt, J = 5.1,
1.7 Hz, 1H), 4.74 (dd, J = 5.0, 3.5 Hz, 1H), 4.05 (br s, 1H, OH), 3.46 (d, J = 13.2 Hz, 1H), 3.35
(d, J=13.2 Hz, 1H), 3.25 (t, J = 8.1 Hz, 1H), 3.12 — 3.06 (m, 1H), 2.83 (d, J = 18.3 Hz, 1H),
2.70 (dd, J=15.8, 6.2 Hz, 1H), 2.59 (d, J = 18.0 Hz, 1H), 2.33 (d, J = 5.1 Hz, 1H), 2.27 (ddt, J =
15.8, 6.9, 1.5 Hz, 1H), 2.02 (dd, /= 16.9, 8.1 Hz, 1H), 1.47 — 1.45 (m, 3H), 1.32 (s, 3H), 1.16 (s,
3H), 0.08 (s, 9H).

13C NMR: (151 MHz, C¢Ds) & 208.0, 144.2, 136.7, 135.1, 134.1, 131.2, 129.5, 129.0, 126.5,
123.9,116.7, 85.1, 72.6, 65.9, 62.5, 60.8, 54.7, 45.7, 35.9, 35.7, 22.0, 21.0, 16.4, 1.9.

HRMS (m/z): (ESI) calcd. for C2oH4004*Na32S28Si [M+Na]*: 535.2309, found 535.2301.

2.3.43 X=H,Y=0OH

2.3.46b

Tricycles 2.3.43 and 2.3.43b; alcohols 2.3.46a and 2.3.46b:

Synthesized from alkene 2.3.8a (44 mg, 86 pwmol) using general procedure B. After purification
(5 to 60% EtOAc/hexanes), a mixture of copolar olefin isomers 2.3.43 and 2.3.43b and
secondary alcohol 2.3.46b (12 mg, 23 umol, 27%, 3.3:2:1 2.3.43:2.3.43b:2.3.46b) was isolated
alongside a mixture of copolar products containing alcohol 2.3.46a (12 mg, 23 umol, 27%) as
the major constituent.

Tricycle 2.3.43:

TLC: Rr=0.39 (50% EtOAc/hexanes)

TH NMR: (700 MHz, C¢Ds) & 7.41 (dd, J = 6.0, 1.2 Hz, 2H), 7.05 (d, J = 7.7 Hz, 2H), 6.96 —
6.93 (m, 1H), 5.64 (s, 1H), 5.28 (s, 1H), 4.02 (s, 1H), 3.59 (s, 2H), 3.33 (d, / = 12.9 Hz, 1H),
3.28 (d,J=13.0 Hz, 1H), 2.98 (s, 1H), 2.90 (d, /= 14.3 Hz, 1H), 2.87 (d, J = 19.4 Hz, 1H), 2.65
(t,J=8.9 Hz, 1H), 2.45 (d, J= 7.3 Hz, 1H), 2.32 (d, /= 16.6 Hz, 1H), 2.28 (dd, /= 16.2, 8.4 Hz,
2H), 2.10 — 2.07 (m, 1H), 1.54 (s, 3H), 1.24 (d, J = 3.6 Hz, 1H), 1.21 (s, 3H), 1.20 (s, 3H), 0.96
(d, J=7.4 Hz, 3H), 0.10 (s, 9H).

HRMS (m/z): (ESI) calcd. for C2oH42042*Na*2S28Si [M+Na]*: 537.2465, found 537.2472.
Tricycle 2.3.43b:

TLC: Rr=0.39 (50% EtOAc/hexanes)

TH NMR: (700 MHz, C¢D¢) & 7.39 (d, J = 1.0 Hz, 2H), 7.04 (d, J = 7.6 Hz, 2H), 7.01 (d, J = 8.1
Hz, 1H), 5.63 (s, 1H), 5.61 (d, J=3.9 Hz, 1H), 4.15 (s, 1H), 3.57 (s, 1H), 3.52 (s, 1H), 3.36 (d, J
=13.0 Hz, 1H), 3.25 (d, J=13.0 Hz, 1H), 3.18 (s, 1H), 2.95 —2.92 (m, 2H), 2.47 (d, J = 9.4 Hz,
2H), 2.41 (s, 1H), 2.28 — 2.26 (m, 2H), 2.17 (d, J = 16.4 Hz, 1H), 1.61 (s, 3H), 1.20 (s, 3H), 1.19
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(s, 3H), 0.99 (d, J = 7.4 Hz, 3H), 0.09 (s, 9H). Note only select peaks are reported due to
overlap.

Assorted 13C peaks for 2.3.43 and 2.3.43b:

13C NMR: (151 MHz, C¢D¢) & 142.2, 136.5, 133.4, 132.2, 131.9, 131.2, 130.1, 128.9, 128.8,
128.7, 126.7, 125.1, 85.1, 84.6, 81.6, 80.3, 75.0, 74.9, 66.3, 65.8, 64.2, 58.6, 53.8, 47.7, 47.3,
45.1, 39.8, 39.6, 39.2, 39.1, 36.7, 30.0, 27.7, 27.6, 22.4, 22.3, 20.6, 20.5, 17.8, 17.2, 16.6, 2.3,
2.1,2.0.

Alcohol 2.3.46a:

TLC: Rr=0.65 (50% EtOAc/hexanes)

TH NMR: (700 MHz, C¢Ds) 8 7.28 (d, J = 7.3 Hz, 2H), 7.02 — 6.99 (m, 2H), 6.91 — 6.88 (m, 1H),
6.06 — 5.99 (m, 1H), 5.49 (d, J = 6.5 Hz, 1H), 5.22 (s, 1H), 5.07 (dd, /= 17.2, 1.6 Hz, 1H), 4.98
(d, J=10.1 Hz, 1H), 4.53 (d, J = 9.1 Hz, 1H), 4.20 (s, 1H), 3.69 (d, 1H), 3.40 (dt, /= 10.8, 5.6
Hz, 2H), 3.30 (d, J = 13.5 Hz, 1H), 3.19 (dd, J = 13.0, 8.1 Hz, 1H), 2.95 (dd, J = 16.1, 9.5 Hz,
1H), 2.89 (dd, J = 15.7, 7.9 Hz, 1H), 2.67 (s, 1H), 2.50 (dd, J = 15.7, 5.8 Hz, 1H), 2.15 — 2.08
(m, 1H), 1.85 (dd, J=15.9, 7.2 Hz, 1H), 1.56 (s, 3H), 1.25 (s, 3H), 1.19 (s, 3H), 0.10 (s, 9H).

13C NMR: (151 MHz, C¢D¢) & 146.8, 135.7, 131.3, 131.0, 129.7, 129.0, 128.7, 126.2, 126.0,
116.2, 86.5, 76.9, 72.8, 67.8, 63.7, 50.2, 47.4, 45.3, 45.2, 37.4, 33.9, 22.3, 21.9, 16.9, 16.6, 2.1,
2.0.

HRMS (m/z): (ESI) calcd. for C2oH42042*Na*2S28Si [M+Na]*: 537.2465, found 537.2471.
Alcohol 2.3.46b:

TLC: Rr=0.39 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢Ds) 8 5.96 (ddt, J = 17.2, 10.2, 6.8 Hz, 1H), 5.38 (d, J = 6.0 Hz, 1H),
5.33 (s, 1H), 5.06 (dd, J= 17.1, 1.8 Hz, 1H), 4.99 (dd, J = 10.2, 1.7 Hz, 2H), 4.33 (s, 1H), 3.94
(d, J = 11.2 Hz, 1H), 0.13 (s, 9H). Note only select peaks are reported as the others are
obscured.

2.3.50
Tricycle 2.3.54 and tetracycle 2.3.50:

Synthesized from alkene 2.3.8b (30 mg, 59 umol) using general procedure B. After purification

(5 to 60% EtOAc/hexanes) the major product, tricycle 2.3.54 (11 mg, 21 umol, 37%) was
separated from tetracycle 2.3.50 (3 mg, 7 umol, 12%).

Tricycle 2.3.54:

TLC: Rr=0.72 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢Ds) 6 7.22 (dt, J = 8.3, 1.5 Hz, 2H), 7.03 — 6.97 (m, 2H), 6.89 (tt, J =
7.1, 1.2 Hz, 1H), 5.92 (dd, J= 7.3, 1.9 Hz, 1H), 5.22 (s, 1H), 4.58 (d, /= 10.0 Hz, 1H), 3.96 (d, J
=7.2 Hz, 1H), 3.79 (dt, J=10.0, 2.0 Hz, 1H), 3.68 (s, 1H), 3.45 (d, /= 13.3 Hz, 1H), 2.97 — 2.92
(m, 1H), 2.75 (d, J = 17.6 Hz, 1H), 2.69 (d, J = 17.8 Hz, 1H), 2.59 (dd, J = 16.2, 8.2 Hz, 1H),
2.53 —2.46 (m, 1H), 1.81 (dd, J = 16.2, 7.6 Hz, 1H), 1.66 (t, J = 8.2 Hz, 1H), 1.56 — 1.51 (m,
1H), 1.50 (s, 3H), 1.46 (s, 3H), 1.26 (s, 3H), 1.16 (ddd, J = 14.3, 3.8, 1.6 Hz, 1H), 0.90 (d, J =
6.7 Hz, 3H), 0.05 (s, 9H).
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I3C NMR: (151 MHz, C¢Ds) & 144.3, 135.6, 134.9, 131.5, 131.2, 129.0, 128.7, 126.3, 88.2, 77.6,
72.7,65.7,60.3, 54.5,49.5, 43.9,42.3, 37.7, 36.2, 30.7, 20.6, 20.3, 17.9, 16.6, 2.0.

HRMS (m/z): (ESI) calcd. for C2oH4204*Na32S?8Si [M+Na]*: 537.2465, found 537.2461.
Tetracycle 2.3.50:

TLC: Rr=0.49 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢D¢) 6 5.22 (s, 1H), 4.86 (t, J = 2.0 Hz, 1H), 4.68 (t, J = 2.0 Hz, 1H),
3.79 (s, 1H), 3.54 (d, J = 2.5 Hz, 1H), 3.25 (br s, 1H), 3.18 (dd, J = 10.1, 4.3 Hz, 1H), 2.85 —
2.71 (m, 1H), 2.66 (d, J = 14.4 Hz, 1H), 2.60 (d, J = 14.9 Hz, 1H), 2.43 (d, J = 14.9 Hz, 1H),
2.35(dd, J=13.9, 10.2 Hz, 1H), 1.97 — 1.86 (m, 2H), 1.72 (m, 1H), 1.68 (dd, J = 13.1, 5.6 Hz,
1H), 1.60 (s, 3H), 1.29 (s, 3H), 1.28 (m, 1H), 1.15 (s, 3H), 0.16 (s, 9H).

13C NMR: (151 MHz, CeéD¢) & 150.4, 144.9, 132.0, 112.9, 86.0, 80.3, 79.1, 63.5, 60.2, 58.3,
48.3,46.7,46.7,43.3, 37.1, 30.0, 20.6, 20.4, 16.9, 2.1.

HRMS (m/z): (ESI) calcd. for C23H3604*Na?8Si [M+Na]*: 427.2275, found 427.2270.
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SI-3 Si-5 2.4.3
Alkyne-containing type III aldehyde 2.4.3:

Synthesized using general procedure C as follows:

Ester SI-3:

Propargyl bromide was used to quench the cuprate arising from ethyl 2-butynoate (4.75 g, 42. 4
mmol) in step C1 of general procedure C, resulting in ester SI-3 (6.76 g, 40.7 mmol, 96%).

TLC: Rr=0.77 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CDCls) & 4.21 (q, J = 7.1 Hz, 2H), 3.20 (d, J = 2.5 Hz, 2H), 2.06 (s, 3H),
1.94 (t,J=2.7 Hz, 1H), 1.90 (s, 3H), 1.29 (t,J = 7.1 Hz, 3H).

I3C NMR: (151 MHz, CDCl3) 8 167.7, 147.1, 122.5, 81.7, 67.9, 60.3, 23.1, 22.7, 19.3, 14.2.
Allylic alcohol SI-4:

Reduction of ester SI-3 (4.76 g, 28.7 mmol) according to step C2 of general procedure C resulted
in allylic alcohol SI-4 (2.96 g, 23.9 mmol, 83%).

TLC: Rr=0.26 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl3) 8 4.25 (s, 2H), 3.06 (s, 2H), 1.98 (t, J= 2.7 Hz, 1H), 1.77 (s, 3H),
1.74 (s, 3H), 1.71 (br s, 1H).

13C NMR: (151 MHz, CDCl3) 8 132.0, 126.8, 82.8, 68.2, 61.7, 20.7, 20.3, 19.8.

HRMS (m/z): (ESI) calcd. for CsH120%**Na [M+Na]": 147.0780, found 147.0780.

Epoxide SI-5:

Epoxidation of allylic alcohol SI-4 (1.4 g, 11 mmol) according to step C3 of general procedure C
resulted in epoxide SI-5 (600 mg, 4.30 mmol, 39%).

TLC: Rr=0.22 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl3) & 3.89 (d, J = 12.0 Hz, 1H), 3.78 (d, J = 12.0 Hz, 1H), 2.91 (dd, J
=17.1, 2.7 Hz, 1H), 2.32 (br s, 1H, OH), 2.29 (m, 1H), 2.04 (t, J = 2.7 Hz, 1H), 1.39 (s, 3H),
1.36 (s, 3H).

13C NMR: (151 MHz, CDCls) 8 79.6, 70.6, 65.8, 62.9, 62.4, 20.9, 20.6, 20.5.

HRMS (m/z): (ESI) caled. for CsHi20,?*Na [M+Na]": 163.0730, found 163.0729.

Type Il aldehyde 2.4.3:

Oxidation of epoxide SI-5 (600 mg, 4.30 mmol) according to step C4 of general procedure C
resulted in type III aldehyde 2.4.3 (370 mg, 2.65 mmol, 62%).
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TLC: Rr=0.69 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl3) 8 9.53 (s, 1H), 2.74 (dd, J = 17.3, 2.8 Hz, 1H), 2.65 (dd, J = 17.3,
2.7 Hz, 1H), 2.05 (t, J= 2.7 Hz, 1H), 1.47 (s, 3H), 1.46 (s, 3H).

I3C NMR: (151 MHz, CDCl3) § 199.9, 78.1, 70.9, 67.3, 64.5, 21.5, 20.3, 18.3.
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2927 2.4.2 (8%) 2.4.4 (19%)
+ other diastereomers

Alkyne-containing cyclization precursors 2.4.2 and 2.4.4:

Synthesized from 2.2.7 (767 mg, 2.9 mmol) and type III aldehyde 2.4.3 (800 mg, 5.8 mmol)
according to general procedure A. Purification with column chromatography (5 to 60%
EtOAc/hexanes) resulted in tentative desired C14-epimer 2.4.2 (115 mg, 0.228 mmol, 8%) and
undesired C14-epimer 2.4.4 (274 mg, 0.540 mmol, 19%) alongside other tentative diastereomeric
products.

Aldol product 2.4.2:

TLC: Rr=0.55 (50% EtOAc/hexanes)

TH NMR: (600 MHz, CsDs) & 7.30 (dd, J = 8.3, 1.2 Hz, 2H), 7.02 — 6.95 (m, 2H), 6.94 — 6.87
(m, 1H), 5.58 (s, 1H), 5.19 (s, 1H), 4.27 (dd, J= 7.3, 1.8 Hz, 1H), 4.08 (dd, /= 9.3, 2.2 Hz, 1H),
4.01 (d, J=2.6 Hz, 1H), 3.39 (d, J= 13.4 Hz, 1H), 3.35 (dd, J=17.8, 2.7 Hz, 1H), 3.31 (d, J =
13.4 Hz, 1H), 3.10 (t, J = 8.0 Hz, 1H), 3.00 — 2.90 (m, 1H), 2.75 (d, /= 18.0 Hz, 1H), 2.48 (d, J
=17.9 Hz, 1H), 2.25 (dd, J=17.8, 2.4 Hz, 1H), 2.00 (dd, J = 16.8, 8.0 Hz, 1H), 1.65 (t, /= 2.8
Hz, 1H), 1.48 (s, 3H), 1.33 (s, 3H), 1.21 (s, 3H), 0.10 (s, 9H).

13C NMR: (151 MHz, C¢D¢) 8 209.7, 144.3, 136.7, 134.0, 130.7, 129.7, 129.0, 126.6, 123.6,
84.7,80.5,73.6, 71.1, 66.2, 62.3, 60.2, 55.0, 45.5, 45.5, 36.0, 21.7, 21.7, 19.9, 16.4, 1.9.

HRMS (m/z): (ESI) calcd. for C20H3904°2S28Si [M+H]": 511.2333, found 511.2343.

Undesired C14 epimer 2.4.4:

TLC: Rr=0.60 (50% EtOAc/hexanes)

TH NMR: (600 MHz, CsDs) 6 7.39 (dd, J = 8.2, 1.0 Hz, 2H), 7.10 — 7.02 (m, 2H), 6.94 (t, J = 7.4
Hz, 1H), 5.95 (s, 1H), 5.19 (s, 1H), 4.88 (dd, /= 5.5, 3.1 Hz, 1H), 4.05 (s, 1H), 3.47 (d, J=13.3
Hz, 1H), 3.38 (d, /= 13.3 Hz, 1H), 3.26 (t, /= 8.0 Hz, 1H), 3.11 (dd, /= 16.3, 7.3 Hz, 1H), 2.85
(d, J=18.1 Hz, 1H), 2.77 (dd, J = 17.4, 2.7 Hz, 1H), 2.58 (d, J = 18.1 Hz, 1H), 2.39 (d,J=5.5
Hz, 1H), 2.24 (dd, /= 17.4, 2.8 Hz, 1H), 2.03 (dd, /= 16.9, 8.1 Hz, 1H), 1.71 (t, /= 2.7 Hz, 1H),
1.46 (s, 3H), 1.28 (s, 3H), 1.21 (s, 3H), 0.08 (s, 9H).

13C NMR: (151 MHz, C¢Dg) 8 207.4, 144.2, 136.7, 134.3, 131.1, 129.5, 129.0, 126.5, 123.7,
85.2, 80.6, 72.1, 71.1, 65.5, 62.6, 60.8, 54.8, 45.7, 45.7, 36.0, 21.7, 21.6, 20.7, 16.4, 1.8.

2.4.6 (30%)
Observed instead

Secondary alcohol 2.4.6:
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This product was observed when desired cyclization precursor 2.4.2 (30 mg, 59 umol) was
subjected to general procedure B. After purification by column chromatography (20 to 60%
EtOAc/hexanes) reduction product 2.4.6 (9 mg, 18 umol, 30%) was isolated.

TLC: Rr=0.45 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢Ds) 6 7.31 (dd, J = 8.3, 1.1 Hz, 2H), 7.04 — 6.98 (m, 2H), 6.94 — 6.88
(m, 1H), 5.54 (d, /= 6.3 Hz, 1H), 5.36 (s, 1H), 4.36 — 4.31 (m, 1H), 3.87 (d, /= 11.2 Hz, 1H),
3.64 (dt,J=10.9, 5.3 Hz, 1H), 3.39 (d, J=13.6 Hz, 1H), 3.31 (d, /= 13.5 Hz, 1H), 3.17 (dd, J =
17.6,2.7 Hz, 1H), 2.66 (d, J=17.2 Hz, 1H), 2.47 - 2.37 (m, 3H), 2.25 -2.16 (m, 3H), 1.71 (t,J
=2.8 Hz, 1H), 1.57 (s, 3H), 1.29 (s, 3H), 1.22 (s, 3H), 0.16 (s, 9H).

I3C NMR: (151 MHz, C¢Ds) & 144.7, 137.6, 134.6, 132.1, 129.9, 129.0, 126.1, 125.2, 84.0, 80.4,
73.4,73.0,71.0,67.9, 64.7, 53.1, 45.9,44.9,42.9, 41.0, 21.8, 21.8, 19.8, 16.7, 2.1.

HRMS (m/z): (ESI) calcd. for C2oH4004**Na32S?8Si [M+Na]*: 535.2309, found 535.2315.

Tricycle 2.4.9:

This product was obtained when undesired Cl4-epimer 2.4.4 (128 mg, 0.25 mmol) was
subjected to general procedure B. Note that 10 equiv. of Sml> were used, without a change in the
other reaction parameters. After purification (10 to 50% EtOAc/hexanes, note the allylic alcohol
product 2.4.9 is unstable on silica) the titular compound 2.4.9 (73 mg, 0.14 mmol, 40%) was
isolated.

TLC: 0.61 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢Ds) & 7.26 (dd, J = 8.3, 1.1 Hz, 2H), 7.05 — 7.00 (m, 2H), 6.92 — 6.89
(m, 1H), 5.77 (d, J = 5.5 Hz, 1H), 5.26 (s, 1H), 5.00 (d, J = 1.2 Hz, 1H), 4.94 (s, 1H), 4.71 (s,
1H), 4.37 (d, J = 8.8 Hz, 1H), 3.94 (dd, J = 8.8, 3.4 Hz, 1H), 3.74 (s, 1H), 3.37 (d, J = 13.3 Hz,
1H), 3.06 (d, /= 13.3 Hz, 1H), 2.90 (d, J = 14.2 Hz, 1H), 2.79 — 2.74 (m, 1H), 2.73 (s, 1H), 2.72
(s, 1H), 2.37 (t, J = 8.8 Hz, 1H), 2.08 (d, J = 14.2 Hz, 1H), 1.87 (dd, J = 16.5, 7.6 Hz, 1H), 1.55
(s, 3H), 1.51 (s, 3H), 1.26 (s, 3H), 0.04 (s, 9H).

13C NMR: (151 MHz, C¢D¢) & 146.1, 144.7, 136.3, 134.9, 131.4, 130.5, 129.0, 126.2, 112.9,
87.1,77.9,75.2,67.6,61.2,51.4,51.1,44.7,43.3,35.2,32.6, 21.3, 21.1, 16.7, 1.9.

HRMS (m/z): (ESI) calcd. for C2oH4004**Na32S28Si [M+Na]*: 535.2309, found 535.2302.

M
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(E)-vinyl bromide-containing type III aldehyde 2.4.14:

This aldehyde was synthesized in 5 steps from allylic alcohol SI-4 as follows:

Allylic silanol SI-6:

An oven-dried 250 mL round-bottom flask was charged with allylic alcohol SI-4 (960 mg, 7.70
mmol, 1.0 equiv.), DCM (77 mL), and imidazole (1.30 g, 15.4 mmol, 2.0 equiv.). Then, TBSCI
(1.4 g, 9.2 mmol, 1.2 equiv.) was added, upon which the clear reaction mixture turned into a
white suspension. The reaction mixture was stirred at room temperature until conversion was
complete, as judged by TLC, and was then quenched with satd. ag. NaHCOs3 (70 mL). The layers
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were separated and the aqueous layer was extracted with DCM (3 x 70 mL). The combined
organic layers were dried over Na;SO4 and concentrated under reduced pressure. The crude
reaction product was purified by column chromatography (0 to 40% Et,O/hexanes) to yield pure
silanol SI-6 (1.6 g, 6.7 mmol, 87%) as a pale yellow oil.

TLC: 0.75 (10% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl3) & 4.26 (s, 2H), 3.03 (d, J = 2.4 Hz, 2H), 1.91 (t, J = 2.7 Hz, 1H),
1.75 (s, 3H), 1.73 (s, 3H), 0.91 (s, 9H), 0.08 (s, 6H).

13C NMR: (151 MHz, CDCl3)  130.0, 127.2, 83.1, 67.3, 61.2, 26.0, 20.8, 20.2, 18.5, 18.4, -5.3.
(E)-vinyl bromide SI-7:

An oven-dried 100 mL round-bottom flask was charged with solid Schwartz’s reagent (790 mg,
3.06 mmol, 1.25 equiv.) and PhH (20 mL). A solution of silanol SI-6 (578 mg, 2.42 mmol, 1.0
equiv.) in PhH (10 mL) was added dropwise and the resulting beige suspension was stirred at
room temperature for 90 minutes, during which time a gradual change to an orange solution was
observed. At this point solid NBS (550 mg, 3.09 mmol, 1.25 equiv.) was added and the reaction
mixture, which changed color from orange to yellow, was stirred for 30 minutes before being
quenched with H,O (30 mL). The layers were separated and the aqueous layer was extracted
with Et2O (3 x 30 mL). The combined organic layers were dried over Na;SO4 and concentrated
under reduced pressure. The crude reaction product was purified by column chromatography (0
to 40% Et,O/hexanes) to yield pure (£)-vinyl bromide SI-7 (700 mg, 2.19 mmol, 90%) as a pale
yellow oil.

TLC: 0.75 (10% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl3) 8 6.14 (dt, J = 13.6, 6.8 Hz, 1H), 5.98 (dt, J = 13.5, 1.5 Hz, 1H),
4.13 (s, 1H), 4.13 (s, 1H), 2.88 (s, 1H), 2.87 (s, 1H), 1.71 (s, 3H), 1.68 (s, 3H), 0.90 (s, 9H), 0.06
(s, 6H).

13C NMR: (151 MHz, CDCl3) 8 135.9, 129.9, 128.3, 104.5, 61.7, 33.1, 26.0, 20.6, 20.1, 18.4, -
5.3.

Allylic alcohol SI-8:

An oven-dried 100 mL round-bottom flask was charged with (E)-vinyl bromide SI-7 (700 mg,
2.2 mmol, 1.0 equiv.) and THF (22 mL). A solution of TBAF (2.2 mL, 1.0 M in THF, 2.2 mmol,
1.0 equiv.) was added and stirring was continued until all silanol SI-7 was consumed. The
reaction mixture was quenched with H>O (20 mL) and the layers were separated. The aqueous
layer was extracted with Et;0O (3 x 20 mL) and the combined organic layers were dried over
Na;SO4 and concentrated under reduced pressure. The crude residue was purified by column
chromatography (20 to 80% Et-O/hexanes) to provide pure allylic alcohol SI-8 (400 mg, 2.0
mmol, 90%) as a yellow oil.

TLC: 0.33 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl3) § 6.15 (dt, J = 13.6, 6.8 Hz, 1H), 6.04 (d, J = 13.5 Hz, 1H), 4.13

(s, 1H), 4.13 (s, 1H), 2.91 (s, 1H), 2.90 (s, 1H), 1.77 (s, 3H), 1.71 (s, 3H).

13C NMR: (151 MHz, CDCls) 8 135.6, 132.5, 128.2, 105.0, 61.9, 34.0, 20.6, 20.2.

Epoxide SI-9:

Allylic alcohol SI-8 (400 mg, 2.0 mmol) was epoxidized according to step C3 of general
procedure C, resulting in epoxide SI-9 (220 mg, 1.0 mmol, 50%) as a yellow oil.

TLC: 0.28 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl3) § 6.24 — 6.15 (m, 2H), 3.72 (q, J = 11.8 Hz, 2H), 2.75 — 2.70 (m,
1H), 2.28 — 2.22 (m, 1H), 1.39 (s, 3H), 1.37 (s, 3H).

13C NMR: (151 MHz, CDCl3) 4 132.4, 107.5, 65.6, 62.9, 62.4, 33.9, 21.2, 20.6.
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Aldehyde 2.4.14:

Epoxide SI-9 (220 mg, 1.0 mmol) was oxidized according to step C4 of general procedure C,
resulting in desired (E£)-vinyl bromide-containing type III aldehyde 2.4.14 (110 mg, 0.50 mmol,
50%) as a yellow oil.

TLC: 0.75 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CDCls) & 9.46 (s, 1H), 6.18 (dd, J= 4.2, 0.9 Hz, 2H), 2.78 — 2.72 (m, 1H),
2.36 (dd, J=15.2,4.9 Hz, 1H), 1.46 (s, 3H), 1.43 (s, 3H).

I3C NMR: (151 MHz, CDCl3) § 201.4, 131.2, 108.2, 67.9, 64.4, 30.9, 21.9, 20.6.
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(E)-vinyl bromide-containing cyclization substrates 2.4.13 and 2.4.15:

Reaction of enone 2.2.7 (132 mg, 0.500 mmol) and type III aldehyde 2.4.14 (219 mg, 1.00
mmol) according to general procedure A followed by purification via column chromatography (5
to 60% EtOAc/hexanes) resulted in formation of desired Cl14-epimer 2.4.13 (19 mg, 0.032
mmol, 6.4%) and undesired Cl4-epimer 2.4.15 (100 mg, 0.169 mmol, 33%) alongside other
tentative diastereomer products.

Desired cyclization substrate 2.4.13:

TLC: Rr=0.56 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢Ds¢) & 7.25 (d, J = 7.5 Hz, 2H), 6.98 (t, J= 7.7 Hz, 2H), 6.88 (t, /= 7.4
Hz, 1H), 6.34 (ddd, J = 13.6, 8.9, 6.0 Hz, 1H), 591 (d, J = 13.6 Hz, 1H), 5.25 (s, 1H), 5.19 (s,
1H), 4.08 (s, 2H), 3.90 (s, 1H), 3.37 (d, J = 14.0 Hz, 1H), 3.25 (d, J = 14.0 Hz, 1H), 3.09 — 2.99
(m, 2H), 2.86 (dd, J = 17.0, 8.2 Hz, 1H), 2.80 (d, J = 18.0 Hz, 1H), 2.69 (dd, J = 15.8, 8.9 Hz,
1H), 2.46 (d, J = 18.0 Hz, 1H), 2.17 (ddd, J = 15.7, 6.0, 1.8 Hz, 1H), 2.01 (dd, J = 16.8, 8.1 Hz,
1H), 1.46 (s, 3H), 1.14 (s, 3H), 1.06 (s, 3H), 0.08 (s, 9H).

13C NMR: (151 MHz, C¢Ds) & 210.4, 144.1, 136.3, 135.5, 134.8, 131.5, 130.7, 129.8, 129.1,
122.2,106.2, 84.5, 74.1, 65.7, 62.1, 60.0, 55.0, 45.9, 44.7, 35.9, 32.7, 21.8, 21.5, 16.4, 1.9.
Undesired C14-epimer 2.4.15:

TLC: Rr=0.59 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢D¢) 6 7.37 (dt, J = 8.3, 1.6 Hz, 2H), 7.07 — 7.02 (m, 2H), 6.94 (tt, J =
7.0, 1.2 Hz, 1H), 6.33 (ddd, J = 14.1, 8.0, 6.3 Hz, 1H), 5.85 (dt, J = 13.7, 1.5 Hz, 1H), 5.83 —
5.81 (m, 1H), 5.20 (s, 1H), 4.60 (dd, J= 5.4, 3.1 Hz, 1H), 4.11 (s, 1H), 3.49 (d, J=13.2 Hz, 1H),
3.33(d, J=13.2 Hz, 1H), 3.14 (t, J = 8.1 Hz, 1H), 2.99 (ddd, J = 16.8, 8.1, 1.1 Hz, 1H), 2.82 (d,
J=18.3 Hz, 1H), 2.60 (d, /= 18.1 Hz, 1H), 2.46 (ddd, /= 15.7, 6.3, 1.7 Hz, 1H), 2.12 (ddd, J =
15.7, 8.1, 1.3 Hz, 1H), 2.09 — 2.03 (m, 2H), 1.46 (s, 3H), 1.16 (s, 3H), 1.00 (s, 3H), 0.07 (s, 9H).
13C NMR: (151 MHz, C¢Ds) 8 208.4, 143.9, 136.6, 134.7, 134.3, 131.3, 129.8, 129.0, 126.6,
123.6, 106.5, 84.9, 70.9, 65.2, 62.5, 60.6, 54.6, 45.6, 36.0, 34.0, 21.6, 20.7, 16.4, 1.9.

HRMS (m/z): (ESI) calcd. for C2oH4004"Br?2S%Si [M+H]": 591.1594, found 591.1592.
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2.4.10 (<5%)

Tricycle 2.4.10:

Reaction of desired Cl4-epimer 2.4.13 (15 mg, 25 pmol) according to general procedure B
resulted in trace amounts of tricycle 2.4.10 (0.6 mg, 1 umol, 4%) detected after preparative TLC.
Note the mass recovery in this transformation was very low; although trace olefin isomer 2.4.10b
(see below) was also observed, it could not be isolated as a pure compound in sufficient
quantities.

TLC: Rr=0.62 (50% EtOAc/hexanes)

TH NMR: (600 MHz, CsDs) 8 7.25 (dd, J= 8.2, 1.2 Hz, 2H), 6.98 (t, J= 7.7 Hz, 2H), 6.91 — 6.87
(m, 1H), 5.86 (d, J = 4.8 Hz, 1H), 5.24 (s, 1H), 3.97 (d, J = 9.7 Hz, 1H), 3.64 — 3.58 (m, 2H),
3.39(d,J=13.1 Hz, 1H), 3.24 (d, J= 3.0 Hz, 1H), 3.17 (d, /= 13.1 Hz, 1H), 2.78 (s, 1H), 2.71 —
2.68 (m, 1H), 2.68 (s, 1H), 2.67 (s, 1H), 2.54 (d, J=4.9 Hz, 1H), 2.50 — 2.43 (m, 2H), 2.27 (dd, J
= 14.6, 6.6 Hz, 1H), 2.10 — 2.04 (m, 1H), 2.01 (dd, J = 9.7, 7.0 Hz, 1H), 1.47 (s, 3H), 1.26 (s,
3H), 1.10 (s, 3H), 0.10 (s, 9H).

I3C NMR: (151 MHz, C¢Ds) 6 143.9, 136.1, 131.9, 131.4, 128.7, 127.1, 126.5, 84.7, 77.2, 70.1,
66.0, 61.4, 58.2,46.3,45.6,44.2, 43.3,38.9,37.2,29.9, 26.7, 20.7, 19.6, 16.5, 2.1.

HRMS (m/z): (ESI) calcd. for C2oHs104°Br**Na*2S?8Si [M+Na]*: 615.1570, found 615.1561.

OH
standlng
Me;Si
Me Me Me Me

2.4.23 (16%) 2.4.21 (24%) 2.4.24
Tricycle 2.4.23, tetracycle 2.4.21, and triene 2.4.24:
Reaction of undesired C14-epimer 2.4.15 (50 mg, 84 umol) according to general procedure B
followed by column chromatography (10 to 60% EtOAc/hexanes) resulted in tricycle 2.4.23 (8
mg, 13 umol, 16%) and tetracycle 2.4.21 (12 mg, 20 umol, 24%) as colorless oils. The latter
compound was observed to partially decompose to triene 2.4.24 in solution of CsDs while 2D
NMR spectra were being obtained.
Tricycle 2.4.23:
TLC: Rr=0.67 (50% EtOAc/hexanes)
TH NMR: (600 MHz, CsD¢) 8 7.17 (d, J = 3.0 Hz, 2H), 7.09 — 7.01 (m, 3H), 5.82 (d, /= 7.4 Hz,
1H), 5.16 (s, 1H), 4.21 (d, /= 9.9 Hz, 1H), 3.89 (d, J = 7.1 Hz, 1H), 3.73 (d, J = 9.9 Hz, 1H),
3.69 (s, 1H), 3.55 (dd, /=9.9, 3.6 Hz, 1H), 3.44 (d, J = 13.6 Hz, 1H), 3.25 (t, /= 10.2 Hz, 1H),
2.85 (d, J=13.6 Hz, 1H), 2.73 (d, J = 17.5 Hz, 1H), 2.57 (d, J = 17.5 Hz, 1H), 2.36 (dd, J =
17.5, 8.8 Hz, 1H), 2.34 (dd, J = 14.3, 12.9 Hz, 1H), 2.12 (dd, J = 14.4, 2.1 Hz, 1H), 1.72 (tdd, J =
13.0, 4.8, 2.5 Hz, 2H), 1.53 — 1.48 (m, 2H), 1.44 (s, 3H), 1.42 (s, 3H), 1.39 — 1.36 (m, 1H), 1.32
(s, 3H), 0.02 (s, 9H).
13C NMR: (151 MHz, C¢Ds) & 143.8, 135.6, 134.9, 131.5, 131.5, 128.9, 128.4, 126.9, 88.0, 78.1,
72.7,65.1,60.7, 53.8,49.7, 43.6, 43.5, 41.8, 37.6, 37.5, 26.2, 20.7, 20.1, 16.5, 1.9.
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HRMS (m/z): (ESI) calcd. for C2oHs1047°Br**Na*2S?8Si [M+Na]*: 615.1570, found 615.1564.
Tetracycle 2.4.21:

TLC: Rr=0.44 (50% EtOAc/hexanes)

TH NMR: (600 MHz, CsDs) 6 5.45 (d, J= 9.8 Hz, 1H), 5.25 (s, 1H), 4.87 (s, 1H), 4.74 (t, J= 2.0
Hz, 1H), 3.88 (t, /= 3.0 Hz, 1H), 3.68 — 3.63 (m, 1H), 3.37 (d, /= 9.8 Hz, 1H), 3.29 (d,J=7.9
Hz, 1H), 3.25 — 3.19 (m, 2H), 3.13 (dd, /= 9.7, 7.5 Hz, 1H), 2.80 (d, J = 16.0 Hz, 1H), 2.75 —
2.69 (m, 1H), 2.56 (dd, J = 14.5, 2.5 Hz, 1H), 2.48 (dt, /= 4.7, 2.6 Hz, 1H), 2.04 (dd, J = 15.4,
7.4 Hz, 1H), 1.57 (s, 3H), 1.36 (ddd, J = 14.4, 4.1, 1.8 Hz, 1H), 1.24 (s, 3H), 1.04 (s, 3H), 0.15
(s, 9H).

13C NMR: (151 MHz, CeD¢) & 147.1, 144.2, 131.7, 117.7, 86.5, 79.6, 78.6, 63.3, 59.3, 56.2,
55.4,53.0, 50.4, 49.3, 49.0, 36.0, 30.0, 20.6, 20.2, 16.8, 2.1.

Triene 2.4.24:

TH NMR: (700 MHz, C¢Ds) & 6.09 (s, 1H), 5.73 (s, 1H), 5.14 (d, J= 10.0 Hz, 1H), 4.97 (s, 1H),
4.74 (s, 1H), 3.94 (t, J= 6.1 Hz, 1H), 3.91 (s, 1H), 3.47 (s, 1H), 3.34 (d, J=10.0 Hz, 1H), 3.25 -
3.21 (m, 1H), 3.06 (dd, /= 17.0, 6.1 Hz, 1H), 2.85 (d, /= 6.5 Hz, 1H), 2.61 — 2.59 (m, 1H), 2.56
—2.54 (m, 1H), 2.51 (d, J= 2.7 Hz, 1H), 2.26 (dd, J = 17.0, 8.3 Hz, 1H), 1.68 (s, 3H), 1.20 (s,
3H), 1.03 (s, 3H).

13C NMR: (151 MHz, C¢Ds) & 148.5, 148.1, 146.5, 130.9, 119.9, 115.7, 79.6, 78.8, 62.7, 59.2,
57.5,53.9,53.3,49.4, 48.3, 40.0, 31.5, 20.6, 20.2, 17.0.

TLC: Rr=0.55 (50% EtOAc/hexanes)

HRMS (m/z): (ESI) calcd. for C20H25037"Br*3Na?®Si [M+Na]": 415.0879, found 415.0878.
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(Z)-vinyl bromide-containing aldehyde 2.4.25:

Synthesized using general procedure C as follows:

Ester SI-10:

Known®" (Z)-1,3-dibromoprop-1-ene was used to quench the cuprate arising from ethyl 2-
butynoate (1.48 g, 13.2 mmol) in step C1 of general procedure C, resulting in ester SI-10 (1.75 g,
7.11 mmol, 54%).

TLC: 0.72 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl3) § 6.15 (dt, J= 7.0, 1.8 Hz, 1H), 6.04 (q, J = 6.7 Hz, 1H), 4.18 (q, J
=7.1 Hz, 2H), 3.19 (d, J = 6.6 Hz, 2H), 2.02 (s, 3H), 1.85 (s, 3H), 1.29 (t, J= 7.1 Hz, 3H).

I3C NMR: (151 MHz, CDCl3) 8 168.7, 145.7, 132.7, 124.2, 107.5, 60.2, 30.8, 23.1, 22.6, 14.3.
Allylic alcohol SI-11:

Reduction of ester SI-10 (1.60 g, 6.50 mmol) according to step C2 of general procedure C
resulted in allylic alcohol SI-11 (926 mg, 4.54 mmol, 70%).

TLC: 0.27 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl3)  6.16 (dt, J = 6.9, 1.6 Hz, 1H), 6.05 (q, J = 7.0 Hz, 1H), 4.13 (s,
2H), 3.06 (s, 1H), 3.05 (s, 1H), 1.75 (s, 3H), 1.72 (s, 3H).

13C NMR: (151 MHz, CDCls3) 8 133.2, 132.0, 128.8, 107.5, 62.0, 31.4, 20.8, 20.2.

HRMS (m/z): (ESI) calcd. for CsH;30:”°Br?*Na [M+Na]": 227.0042, found 227.0043.

Epoxide SI-12:

Epoxidation of allylic alcohol SI-11 (926 mg, 4.54 mmol) according to step C3 of general
procedure C resulted in epoxide SI-12 (805 mg, 3.66 mmol, 81%).
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TLC: 0.21 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl3) 6 6.32 (dt, J=7.1, 1.7 Hz, 1H), 6.20 (td, J= 7.2, 6.5 Hz, 1H), 3.74
(dd, J=11.8, 4.5 Hz, 1H), 3.69 (dd, /= 11.8, 6.2 Hz, 1H), 2.74 (ddd, J = 15.4, 6.5, 1.7 Hz, 1H),
2.56 (ddd, J=15.4,7.5, 1.4 Hz, 1H), 1.85 (t, J= 5.7 Hz, 1H), 1.40 (s, 3H), 1.39 (s, 3H).

13C NMR: (151 MHz, CDCl3) 4 129.8, 110.2, 65.7, 63.0, 63.0, 31.2, 21.4, 20.5.

HRMS (m/z): (ESI) calcd. for CsHi30,2”°Br?*Na [M+Na]": 242.9991, found 242.9994.

Type Il aldehyde 2.4.25:

Oxidation of epoxide SI-12 (780 mg, 3.55 mmol) according to step C4 of general procedure C
resulted in type III aldehyde 2.4.25 (634 mg, 2.91 mmol, 82%)).

TLC: 0.68 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl3) § 9.48 (s, 1H), 6.28 (dt, J= 7.1, 1.7 Hz, 1H), 6.14 (td, J= 7.2, 6.3
Hz, 1H), 2.92 (ddd, J=15.8, 7.3, 1.6 Hz, 1H), 2.55 (ddd, J=15.8, 6.2, 1.8 Hz, 1H), 1.44 (s, 6H).
I3C NMR: (151 MHz, CDCl3) 8 201.4, 128.7, 110.4, 68.1, 64.5, 28.4, 21.8, 20.5.
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(Z)-vinyl bromide-containing cyclization substrates 2.4.26 and 2.4.27:

Reaction of enone 2.2.7 (115 mg, 0.44 mmol) and type III aldehyde 2.4.25 (193 mg, 0.88 mmol)
according to general procedure A followed by purification via column chromatography (5 to
60% EtOAc/hexanes) resulted in formation of desired Cl14-epimer 2.4.26 (12 mg, 0.020 mmol,
4.6%) and undesired C14-epimer 2.4.27 (110 mg, 0.186 mmol, 42%) alongside other tentative
diastereomer products.

Desired C14-epimer 2.4.26:

TLC: 0.54 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢Ds) & 7.27 (dd, J = 8.1, 1.0 Hz, 2H), 7.07 — 7.01 (m, 2H), 6.97 — 6.91
(m, 1H), 6.48 (td, J = 6.9, 5.6 Hz, 1H), 5.85 (dt, /= 7.0, 2.1 Hz, 1H), 5.25 — 5.21 (m, 1H), 5.16
(s, 1H), 4.09 (dd, J=9.1, 2.5 Hz, 1H), 4.03 — 3.98 (m, 1H), 3.96 (d, J=2.3 Hz, 1H), 3.25 (d, J =
14.0 Hz, 1H), 3.20 (d, J = 13.9 Hz, 1H), 3.04 (t, J = 8.0 Hz, 1H), 2.96 — 2.90 (m, 1H), 2.78 (d, J
=18.3 Hz, 1H), 2.70 (ddd, /= 8.2, 6.2, 2.1 Hz, 2H), 2.34 (d, /= 18.2 Hz, 1H), 2.01 (dd, /= 16.8,
8.1 Hz, 1H), 1.46 (s, 3H), 1.17 (s, 3H), 1.16 (s, 3H), 0.07 (s, 9H).

13C NMR: (151 MHz, C¢Ds) & 210.3, 144.3, 136.1, 135.3, 132.5, 131.0, 129.5, 129.1, 127.0,
121.6, 107.5, 84.6, 74.7, 65.9, 62.1, 60.3, 55.3, 45.9, 45.3, 36.0, 29.1, 21.8, 21.7, 16.4, 1.8.
HRMS (m/z): (ESI) calcd. for C29Hs004"Br*?S28Si [M+H]": 591.1594, found 591.1607.
Undesired C14-epimer 2.4.27:

TLC: 0.59 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢Ds) & 7.36 (dd, J = 8.2, 1.0 Hz, 2H), 7.07 (t, J = 7.7 Hz, 2H), 6.95 (t, J =
7.4 Hz, 1H), 6.15 (td, J = 6.9, 5.4 Hz, 1H), 5.86 (dt, J = 7.0, 2.1 Hz, 1H), 5.78 (s, 1H), 5.19 (s,
1H), 4.58 (dd, J=5.2, 3.7 Hz, 1H), 4.12 (s, 1H), 3.48 (d, /= 13.2 Hz, 1H), 3.30 (d, /= 13.3 Hz,
1H), 3.22 (t, J = 8.1 Hz, 1H), 3.04 (dd, J=16.9, 7.9 Hz, 1H), 2.81 (d, J = 18.2 Hz, 1H), 2.69 —
2.64 (m, 1H), 2.63 (s, 1H), 2.61 — 2.53 (m, 2H), 2.08 (dd, J = 16.9, 8.1 Hz, 1H), 1.46 (s, 3H),
1.28 (s, 3H), 1.12 (s, 3H), 0.08 (s, 9H).
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13C NMR: (151 MHz, CeDe) 8 208.7, 144.1, 136.4, 134.7, 131.8, 131.4, 129.6, 129.0, 126.7,
123.4, 108.4, 85.0, 72.2, 65.5, 62.7, 60.7, 54.4, 45.6, 36.0, 31.8, 21.7, 20.9, 16.4, 1.8.
HRMS (m/z): (ESI) caled. for CaoH39047Br2®Na®828Si [M+Na]*: 613.1414, found 613.1422.

Tricycles 2.4.10 and 2.4.10b:

Reaction of desired Cl4-epimer 2.4.26 (12 mg, 20 umol) according to general procedure B
generated, after purification by column chromatography (5 to 60% EtOAc/hexanes) tricycles
2.4.20 and 2.4.10b (4.8 mg, 8 umol, 40%, 1:1 rr, > 20:1 dr) as a colorless oil.

Tricycle 2.4.10: see above for characterization data.

Tricycle 2.4.10b:

TLC: Rr=0.62 (50% EtOAc/hexanes)

TH NMR: (700 MHz, C¢Ds) & 7.25 (dd, J = 8.2, 1.2 Hz, 2H), 6.98 (td, J = 7.8, 2.3 Hz, 2H), 6.90
— 6.88 (m, 1H), 5.73 (d, J = 7.1 Hz, 1H), 5.38 (s, 1H), 4.36 (dd, J = 9.4, 3.4 Hz, 1H), 3.66 (s,
1H), 3.46 (dd, J=11.3, 9.4 Hz, 1H), 3.35 (d, /= 13.0 Hz, 1H), 3.15 (s, 1H), 2.87 (s, 1H), 2.64 (t,
J=15.7Hz, 1H), 2.62 (s, 1H), 2.60 (d, J = 6.8 Hz, 1H), 2.53 (d, J = 12.7 Hz, 1H), 2.46 (m, 1H),
2.37 (d, J=16.7 Hz, 1H), 2.30 (d, J = 7.0 Hz, 1H), 2.02 (dd, J = 9.7, 7.0 Hz, 1H), 1.48 (s, 3H),
1.42 (s, 3H), 1.12 (s, 3H), 0.12 (s, 9H).

13C NMR: (151 MHz, C¢Ds) & 138.1, 136.1, 135.9, 133.0, 131.0, 128.7, 126.5, 125.5, 83.6, 77.3,
73.7,67.4,63.1,62.7,53.7,48.2, 46.9, 46.4, 43.1, 37.8, 26.7, 20.9, 20.7, 16.4, 2.0.

HRMS (m/z): (ESI) calcd. for C29Hs004"Br*?S28Si [M+H]": 591.1594, found 591.1607.

0 L-Selectride o]
H THF H
E -78 °C 0
Me —_— Me
(67%)
OTMS OTMS Me
2.2.7 253

Ketone 2.5.3:

An oven-dried 100 mL round-bottom flask was charged with enone 2.2.7 (274 mg, 1.05 mmol,
1.0 equiv.) and THF (10.5 mL). The resulting solution was cooled to —78 °C and a solution of L-
Selectride (1.26 mL, 1.0 M, 1.26 mmol, 1.2 equiv.) was added dropwise down the side of the
flask. After conversion of enone 2.2.7 was complete as judged by TLC, the reaction mixture was
quenched with satd. ag. NH4Cl1 (10 mL) and allowed to warm to room temperature. The layers
were separated and the aqueous layer was extracted with EtcO (3 x 10 mL). The combined
organic layers were dried over Na;SO4 and concentrated under reduced pressure. The resulting
crude material was purified by column chromatography (0 to 20% EtOAc/hexanes) to provide
pure ketone 2.5.3 (184 mg, 0.70 mmol, 67%) as a colorless oil.

TLC: Rr=0.77 (25% EtOAc/hexanes)

TH NMR: (600 MHz, C¢Ds) 8 5.14 (s, 1H), 5.12 (ddt, J = 6.0, 2.8, 1.4 Hz, 1H), 3.51 (dp, J =
20.6, 2.6 Hz, 1H), 3.21 — 3.12 (m, 1H), 3.07 (t, /= 7.9 Hz, 1H), 2.93 (dd, J = 20.6, 7.8 Hz, 1H),
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2.49 (d, J=18.1 Hz, 1H), 2.10 — 2.03 (m, 1H), 2.00 (dd, J = 16.9, 8.2 Hz, 1H), 1.59 (s, 3H), 1.49
(s, 3H). 0.04 (s, 9H).

13C NMR: (151 MHz, CsDg¢) & 206.0, 144.3, 132.9, 129.5, 117.5, 85.1, 60.5, 48.8, 43.2, 35.8,
26.8,16.5, 1.8.

HRMS (m/z): (ESI) calcd. for Ci5sH250,%8Si [M+H]": 265.1618, found 265.1619.

OTMS Me

2.5.6 (45%, 10:1 dr
atC8 and C14)

Aldol product 2.5.6:

A small reaction tube was charged with ketone 2.5.3 (17 mg, 65 umol, 1.0 equiv.) and THF (0.
65 mL) and the resulting solution was cooled to —78 °C. A solution of LHMDS (0.078 mL, 1.0 M
in THF, 78 pumol, 1.2 equiv.) was added and stirring was continued for 30 minutes, after which
time a solution of aldehyde 2.4.25 (28 mg, 0.13 mmol, 2.0 equiv.) in THF (0.4 mL) was added
dropwise. After 5 minutes the reaction mixture was quenched with AcOH (20 pL, 0.33 mmol, 5
equiv.) and satd. ag. NaHCO; (1.5 mL) and was allowed to warm to room temperature. The
layers were separated and the aqueous layer was extracted with EtOAc (3 x 1.5 mL). The
combined organic layers were dried over Na;SO4 and concentrated under reduced pressure.
Purification by column chromatography (10 to 60% EtOAc/hexanes) provided pure desired aldol
product 2.5.6 (14 mg, 29 umol, 45%) alongside the C13,C15 bis-epimer 2.5.6b (12 mg, 26 umol,
40%) as yellow oils.

Desired aldol product 2.5.6:

TLC: Rr=0.60 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢Ds) 8 6.52 (td, J = 6.9, 5.3 Hz, 1H), 5.87 (dt, J = 7.0, 2.1 Hz, 1H), 5.16
(dd, J=3.4, 1.6 Hz, 1H), 5.13 (s, 1H), 4.16 (dd, J = 9.2, 2.4 Hz, 1H), 4.01 (d, J = 7.5 Hz, 2H),
3.06 (t, J = 8.0 Hz, 1H), 2.98 (dd, J = 16.7, 8.0 Hz, 1H), 2.90 (ddd, J = 16.8, 7.0, 1.8 Hz, 1H),
2.84 (ddd, J = 16.9, 5.4, 2.3 Hz, 1H), 2.50 (d, J = 18.2 Hz, 1H), 2.05 — 1.97 (m, 2H), 1.58 (s,
3H), 1.47 (s, 3H), 1.23 (s, 3H), 1.23 (s, 3H), 0.06 (s, 9H).

13C NMR: (151 MHz, CsDg) 8 210.6, 144.1, 135.5, 132.5, 129.6, 118.2, 107.6, 84.7, 74.8, 66.0,
62.1,60.2, 55.3,48.3, 36.0, 29.2,27.4,21.9, 21.6, 16.4, 1.8.

Tricycles 2.5.9 and 2.5.10:

Aldol product 2.5.6 (37 mg, 77 umol) was subjected to general procedure B, resulting in
tricycles 2.5.9 and 2.5.10 (21 mg, 44 umol, 57%, 1.4:1 2.5.9:2.5.10) after purification (5 to 60%
EtOAc/hexanes).

TLC: Rr=0.52 (50% EtOAc/hexanes)
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2.5.9 — bold

2.5.10 — underlined

Overlap of 2.5.9 and 2.5.10 signals/ambiguous - normal

TH NMR: (700 MHz, C¢D¢) 6 5.93 (d, J = 6.1 Hz, 1H), 5.82 (d, J = 7.1 Hz, 1H), 5.57 (s, 1H),
5.18 (s, 1H), 4.87 (br s, 1H), 4.48 (dd, J=9.3, 3.4 Hz, 1H), 4.10 (d, /= 10.8 Hz, 1H), 3.90 (br s,
1H), 3.84 (s, 1H), 3.79 (s, 1H), 3.61 (t, 1H), 3.57 (dd, /= 11.3, 9.4 Hz, 1H), 3.41 (s, 1H), 3.31 (s,
1H), 2.93 (br s, 1H), 2.88 (br s, 1H), 2.77 (d, J = 6.7 Hz, 1H), 2.73 — 2.67 (m), 2.64 — 2.55 (m),
2.51 (m), 2.40 — 2.31 (m), 2.28 (m), 2.20 (d, J = 18.1 Hz, 1H), 2.16 (m), 1.97 (d, J = 19.6 Hz,
1H), 1.63 (s, 3H), 1.59 (s, 3H), 1.49 (s, 3H), 1.47 (s, 3H), 1.44 (s, 3H), 1.28 (s, 3H), 1.15 (s, 3H),
1.10 (s, 3H), 0.12 (s, 9H), 0.10 (s, 9H).

13C NMR: (151 MHz, C¢Ds) 6 143.9, 138.7, 136.6, 132.8, 131.9, 126.2, 123.4, 122.9, 85.1, 83.5,
77.9, 77.6, 74.2, 71.1, 67.8, 66.5, 63.5, 62.9, 62.1, 58.3, 54.8, 49.7, 49.4, 48.4, 46.6, 46.3, 43.7,
39.3,38.1,37.7,27.0, 26.8, 25.4, 25.3, 20.9, 20.7, 20.7, 19.8, 16.5, 16.4, 2.2, 2.0.

HRMS (m/z): (ESI) calcd. for C23H3704°Br*3Na?*Si [M+Na]": 507.1537, found 507.1537.

OTMS Me
2.5.12 (mixture of isomers)

Oxetane 2.5.12:

An oven-dried reaction tube was charged with tricycles 2.5.9 and 2.5.10 (5.3 mg, 11 umol, 1.0
equiv.) and MeOH (0.2 mL). An excess of freshly ground Mg® turnings (5.3 mg, 220 umol, 20
equiv.) were added and the reaction mixture was stirred vigorously at room temperature. After 60
minutes the reaction mixture was diluted with Et;O (2 mL) and quenched with satd. aq. NH4Cl (2
mL). The layers were separated and the aqueous layer was extracted with Et20 (3 x 2 mL). The
combined organic layers were dried over Na>SO4 and concentrated under reduced pressure. The
crude reaction residue was purified by column chromatography (5 to 50 % EtOAc/hexanes) to
provide oxetane 2.5.12 (1.2 mg, 3.9 umol, 35%) as a mixture of olefin isomers.

TLC: Rr=0.59 (50% EtOAc/hexanes)

Major isomer — bold

Minor isomer — underlined

Overlap — normal

TH NMR: (600 MHz, CsDs) 6 6.24 (s, 1H), 6.21 (s, 1H), 5.82 (s, 1H), 5.24 (s, 1H), 4.94 (dd, J =
6.2,4.4 Hz, 1H), 4.87 (dd, J= 6.1, 4.1 Hz, 1H), 4.55 (t, /= 6.9 Hz, 1H), 4.44 (t, J = 6.7 Hz, 1H),
4.15 (dd, J = 11.7, 4.1 Hz, 1H), 4.11 — 4.07 (m), 3.98 (d, J = 11.3 Hz, 1H), 3.35 (m), 3.27 (s,
1H), 2.85 (m), 2.81 (m), 2.70 — 2.64 (m), 2.58 (s, 1H), 2.55 (s, 2H), 2.40 — 2.32 (m), 2.18 (d, J =
18.3 Hz, 2H), 2.12 (d, /= 4.3 Hz, 1H), 2.10 (d, /= 4.2 Hz, 1H), 2.07 (d, /= 4.4 Hz, 1H), 2.05 (s,
1H), 1.67 (s, 3H), 1.65 (s, 3H), 1.63 (s, 3H), 1.57 (s, 3H), 1.49 (d, /= 2.5 Hz, 1H), 1.47 (d, J =
2.6 Hz, 1H), 1.42 (s, 3H), 1.42 (s, 3H), 1.21 (s, 3H), 1.19 (s, 3H), 0.04 (s, 9H), 0.04 (s, 9H).

13C NMR: (151 MHz, C¢Ds) & 143.5, 137.8, 135.4, 135.1, 131.8, 124.7, 123.0, 122.9, 93.0, 91.9,
85.0, 83.6, 71.6, 71.1, 68.7, 68.5, 63.9, 62.6, 58.3, 54.8, 54.2, 49.1, 43.3, 42.7, 36.5, 35.9, 35.7,
27.8,27.7,26.1, 26.0, 20.1, 20.0, 19.9, 16.8, 16.7, 2.2, 2.0.
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2.5.13 (0 - 25%) 2.5.14 (50%)
Aldehydes 2.5.13 and 2.5.14:
An oven-dried reaction tube was charged with copolar tricycles 2.5.9 and 2.5.10 (6 mg, 12 umol,
1.0 equiv.), THF (0.2 mL), and SeO> (10 mg, 90 umol, 7.5 equiv.). The resulting mixture was
stirred at 50 °C for 90 minutes or until conversion was complete as judged by TLC. The reaction
mixture was transferred directly onto a silica gel column; EtOAc (0.2 mL) was used to wash the
reaction vessel and ensure quantitative transfer. Elution with 0 to 80% EtOAc/hexanes resulted
in a mixture of aldehydes 2.5.13 and 2.5.14 (1.8 mg, 3.6 umol, 30% combined yield) as a dark
yellow oil.
TLC: Rr=0.38 (50% EtOAc/hexanes).
2.5.14 — bold
2.5.13 —underlined
Overlapping peaks - normal
TH NMR: (600 MHz, CsDs) 6 9.34 (s, 1H), 9.26 (s, 1H), 6.80 (dd, J = 5.8, 2.4 Hz, 1H), 6.59 (dd,
J=6.9,2.7Hz, 1H), 5.40 (s, 1H), 5.14 (s, 1H), 4.51 (s, 1H), 4.35 (dd, /= 9.5, 3.4 Hz, 1H), 4.24
(t, J=6.7 Hz, 1H), 3.93 (d, J = 10.6 Hz, 1H), 3.64 — 3.58 (m), 3.45 (dd, J = 11.3, 9.6 Hz, 1H),
3.34 (s, 1H), 3.24 (s, 1H), 3.15 (d, J = 18.6 Hz, 1H), 3.04 (d, /= 6.8 Hz, 1H), 2.89 (s, 1H), 2.73 —
2.67 (m), 2.66 — 2.62 (m), 2.55 (m), 2.48 — 2.41 (m), 2.36 — 2.22 (m), 2.14 — 2.00 (m), 1.98 (d, J
= 18.4 Hz, 1H), 1.39 (s, 3H), 1.39 (s, 3H), 1.39 (s, 3H), 1.23 (s, 3H), 1.10 (s, 3H), 1.08 (s, 3H),
0.29 (s, 9H), 0.21 (s, 9H).
13C NMR: (151 MHz, C¢Dg) 8 193.1, 192.2, 150.0, 145.1, 143.8, 143.5, 134.2, 131.2, 130.6,
124.9, 84.1, 82.5, 78.2, 77.8, 72.9, 69.2, 66.9, 65.5, 63.3, 63.0, 61.6, 58.0, 54.0, 48.3, 47.3, 45.8,
44.8,40.2,39.7,38.4,37.4,26.5,26.4,20.8, 20.6, 19.5, 16.4, 16.2, 2.0, 1.7.

m-CPBA H

Epoxide 2.6.7:

From enone 2.2.7:

An oven-dried reaction tube was charged with enone 2.2.7 (75 mg, 0.28 mmol, 1.0 equiv.),
NaHCO; (47 mg, 0.56 mmol, 2.0 equiv.) and DCM (2.8 mL). Then, m-CPBA (62.6 mg, 0.364
mmol, 1.3 equiv.) was added and stirring was continued at room temperature until conversion
was complete as judged by TLC. At this point the reaction mixture was quenched with satd. aq.
NaHCO; (3 mL) and satd. ag. Na»S>03 (3 mL). The organic layer was separated and the aqueous
layer was extracted with DCM (3 x 3 mL). The combined organic layers were dried over Na>SO4
and concentrated under reduced pressure. The crude reaction product was purified by flash
column chromatography (10 to 30% EtOAc/hexanes in 5% increments) to provide pure epoxide
2.6.7 (49.0 mg, 0.175 mmol, 63% yield) as a colorless oil.
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One-step procedure from secondary alcohol 2.2.6: An oven-dried 50 mL round-bottom flask was
charged with secondary alcohol 2.2.6 (215 mg, 0.814 mmol, 1.0 equiv.), NaHCO3 (138 mg, 1.62
mmol, 2.0 equiv.) and DCM (8.0 mL). Dess-Martin periodinane (385 mg, 0.908 mmol, 1.1
equiv.) was added and within 3 minutes full conversion to the enone was observed by TLC. At
this point m-CPBA (224 mg, 1.30 mmol, 1.6 equiv.) was added and stirring was continued at
room temperature until conversion to the A ring epoxide was complete as judged by TLC. The
reaction mixture was quenched with satd. ag. NaHCO3 (5 mL) and satd. ag. Na;S>03 (5 mL).
The organic layer was separated and the aqueous layer was extracted with DCM (3 x 10 mL).
The combined organic layers were dried over Na>xSO4 and concentrated under reduced pressure.
The crude reaction product was purified by flash column chromatography (10 to 30%
EtOAc/hexanes in 5% increments) to provide pure epoxide 2.6.7 (136 mg, 0.489 mmol, 60%
yield) as a colorless oil.

TLC: Rr=0.52 (25% EtOAc/hexanes)

TH NMR (600 MHz, C¢Ds): 6 6.20 (dd, J= 13.1, 0.9 Hz, 1H), 5.89 (d, /= 12.9 Hz, 1H), 4.97 (d,
J=2.3Hz, 1H), 4.88 (dt,J=2.2, 1.1 Hz, 1H), 2.96 (s, 1H), 2.84 (dt, /= 16.4, 2.5 Hz, 1H), 2.76
—2.68 (m, 2H), 2.49 (dd, J = 14.2, 9.9 Hz, 1H), 2.04 (dd, J = 14.2, 7.4 Hz, 1H), 1.25 (s, 3H), -
0.03 (s, 8H).

13C NMR (150 MHz, C¢Ds): 6 196.4, 142.0, 140.9, 128.9, 126.5, 80.7, 67.6, 63.3, 59.2, 43.1,
32.5,17.4,2.0.

IR (thin film) vimax (cm™): 2959, 2935, 1663, 1595, 1446, 1249, 1111, 1050, 838.

HRMS (m/z): (EI) calcd. for C1sH2203Si [M]": 278.1338, found 278.1339.

L-Selectride
a s THF oS
B -78°C B
Me — —> Me—
OTMS OTMS Me
2.6.7 2.6.8

Ketone 2.6.8:

An oven-dried 50 mL round-bottom flask was charged with enone 2.6.7 (210 mg, 0.76 mmol, 1.0
equiv.) and THF (7.6 mL). The resulting solution was cooled to —78 °C and a solution of L-
Selectride (0.90 mL, 1.0 M, 0.90 mmol, 1.2 equiv.) was added dropwise down the side of the
flask. After conversion of enone 2.6.7 was complete as judged by TLC, the reaction mixture was
quenched with satd. ag. NH4Cl1 (10 mL) and allowed to warm to room temperature. The layers
were separated and the aqueous layer was extracted with EtcO (3 x 10 mL). The combined
organic layers were dried over Na;SO4 and concentrated under reduced pressure. The resulting
crude material was purified by column chromatography (0 to 25% EtOAc/hexanes) to provide
pure ketone 2.6.8 (180 mg, 0.65 mmol, 86%) as a colorless oil.

TLC: Rr=0.55 (25% EtOAc/hexanes)

TH NMR: (600 MHz, CsDs) 8 5.00 (ddt, J= 6.0, 2.9, 1.4 Hz, 1H), 3.27 (dt, J=20.2, 2.6 Hz,

1H), 3.01 (s, 1H), 2.85 (dd, J=20.2, 7.8 Hz, 1H), 2.80 (t,J = 8.7 Hz, 1H), 2.59 (d, J = 18.5 Hz,
1H), 2.46 (dd, J = 14.3, 9.4 Hz, 1H), 2.34 (d, /= 18.4 Hz, 1H), 2.01 (dd, /= 14.3, 7.9 Hz, 1H),
1.52 (s, 3H), 1.24 (s, 3H), -0.01 (s, 9H).

13C NMR: (151 MHz, C¢Ds) 6 206.0, 132.7, 116.8, 81.6, 67.5, 64.5, 57.7, 43.5,42.9, 32.3, 26.5,
17.4, 1.9.

HRMS (m/z): (ESI) calcd. for Ci5sH2403*Na?®Si [M+Na]*: 303.1387, found 303.1385.
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2.6.8 2.6.9

Allylic alcohol 2.6.9:

Diethylaluminum 2,2,6,6-tetramethylpiperidide was prepared according to a modified literature
procedure.* An oven-dried 25 mL round-bottom flask was charged with 2,2,6,6-
tetramethylpiperidine (0.322 mL, 1.9 mmol, 3 equiv.) and toluene (4.0 mL). This solution was
cooled to 0 °C and a solution of n-BuLi (0.770 mL, 2.5 M in hexanes, 1.9 mmol, 3.0 equiv.) was
added dropwise and stirring was continued for 30 minutes at 0 °C, during which time the reaction
mixture transitions from clear colorless solution to bright yellow suspension. Then, a solution of
diethylaluminum chloride (1.9 mL, 1 M in hexanes, 1.9 mmol, 3.0 equiv.) was added, upon
which the yellow color disappeared. The resulting white suspension was stirred for 40 minutes at
0 °C and a solution of epoxide 2.6.8 (180 mg, 0.640 mmol, 1.0 equiv.) in toluene (2 mL) was
added. Stirring at 0 °C was continued for 15 minutes or until consumption of the starting material
was complete as judged by TLC, at which point the reaction mixture was quenched with satd. aq.
Rochelle’s salt (15 mL) and diluted with EtOAc (8 mL). The resulting suspension was stirred
vigorously for 30 minutes and allowed to settle in order for phase separation to occur. The layers
were separated and the aqueous layer was extracted with EtOAc (3 x 10 mL). The combined
organic layers were dried over Na;SO4 and concentrated under reduced pressure. Purification by
column chromatography (10 to 50% EtOAc/hexanes) resulted in pure allylic alcohol 2.6.9 (93
mg, 0.333 mmol, 52%) as a yellow oil.

TLC: Rr=0.73 (50% EtOAc/hexanes)

TH NMR: (600 MHz, CsDs) 6 5.12 (ddq, J = 7.2, 4.3, 1.3 Hz, 1H), 4.92 (t, J = 2.4 Hz, 1H), 4.86
(s, 1H), 3.92 (d, J = 3.0 Hz, 1H), 3.27 (ddq, J = 18.0, 4.1, 2.0 Hz, 1H), 3.12 (ddt, J = 16.6, 9.7,
2.4 Hz, 1H), 3.08 — 3.02 (m, 1H), 2.89 (dd, /= 18.0, 7.0 Hz, 1H), 2.82 (d, /= 17.9 Hz, 1H), 2.48
(ddt, J=17.3,9.4, 2.1 Hz, 1H), 2.36 (d, /= 17.8 Hz, 1H), 1.64 (s, 3H), 0.90 (br s, 1H, OH), 0.03
(s, 9H).

13C NMR: (151 MHz, C¢Ds) & 205.6, 152.5, 134.6, 116.8, 110.7, 84.8, 82.7, 58.8, 43.4, 40.8,
30.1,26.7, 1.9.

HO OTMS Me
2.6.12 (X=Br)

Aldol product 2.6.12:

An oven-dried 10 mL round-bottom flask was charged with allylic alcohol 2.6.9 (40 mg, 0.14
mmol, 1.0 equiv.) and THF (1.4 mL) and the resulting solution was cooled to —78 °C. A solution
of LHMDS (0.36 mL, 1.0 M in THF, 0.36 umol, 2.5 equiv.) was added and stirring was
continued for 30 minutes, after which time a solution of aldehyde 2.4.25 (60 mg, 0.28 mmol, 2.0
equiv.) in THF (0.5 mL) was added dropwise. After 5 minutes the reaction mixture was
quenched with AcOH (40 pL, 0.70 mmol, 5 equiv.) and satd. ag. NaHCO3 (3 mL) and was
allowed to warm to room temperature. The layers were separated and the aqueous layer was
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extracted with EtOAc (3 x 3 mL). The combined organic layers were dried over Na;SO4 and
concentrated under reduced pressure. Purification by column chromatography (10 to 70%
EtOAc/hexanes) provided pure desired aldol product 2.6.12 (40 mg, 80 pumol, 54%) alongside
the C13,C15 bis-epimer 2.6.12b (24 mg, 49 umol, 35%) as yellow oils.
Desired aldol product 2.6.12:
TLC: Rr=0.49 (50% EtOAc/hexanes)
TH NMR: (600 MHz, CsDs) 8 6.34 (td, J= 7.0, 5.5 Hz, 1H), 5.84 (dt,J=7.1, 2.0 Hz, 2H), 5.10
(d, J=6.3 Hz, 1H), 4.94 (s, 1H), 4.88 (s, 1H), 4.20 (d, /= 10.1 Hz, 1H), 3.91 (s, 1H), 3.74 — 3.64
(m, 1H), 3.32 (dd, J = 10.6, 8.5 Hz, 1H), 3.22 (br s, 1H, OH), 3.04 (ddt, /= 16.7, 10.7, 2.6 Hz,
1H), 2.93 — 2.86 (m, 2H), 2.69 (ddd, /= 16.9, 5.4, 2.3 Hz, 1H), 2.52 — 2.41 (m, 2H), 1.66 (s, 3H),
1.20 (s, 3H), 1.14 (s, 3H), 0.10 (s, 9H).
I3C NMR: (151 MHz, Ce¢D¢) 6 207.4, 152.2, 137.9, 132.1, 118.3, 111.8, 107.9, 85.2, 82.0, 73.5,
66.5, 62.9, 56.7, 56.0, 40.6, 29.9, 29.5, 27.0, 21.9, 21.5, 2.1.
HRMS (m/z): (ESI) calced. for C23H3s05"Br*Na?®Si [M+Na]*: 521.1329, found 521.1332.

Me Me

2.6.16 2.6.19

Tricycles 2.6.16 and 2.6.19:

When ketone 2.6.12 (33 mg, 0.066 mmol) was subjected to general procedure B, a mixture of
tricyclic products was obtained. After purification by column chromatography (10 to 70%
EtOAc/hexanes), exocyclic olefin 2.6.16 (12 mg, 0.024 mmol, 37%) was separated from desired
trisubstituted olefin 2.6.19 (6 mg, 0.012 mmol, 18%).

Exocyclic olefin 2.6.16:

TLC: Rr=0.55 (50% EtOAc/hexanes)

TH NMR: (600 MHz, CsDs¢) & 5.46 (s, 1H), 4.98 (s, 1H), 4.93 (s, 1H), 3.83 (dd, J = 10.6, 1.5 Hz,
1H), 3.75 (s, 1H), 3.61 (s, 1H), 3.45 — 3.33 (m, 2H), 2.82 (m, 2H), 2.61 — 2.53 (m, 1H), 2.49 (dd,
J=15.0, 6.6 Hz, 1H), 2.34 (t, J = 6.8 Hz, 1H), 2.33 — 2.26 (m, 1H), 2.22 (td, J = 9.8, 5.4 Hz,
1H), 2.15 (s, 1H), 2.02 (dd, J = 13.4, 3.6 Hz, 1H), 1.78 (s, 3H), 1.26 (s, 3H), 1.12 (s, 3H), 0.04 (s,
9H).

I3C NMR: (151 MHz, CsD¢) 6 152.3, 136.0, 124.0, 111.9, 86.0, 81.3, 76.5, 73.6, 66.6, 61.8,
55.0,47.9,45.4,40.8, 38.4, 32.5, 25.7, 25.6, 20.5, 20.0, 1.9.

HRMS (m/z): (ESI) calcd. for C23H3705"Br*Na?®Si [M+Na]*: 523.1486, found 523.1482.
Trisubstituted olefin 2.6.19:

TLC: Rr=0.50 (50% EtOAc/hexanes)

TH NMR: (600 MHz, CDCI3) & 5.73 (s, 1H), 5.65 (d, J = 7.4 Hz, 1H), 3.99 (dd, J = 9.3, 3.5 Hz,
1H), 3.91 (s, 1H), 3.88 (s, 1H), 3.35 - 3.30 (m, 1H), 3.20 (s, 1H), 2.93 (d, /= 16.4 Hz, 1H), 2.55
(d, J= 8.1 Hz, 1H), 2.51 (d, /= 10.8 Hz, 1H), 2.38 (d, /= 17.5 Hz, 1H), 2.33 (d, J = 13.2 Hz,
1H), 2.00 (d, J=14.1 Hz, 1H), 1.83 (s, 3H), 1.83 (s, 3H), 1.45 (s, 3H), 1.37 (s, 3H), 0.15 (s, 9H).
13C NMR: (151 MHz, CDCl3) & 141.6, 136.5, 130.2, 121.7, 85.1, 84.7, 76.6, 73.9, 67.6, 64.3,
59.5,47.8,47.0,42.3,37.1,26.2,24.5,21.0, 20.8, 14.7, 2.2.

HRMS (m/z): (ES]) calcd. for C23H3705°Br>3Na?¥Si [M+Na]": 523.1486, found 523.1487.
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S SI-13 SI-14 SI-15 2.6.10
(Z)-vinyl iodide-containing type III aldehyde 2.6.10:
Synthesized using general procedure C as follows:
Ester SI-13:
KnownS"™ (Z)-3-bromo-1-iodoprop-1-ene was used to quench the cuprate arising from ethyl 2-
butynoate (0.650 mL, 5.59 mmol) in step C1 of general procedure C, resulting in ester SI-13
(1.29 g, 4.38 mmol, 78%).
TLC: Rr=0.62 (25% EtOAc/hexanes)
TH NMR (400 MHz, CDCl3):  6.22 (dt, J = 7.4, 1.7 Hz, 1H), 6.12 (ddd, J = 7.6, 6.8, 6.0 Hz,
1H), 4.19 (q, J=7.1 Hz, 2H), 3.17 — 3.10 (m, 2H), 2.03 (s, 3H), 1.86 (s, 3H), 1.30 (t, J = 7.1 Hz,
3H).
13C NMR (150 MHz, C¢Ds) 6 168.0, 146.1, 139.7, 124.7, 82.0, 60.0, 36.3, 23.2, 22.7, 14.4.
IR (thin film) viax (cm™): 2980, 2932, 1709, 1472, 1369, 1286, 1203, 1166, 1074, 949.
HRMS (m/z): (EI) calcd. for C1oH1502'*7I: 294.0117, found 294.0119.
Allylic alcohol SI-14:
Reduction of ester SI-13 (1.29 g, 4.38 mmol) according to step C2 of general procedure C
resulted in allylic alcohol SI-14 (843 mg, 3.34 mmol, 76%).
TLC: Rr=0.32 (25% EtOAc/hexanes)
TH NMR (600 MHz, CDCl3): § 6.23 (dt, J = 7.3, 1.6 Hz, 1H), 6.14 (q, J = 6.9 Hz, 1H), 4.15 (d, J
= 3.1 Hz, 2H), 3.04 — 3.00 (m, 2H), 1.77 (s, 3H), 1.74 (s, 3H), 1.26 (br s, 1H).
13C NMR (150 MHz, CDCI3): 6 139.8, 132.5, 128.9, 82.5, 62.4, 36.8, 21.2, 20.4.
IR (thin film) vmax (cm™): 3500, 2978, 2931, 1374, 1254, 1151, 1039, 758.
HRMS (m/z): (EI) caled. for CsHi30,'%I: 252.0011, found 252.0010.
Epoxide SI-15:
Epoxidation of allylic alcohol SI-14 (563 mg, 2.33 mmol) according to step C3 of general
procedure C resulted in epoxide SI-15 (455 mg, 1.70 mmol, 81%).
TLC: Rr=0.31 (25% EtOAc/hexanes)
TH NMR (400 MHz, CDCl): § 6.41 (dq, J = 7.6, 1.5 Hz, 1H), 6.29 (td, J = 7.3, 6.3 Hz, 1H),
3.74 (dd, J=11.8, 1.4 Hz, 1H), 3.68 (dd, /= 11.8, 1.1 Hz, 1H), 2.71 (ddd, J = 15.5, 6.3, 1.7 Hz,
1H), 2.48 (ddt, J=15.5, 7.2, 1.6 Hz, 1H), 1.41 (s, 3H), 1.39 (s, 3H).
13C NMR (150 MHz, CDCI3): 6 136.6, 85.2, 65.9, 63.2, 63.2, 36.4, 21.7, 20.7.
IR (thin film) viax (cm™): 3411, 3002, 2960, 2928, 1412, 1320, 1277, 1121, 1033, 844.
HRMS (m/z): (EI) caled. for CsHi130,'%I: 267.9960, found 267.9958.
Type Il aldehyde 2.6.10:
Oxidation of epoxide SI-15 (400 mg, 1.49 mmol) according to step C4 of general procedure C
resulted in type III aldehyde 2.6.10 (304 mg, 1.14 mmol, 77%).
TLC: Rr= 0.64 (25% EtOAc/hexanes)
TH NMR (700 MHz, CDCl3): 6 9.49 (s, 1H), 6.40 (dt, J = 7.5, 1.7 Hz, 1H), 6.27 — 6.22 (m, 1H),
2.87 (ddd, J=15.8, 7.1, 1.5 Hz, 1H), 2.51 (ddd, J = 15.8, 6.1, 1.7 Hz, 1H), 1.46 (s, 3H), 1.45 (s,
2H).
13C NMR (150 MHz, C¢Ds): 8 201.6, 135.4, 85.5, 68.3, 64.7, 33.6, 22.2, 20.7.
IR (thin film) vmax (cm™): 3001, 2928, 2831, 1710, 1400, 1278, 1120, 837, 764.
HRMS (m/z): (EI) caled. for CsH110,'%I: 265.9804, found 265.9803.
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Aldol product 2.6.13:

Prepared analogously to 2.6.12 from 2.6.9 (23 mg, 82 umol) and aldehyde 2.6.10 (41.4 mg,
0.164 mmol) to provide desired C13,C15 epimer 2.6.13 (20 mg, 39 umol, 47%) and undesired
C13,C15 epimer 2.6.13b (18 mg, 33 umol, 40%).

Desired aldol product 2.6.13:

TLC: Rr=0.45 (50% EtOAc/hexanes)

TH NMR: (600 MHz, C¢Ds) 8 6.43 (td, J= 7.1, 5.3 Hz, 1H), 5.92 (dt, J = 7.4, 2.1 Hz, 1H), 5.14
—5.09 (m, 1H), 4.94 (t,J=2.4 Hz, 1H), 4.89 (s, 1H), 4.19 (dd, /= 10.1, 2.9 Hz, 1H), 3.92 (d, J =
1.9 Hz, 2H), 3.68 (dd, J = 9.0, 6.6 Hz, 1H), 3.33 (dd, J = 10.6, 8.5 Hz, 1H), 3.21 (d, J = 3.0 Hz,
1H), 3.05 (ddt, J = 16.3, 10.6, 2.7 Hz, 1H), 2.91 (d, J = 17.0 Hz, 1H), 2.80 (ddd, J = 16.9, 6.9,
1.7 Hz, 1H), 2.63 (ddd, J = 16.9, 5.2, 2.3 Hz, 1H), 2.51 — 2.42 (m, 2H), 1.67 (s, 3H), 1.67 (s,
3H), 1.20 (s, 3H), 1.14 (s, 3H), 0.10 (s, 9H).

13C NMR: (151 MHz, C¢Ds) 6 207.2, 152.2, 138.5, 137.9, 118.3, 111.8, 85.3, 82.9, 82.1, 73.5,
66.6, 63.0, 56.7, 56.0, 40.7, 34.7,29.9, 27.1, 21.9, 21.6, 2.2, 2.1.

HRMS (m/z): (ESI) caled. for C23H3505'2/12Na?8Si [M+Na]*: 569.1191, found 569.1194.
Undesired C13,C15 epimer 2.6.13b:

TLC: Rr=0.53 (50% EtOAc/hexanes)

TH NMR: (600 MHz, CsDs) 6 6.72 — 6.66 (m, 1H), 5.98 (dt, J = 7.4, 2.2 Hz, 1H), 5.77 (dd, J =
3.3, 1.8 Hz, 1H), 4.91 (t, J = 2.4 Hz, 1H), 4.87 (s, 1H), 4.58 — 4.54 (m, 1H), 4.21 (d, J=9.8 Hz,
1H), 3.90 — 3.84 (m, 1H), 3.79 — 3.72 (m, 1H), 3.29 (dd, J = 10.6, 8.6 Hz, 1H), 2.87 — 2.77 (m,
3H), 2.68 (d, J = 16.5 Hz, 1H), 2.60 — 2.55 (m, 1H), 2.54 — 2.45 (m, 1H), 2.42 (d, J = 8.6 Hz,
1H), 2.40 — 2.37 (m, 1H), 1.77 (s, 3H), 1.64 (s, 1H), 1.42 (s, 3H), 1.19 (s, 3H), 0.11 (s, 9H).

13C NMR: (151 MHz, C¢Ds) 6 213.8, 151.9, 139.5, 138.6, 120.0, 111.9, 85.2, 82.6, 81.4, 74.7,
64.9, 60.9, 56.5, 55.0, 41.4, 36.0, 29.3, 25.4,21.7,20.4,2.2, 1.9.

HO OTMS Me HO OTMS Me
2.6.20 2.6.17

Tricycle 2.6.20:

Prepared analogously to tricycle 2.6.19 from subjecting (Z)-vinyl iodide 2.6.13 (46 mg, 84 umol)
to general procedure B. After column chromatography (20 to 80% EtOAc/hexanes) desired
trisubstituted olefin 2.6.20 was isolated alongside small amounts of copolar exocyclic olefin
2.6.17 (28 mg, 51 pumol, 60%, 5:1 rr).

TLC: Rr=0.33 (50% EtOAc/hexanes)

TH NMR: (600 MHz, CDCl3) § 5.75 (s, 1H), 5.65 (d, J = 6.9 Hz, 1H), 4.49 (s, 1H), 3.92 (s, 1H),
3.88 (dd, J=9.1, 3.3 Hz, 1H), 3.86 (s, 1H), 3.20 (s, 1H), 3.09 (dd, J=11.5, 9.3 Hz, 1H), 2.93 (d,
J=16.3 Hz, 1H), 2.59 (s, 1H), 2.51 (d, J= 7.5 Hz, 1H), 2.44 (dd, J = 24.2, 12.0 Hz, 1H), 2.37 (d,
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J=163 Hz, 1H), 2.31 (t, J = 13.4 Hz, 1H), 1.97 (d, J = 14.0 Hz, 1H), 1.83 (s, 3H), 1.83 (s, 3H),
1.48 (s, 3H), 1.37 (s, 3H), 0.17 (s, 9H).

13C NMR: (151 MHz, CDCl3) § 141.6, 136.2, 130.3, 121.6, 85.1, 84.7, 76.6, 74.1, 67.9, 64.5,
59.5,48.2,47.1,42.4,28.9,24.4,21.0,14.7,12.4,2.3, 2.0.

HRMS (m/z): (ESI) calcd. for C23H3705'2/1»Na?$Si [M+Na]": 571.1347, found 571.1355.

2.6.21

+ 2.6.21b (olefin isomer)
Aldehyde 2.6.21:
An oven-dried reaction tube was charged with tricycle 2.6.20 (50 mg, 91 pmol, 1.0 equiv.) and
THF (0.90 mL). Then, SeO: (75 mg, 0.67 mmol, 7.5 equiv.) was added and the reaction mixture
was stirred at 50 °C until consumption of the starting material was complete as judged by TLC.
The reaction mixture was transferred to a silica gel column without drying or concentration in
vacuo; EtOAc (0.3 mL) was used to render the transfer quantitative. Elution with 0 to 100%
EtOAc/hexanes in 20% increments resulted in pure aldehyde 2.6.21 and copolar olefin isomer
2.6.21b (48 mg, 84 umol, 94%, 5:1 rr) as an off-white solid.
TLC: Rr=0.26 (50% EtOAc/hexanes)
TH NMR: (600 MHz, CDCI3) 6 9.49 (s, 1H), 6.96 (dd, J = 7.3, 2.7 Hz, 1H), 5.69 (s, 1H), 4.09 (s,
1H), 3.97 (d, J = 9.2 Hz, 1H), 3.90 (dd, J = 9.3, 3.3 Hz, 1H), 3.82 (d, /= 17.4 Hz, 1H), 3.11 —
3.03 (m, 1H), 2.99 (d, J = 7.9 Hz, 2H), 2.52 — 2.45 (m, 1H), 2.37 - 2.30 (m, 1H), 2.17 — 2.12 (m,
1H), 2.03 (d, J=13.6 Hz, 1H), 1.82 (s, 3H), 1.50 (s, 3H), 1.37 (s, 3H), 0.18 (s, 9H).
13C NMR: (151 MHz, CDCls) 8 192.7, 150.2, 146.1, 136.9, 129.1, 85.2, 83.6, 77.1, 72.7, 67.4,
64.6,59.8,48.4,47.9,32.7,28.7,21.0,209, 14.7, 11.4,2.2, 1.7.

HO OTMS CH,OTBS
2.6.22

Silanol 2.6.22:

An oven-dried reaction tube was charged with aldehyde 2.6.21 (5.0 mg, 8.9 umol, 1.0 equiv.)
and THF (0.5 mL). The resulting solution was cooled to —78 °C and a solution of LAH (0.050
mL, 1 M in THF, 50 umol, 5.6 equiv.) was added. The reaction mixture was allowed to slowly
warm up to room temperature over the course of 12 hours, at which point it was quenched with
EtOAc (1 mL) and satd. ag. Rochelle’s salt (1.5 mL). After vigorously stirring the biphasic
mixture for 30 minutes, the layers were separated and the aqueous layer was extracted with
EtOAc (4 x 1.5 mL). The combined organic layers were dried over NaxSO4 and concentrated
under reduced pressure. The resulting crude material was used in the next step without
purification.

TLC: Rr=0.11 (50% EtOAc/hexanes)
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An oven-dried reaction tube was charged with the crude material from the LAH reduction
reaction (assumed 8.9 pumol) and DCM (0.2 mL). Then, imidazole (1.8 mg, 27 umol, 3 equiv.)
and TBSCI (2.0 mg, 13.4 umol, 1.5 equiv.) were added and the reaction mixture was stirred for
15 minutes or until conversion was complete. After a quench with satd. ag. NaHCO;3 (1 mL) the
layers were separated and the aqueous layer was extracted with DCM (3 x 1 mL). The combined
organic layers were dried over Na;SO4 and concentrated under reduced pressure. The crude
reaction product was purified by column chromatography (5 to 50% EtOAc/hexanes) to provide
pure silanol 2.6.22 (3.4 mg, 6.3 umol, 70% from aldehyde 2.6.21) alongside undesired reductive
opening product 2.6.23 (0.9 mg, 1.8 umol, 20% over 2 steps).

Desired silanol 2.6.22:

TLC: Rr= 0.89 (50% EtOAc/hexanes)

TH NMR (600 MHz, CDCl3):  5.92 (d, J = 7.7 Hz, 1H), 5.78 (s, 1H), 4.12 (d, J = 6.2 Hz, 2H),
3.92 (s, 1H), 3.86 (s, 1H), 3.11 (m, 1H), 3.05 (d, J = 16.6 Hz, 1H), 2.65 (d, J = 6.1 Hz, 1H), 2.40
—2.31 (m, 2H), 2.28 (ddd, J = 13.4, 6.6, 3.1 Hz, 1H), 1.79 (dd, J= 2.8, 1.5 Hz, 3H), 1.39 (s, 3H),
1.35 (s, 3H), 1.19 (d, J = 12.7 Hz, 1H), 1.01 (d, J = 6.6 Hz, 3H), 0.91 (s, 9H), 0.12 (s, 9H), 0.09
(s, 3H), 0.08 (s, 3H).

13C NMR (150 MHz, CDCls): & 143.1, 135.2, 130.8, 123.4, 85.7, 84.7, 76.5, 73.7, 67.9, 67.6,
64.2,60.2,46.4,39.2,38.4,31.1,26.2,21.2,21.1, 18.7, 17.9, 14.7, 2.4, -5.1.

IR (thin film) vmax (cm™): 3380, 2929, 2856, 1406, 1251, 1120, 1054, 963, 830.

HRMS (m/z): (ESI) calcd. for C2oHs206>*Na?8Si, [M+Na]*: 575.3195, found 575.3198.
Undesired triol 2.6.23:

TLC: Rr= 0.84 (50% EtOAc/hexanes)

TH NMR: (700 MHz, CDCls) 6 5.95 (d, J = 7.1 Hz, 1H), 5.72 (d, J = 7.6 Hz, 1H), 4.17 — 4.09
(m, 3H), 3.96 (s, 1H), 3.84 (s, 1H), 3.07 (s, 1H), 3.04 (d, J = 16.6 Hz, 1H), 2.73 (d, J = 7.1 Hz,
1H), 2.36 (d, /= 15.6 Hz, 1H), 2.24 (d, J = 17.8 Hz, 2H), 2.05 — 1.99 (m, 1H), 1.78 (s, 3H), 0.98
(d, J=6.8 Hz, 3H), 0.95 (d, J = 6.7 Hz, 3H), 0.91 (s, 9H), 0.89 (d, /= 9.6 Hz, 3H), 0.11 (s, 9H),
0.08 (s, 3H), 0.08 (s, 3H).
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Orthoester 2.7.11:

An oven-dried reaction tube was charged with silanol 26.22 (5.0 mg, 9.0 umol, 1.0 equiv.),
benzene (0.5 mL), (2,2,2-trimethoxyethyl)benzene (5.3 mg, 27 umol, 3.0 equiv.), and (+)-
camphorsulfonic acid (0.5 mg, 2.0 umol, 0.24 equiv.). The resulting solution was stirred at room
temperature until conversion was complete as judged by TLC; additional portions of (2,2,2-
trimethoxyethyl)benzene (5.3 mg) and (+)-camphorsulfonic acid (1.0 mg) were added as
necessary for full consumption of diol 2.6.22. At this stage the reaction mixture was quenched
with satd. ag. NaHCOs3 (1.5 mL), the organic layer was separated, and the aqueous layer was
extracted with Et20 (4 x 1 mL). The combined organic layers were dried over NaxSO4 and
combined with silica gel (2 g) and the resulting suspension was concentrated to dryness under
reduced pressure. The silica-gel absorbed material was then chromatographically purified (0 to
15% EtOAc/hexanes in 2.5% increments) to obtain pure orthoester 2.7.11 (2.4 mg, 3.6 pumol,
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40% yield) as a colorless oil. [Note: As an alternative to the procedure above, the same reaction
can be carried out on larger scale (13 mg of 2.6.22, 24 umol) but quenched at ~25% conversion
to obtain 27.11 (2.5 mg, 3.8 umol, 95% brsm) as well as recovered 2.6.22 (11 mg, 20 pumol),
which can be recycled repeatedly to increase the overall material throughput of the orthoester
product. In this case, flash column chromatography is carried out as follows: 0 to 15%
EtOAc/hexanes in 2.5% increments to isolate desired 2.7.11; then 20 to 50% EtOAc/hexanes in
10% increments to recover unreacted 2.6.22.]

TLC: Rr=0.78 (25% EtOAc/hexanes)

TH NMR (600 MHz, CDCl3): § 7.34 (dd, J = 6.6, 1.4 Hz, 2H), 7.25 (d, J = 7.8 Hz, 2H), 7.22 —
7.18 (t, 1H), 5.79 (s, 1H), 5.71 (t, /= 1.8 Hz, 1H), 4.72 (s, 1H), 4.71 (t, J= 1.6 Hz, 1H), 4.20 (d,
J=2.8Hz, 1H), 4.13 (s, 1H), 4.10 (d, /= 3.3 Hz, 2H), 3.16 (s, 2H), 2.95 (s, 1H), 2.77 — 2.72 (m,
2H), 2.65 (p, J = 7.2 Hz, 1H), 2.41 (d, J = 18.4 Hz, 1H), 2.05 (dd, J = 14.1, 8.6 Hz, 1H), 1.81 —
1.78 (m, 3H), 1.54 — 1.51 (m, 4H), 1.00 (d, J = 7.1 Hz, 3H), 0.92 (s, 9H), 0.12 (s, 9H), 0.09 (s,
3H), 0.08 (s, 3H).

13C NMR (150 MHz, CDCl3): & 147.0, 139.8, 137.3, 135.5, 131.0, 130.6, 127.8, 126.5, 123.6,
117.9, 110.6, 87.7, 84.3, 84.2, 82.3, 80.8, 69.4, 59.2, 41.3, 39.1, 39.1, 36.6, 33.3, 26.2, 20.9, 18.9,
18.6, 14.5,2.2,-5.0, -5.1.

IR (thin film) vmax (cm™): 3500, 2952, 2924, 2854, 1602, 1497, 1465, 1436, 1254, 1158, 1102,
948.

HRMS (m/z): (ESI) calcd. for C37Hs606>*Na?8Si, [M+Na]*: 675.3508, found 675.3507.

Enone 2.7.3:

An oven-dried reaction tube was charged with orthoester 2.7.11 (10 mg, 15 umol, 1.0 equiv.) and
DCM (0.3 mL). A stock solution of acid-free Dess-Martin periodinane (DMP) was prepared by
suspending DMP (70.0 mg, 165 umol, 11 equiv.) and NaHCO3 (20.0 mg) in DCM (1.0 mL),
shaking vigorously, and allowing the inorganic solids to settle. An appropriate aliquot of the
supernatant (0.100 mL, containing 16.5 pmol of DMP, 1.1 equiv.) was added to the DCM
solution of orthoester 2.7.11 and the resulting mixture was stirred at room temperature for 1
hour. If conversion was incomplete at this point, an additional amount of DMP solution (20 pL,
0.22 equiv. DMP) was added as necessary. Once all 2.7.11 was consumed as judged by TLC, the
reaction was quenched with satd. ag. NaHCO3 (0.5 mL) and satd. ag. Na>S>03 (0.5 mL). The
organic layer was separated and the aqueous layer was extracted with DCM (3 x 1 mL). The
combined organic layers were dried over Na;SO4 and concentrated under reduced pressure. The
crude reaction product was purified by flash column chromatography (0 to 20% Et>O/hexanes) to
provide pure enone 2.7.3 (6.3 mg, 9.6 umol, 63%) as a colorless amorphous solid.

TLC: Rr= 0.62 (10% EtOAc/hexanes)

TH NMR (600 MHz, CsDs): 6 7.49 (s, 1H), 7.48 (s, 1H), 7.21 (t, J = 7.6 Hz, 3H), 7.14 — 7.09 (m,
1H), 6.00 (s, 1H), 4.89 (s, 1H), 4.75 (s, 1H), 4.21 (d, J = 2.7 Hz, 1H), 3.99 (d, J = 12.6 Hz, 1H),
3.97 (d, J=12.6 Hz, 1H), 3.40 (d, J = 14.0 Hz, 1H), 3.37 (d, J = 14.1 Hz, 1H), 3.15 (s, 1H), 3.05
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(s, 1H), 2.89 (d, J = 18.7 Hz, 1H), 2.64 (p, J = 7.3 Hz, 1H), 2.13 — 2.03 (m, 2H), 1.62 — 1.59 (m,
4H), 1.50 (s, 3H), 1.17 (d, J = 7.2 Hz, 3H), 1.00 (s, 9H), 0.19 (s, 9H), 0.10 (s, 3H), 0.09 (s, 3H).
13C NMR (150 MHz, Ce¢Ds): & 206.3, 156.4, 147.0, 139.1, 137.4, 135.7, 131.4, 126.9, 124.5,
118.4,110.9, 84.7, 82.0, 81.3, 76.8, 69.7, 56.6, 41.8, 39.9, 39.2, 36.5, 33.7, 26.2, 20.6, 18.9, 18.6,
10.3,1.7, 1.4, -5.0.

IR (thin film) vaax (cm™'): 2952, 2924, 2854, 1716, 1457, 1360, 1252, 1076, 1014, 843.

HRMS (m/z): (ESI) calcd. for C37Hs406>*Na?8Si, [M+Na]*: 673.3351, found 673.3345.

ROPA (1.5.1)

Resiniferonol-9,13,14-orthophenyl acetate (1.5.1)

Resiniferonol-9,13,14-orthophenyl acetate (ROPA, 1.5.1) was prepared by deprotecting enone
2.7.3 with TBAF according to a modified literature procedure.5¢ An oven-dried reaction tube
was charged with enone 2.7.3 (6.9 mg, 11 umol, 1.0 equiv.) and THF (300 pL). The resulting
solution was cooled to 0 °C and a solution of TBAF (50 puL, 1 M in THF, 50 pumol, 4.7 equiv.)
was added. The reaction mixture was stirred for 2 hours, at which point conversion was complete
as judged by TLC and was quenched with satd. ag. NH4Cl (1 mL) and diluted with EtOAc (1
mL). The organic layer was separated and the aqueous layer was extracted with EtOAc (5 x 1
mL). The combined organic layers were washed with satd. ag. NaHCO3 (1 mL), dried over
Na>SO4 and concentrated under reduced pressure. The crude product was purified by column
chromatography (20 to 100% Et.O/hexanes then 50 to 80% EtOAc/hexanes) to provide pure
ROPA (1.5.1) (4.9 mg, 11 umol) as a colorless amorphous solid.

TLC: Rr=0.33 (50% EtOAc/hexanes)

TH NMR (600 MHz, CDCI3): '"H NMR (600 MHz, CDCIl3) 8 7.45 (dd, J = 2.4, 1.4 Hz, 1H), 7.38
—7.34 (m, 2H), 7.28 (dd, J = 8.2, 6.6 Hz, 2H), 7.24 — 7.20 (m, 1H), 5.87 (s, 1H), 4.71 (dd, J =
3.0, 1.4 Hz, 2H), 4.26 (d, J = 2.8 Hz, 1H), 4.11 (d, J = 12.8 Hz, 1H), 4.08 (d, J = 12.8 Hz, 1H),
3.22(d, J=14.2 Hz, 1H), 3.19 (d, /= 14.2 Hz, 1H), 3.13 (br s, 1H), 3.10 (s, 1H), 2.60 — 2.51 (m,
2H), 2.28 (brs, 1H), 2.16 (dd, J = 14.4, 8.9 Hz, 1H), 1.82 (dd, J=2.8, 1.4 Hz, 3H), 1.54 (m, 1H),
1.52 (s, 3H), 0.96 (d, J = 7.2 Hz, 3H).

13C NMR (150 MHz, CDCl3): & 208.7, 158.3, 146.4, 138.9, 136.5, 135.0, 130.8, 127.7, 126.5,
125.4, 117.8, 110.7, 84.5, 81.2, 80.8, 73.5, 69.3, 55.5, 41.0, 39.8, 38.9, 35.7, 33.1, 19.9, 18.8,
10.2.

IR (thin film) vmax (cm™): 3347, 3319, 2958, 2925, 2855, 1708, 1447, 1378, 1287, 1238, 1159,
1048, 948.

HRMS (m/z): (ESI) calcd. for CosH3306 [M+H]": 465.2272, found 465.2271.
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2.7.16, PPhy
DBAD
—_—
THF, 0 °C
(95%)

OH

OMe

ROPA (1.5.1)

(i)-resiniferatoxin?RTX) (1.1.1)

Resiniferatoxin (1.1.1)

Resiniferatoxin (1.1.1) was synthesized from ROPA (1.5.1) via a modified literature
procedure.5"® An oven-dried reaction tube was charged with ROPA (4.9 mg, 11 umol), DBAD
(6.3 mg, 27 umol, 2.6 equiv.), homovanillic acid (5.0 mg, 27 umol, 2.6 equiv.), and PPh; (7.1
mg, 27 pumol, 2.6 equiv.) and was cooled to 0 °C. THF (0.3 mL) was added down the side of the
tube and the reaction mixture was stirred at 0 °C for 15 minutes, during which time a change
from a bright yellow solution to pale yellow suspension was observed. At this time conversion
was complete as judged by TLC, so the reaction mixture was transferred onto a silica (4.0 g)
column. The reaction tube was washed twice with 10% Et,O/hexanes (0.2 mL) to render the
transfer quantitative. The column was eluted with 20 to 100% Et2O/hexanes followed by 50 to
75% EtOAc/hexanes. The fractions containing the desired product were combined and re-
purified with another chromatography column (10 to 60% EtOAc/hexanes in 10% increments) to
provide pure resiniferatoxin (1.1.1) (6.2 mg, 10 pumol, 95% over 2 steps) as a white solid.

TLC: Rr= 0.58 (50% EtOAc/hexanes)

TH NMR (600 MHz, CDCls): & 7.44 (s, 1H), 7.37 (d, J = 7.1 Hz, 2H), 7.28 (t, J = 7.4 Hz, 2H),
7.23 (t,J=7.3 Hz, 1H), 6.84 (d, J= 8.0 Hz, 1H), 6.80 (d, /= 1.9 Hz, 1H), 6.76 (dd, J = 8.0, 1.9
Hz, 1H), 5.87 (s, 1H), 5.54 (s, 1H), 4.71 (s, 2H), 4.59 (d, /= 12.2 Hz, 1H), 4.54 (d, /= 12.2 Hz,
1H), 4.20 (d, J = 2.7 Hz, 1H), 3.88 (s, 3H), 3.56 (s, 2H), 3.22 (d, J = 14.5 Hz, 1H), 3.19 (d, J =
14.5 Hz, 1H), 3.08 (s, 1H), 3.04 (s, 1H), 2.55 (p, J = 7.3 Hz, 1H), 2.43 (d, J = 18.9 Hz, 1H), 2.18
—2.10(dd, J=14.3, 8.8 Hz, 1H), 2.15 (br s, 1H), 2.04 (d, /= 18.9 Hz, 1H), 1.82 (dd, /=2.7, 1.3
Hz, 3H), 1.55 (d, /= 14.3 Hz, 1H), 1.51 (s, 3H), 0.96 (d, /= 7.2 Hz, 3H).

13C NMR (150 MHz, CDCl3): & 208.4, 171.5, 158.2, 146.5, 146.3, 144.8, 136.5, 134.9, 134.1,
130.8, 128.6, 127.7, 126.5, 125.6, 122.2, 117.8, 114.4, 111.7, 110.7, 84.4, 81.1, 80.6, 73.3, 70.5,
56.0, 55.3, 41.0, 40.9, 39.9, 39.1, 35.7, 33.0, 19.8, 18.8, 10.2.

IR (thin film) vmax (cm™): 3447, 2971, 2926, 1724, 1629, 1604, 1515, 1271, 1149, 1029, 982.
HRMS (m/z): (ESI) calcd. for C37H4109 [M+H]*: 629.2745, found 629.2754.

Compounds from optimized route:

(o) (o)
H 6. CUCI, szinz H
: NaOt-Bu :
Me — —_— Me —;
o then NaBO4 o
OoTMS THF (59%) oTMS OH
2.6.7 2.8.1

Allylic alcohol 2.8.1:

An oven-dried 25 mL round-bottom flask was charged with CuCl (6.3 mg, 0.064 mmol, 0.1
equiv.), NaO#-Bu (6.3 mg, 0.064 mmol, 0.1 equiv.), and THF (2.8 mL). These reagents were
stirred together for 15 min at room temperature, at which point a solution of Bzpinz (178 mg,
0.701 mmol, 1.1 equiv.) in THF (2.8 mL) was added and stirring was continued for another 15
minutes. Then, enone 2.6.7 (178 mg, 0.636 mmol, 1.0 equiv.) in THF (2.8 mL) was added,
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followed by H>O (4.8 mL). The resulting mixture was stirred at room temperature for 1.5 hours,
at which point conversion was complete as judged by TLC. Solid NaBO3*4H>O (310 mg, 2.00
mmol, 3.2 equiv.) was added and stirring was continued for 1 hour or until all boronate was
oxidized. The reaction mixture was quenched with satd. aq. Na;S203 (10 mL). The organic layer
was separated and the aqueous layer was extracted with EtOAc (3 x 10 mL). The combined
organic layers were dried over Na;SO4 and concentrated under reduced pressure. The crude
reaction product was loaded on a chromatography column, which was eluted with 10 to 50%
Et2O/DCM. The fractions containing the product were combined, concentrated, and re-purified
using another chromatography column (25 to 45% EtOAc/hexanes) to provide pure allylic
alcohol 2.8.1 (109 mg, 0.369 mmol, 59% yield) as a colorless oil.

TLC: Rr= 0.48 (50% EtOAc/hexanes)

TH NMR (700 MHz, C¢Ds): & 5.16 (ddd, J = 7.8, 3.2, 1.7 Hz, 1H), 3.61 (s, 2H), 3.26 (dq, J =
20.6, 2.5 Hz, 1H), 3.03 (s, 1H), 2.87 (dd, J =20.2, 7.6 Hz, 1H), 2.77 (t, J = 8.6 Hz, 1H), 2.68 (d,
J=18.4 Hz, 1H), 2.51 — 2.45 (m, 2H), 2.02 (dd, J = 14.3, 7.9 Hz, 1H), 1.24 (s, 3H), -0.01 (d, J =
0.8 Hz, 9H).

13C NMR (175 MHz, CsDg): 8 205.8, 137.0, 117.4, 81.6, 69.3, 67.6, 64.6, 60.0, 42.8, 39.5, 32.5,
17.5, 2.1.

IR (thin film) vmax (cm™): 3420, 2957, 2932, 1707, 1252, 1104, 1063, 986, 840.

HRMS (m/z): (ESI) calcd. for Ci5sH2404*Na?®Si [M+Na]*: 319.1336, found 319.1337.

Me Me
. AIEt,
o) N o

H Me H
0 Me J

Me — —_—

o 7. PhMe (75%) >

OTMS OH HO OTMS OH
2.8.1 (+)-2.8.2

Diol 2.8.2:

Diethylaluminum 2,2,6,6-tetramethylpiperidide was prepared according to a modified literature
procedure.5* An oven-dried 25 mL round-bottom flask was charged with 2,2,6,6-
tetramethylpiperidine (0.24 mL, 1.4 mmol, 4.0 equiv.) and toluene (3.0 mL). This solution was
cooled to 0 °C and a solution of n-BuLi (0.56 mL, 2.5 M in hexanes, 1.4 mmol, 4.0 equiv.) was
added dropwise and stirring was continued for 30 minutes at 0 °C, during which time the reaction
mixture transitions from clear colorless solution to bright yellow suspension. Then, a solution of
diethylaluminum chloride (1.4 mL, 1 M in hexanes, 1.4 mmol, 4.0 equiv.) was added, upon
which the yellow color disappeared. The resulting white suspension was stirred for 40 minutes at
0 °C and a solution of allylic alcohol 2.8.1 (104 mg, 0.350 mmol, 1.0 equiv.) in toluene (2.0 mL)
was added dropwise. Conversion after 2 minutes was complete as judged by TLC, so the reaction
mixture was quenched with satd. ag. Rochelle salt (20 mL) and diluted with EtOAc (10 mL).
This biphasic mixture was vigorously stirred for 30 minutes, at which point the organic layer was
separated and the aqueous layer was extracted with EtOAc (4 x 20 mL). The combined organic
layers were dried over Na;SOs and concentrated in vacuo. The crude reaction product was
purified with flash column chromatography (50 to 100% EtOAc/hexanes) to provide pure diol
2.8.2 (78.0 mg, 0.264 mmol, 75% yield) as a colorless oil.

TLC: Rr=0.23 (50% EtOAc/hexanes)

TH NMR (400 MHz, C¢Ds): 6 5.35 (t, J= 5.6 Hz, 1H), 5.02 — 4.96 (m, 1H), 4.91 (d, J = 2.4 Hz,
1H), 4.00 (s, 1H), 3.85 (t,J = 5.0 Hz, 2H), 3.30 — 3.04 (m, 3H), 2.98 — 2.84 (m, 2H), 2.53 — 2.41
(m, 2H), 0.03 (d, J= 1.5 Hz, 9H).
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13C NMR (150 MHz, CDe): & 205.0, 152.2, 139.7, 119.1, 111.4, 85.2, 83.0, 68.9, 58.3, 43.0,
37.1,29.8,2.2.

IR (thin film) vimax (cm™): 3350, 2955, 2923, 2854, 1706, 1252, 1116, 1041, 841.

HRMS (m/z): (ESI) calcd. for CisH240423Na28Si [M+Na]*: 319.1336, found 319.1336.

[0} [0}

H 8. TBSCI, H
B8 DCM (87%) B
—»
Hd: OTMS OH Hd: OTMS OTBS
2.8.2 (+)-2.8.3

Protected allylic alcohol 2.8.3:

An oven-dried reaction tube was charged with diol 2.8.2 (78.0 mg, 0.264 mmol, 1.0 equiv.) and
DCM (2.6 mL). Imidazole (40 mg, 0.59 mmol, 2.2 equiv.) and TBSCI (48 mg, 0.32 mmol, 1.2
equiv.) were added and stirring was continued for 15 minutes, at which point conversion was
complete as judged by TLC. The reaction mixture was quenched with satd. ag. NaHCO3 (3 mL),
the organic layer was separated, and the aqueous layer was extracted with EtOAc (3 x 3 mL).
The combined organic layers were dried over Na>xSO4 and concentrated under reduced pressure.
The crude reaction product was purified by column chromatography (10% to 50%
EtOAc/hexanes) to provide pure TBS-protected primary allylic alcohol 2.8.3 (94 mg, 0.23 mmol,
87% yield) as a colorless oil.

TLC: Rr=0.43 (25% EtOAc/hexanes)

TH NMR (400 MHz, C¢Ds): 8 5.60 — 5.52 (m, 1H), 4.92 (d, J = 2.5 Hz, 1H), 4.86 (dq, J = 2.1,
1.1 Hz, 1H), 4.05 — 3.98 (m, 2H), 3.96 (d, J = 3.3 Hz, 1H), 3.32 (ddt, J = 18.1, 4.4, 2.0 Hz, 1H),
3.20-3.07 (m, 2H), 3.02 — 2.91 (m, 2H), 2.57 — 2.41 (m, 2H), 1.00 (s, 9H), 0.09 (s, 6H), 0.05 (s,
J=0.7 Hz, 9H).

13C NMR (150 MHz, C¢Ds): 8 205.4, 152.5, 138.3, 116.9, 111.0, 85.0, 82.9, 69.1, 58.8, 43.2,
36.8,30.1,26.2, 18.6, 2.1, -5.1.

IR (thin film) vnax (cm™): 3420, 2924, 2854, 1740, 1436, 1254, 1158, 1012, 948.

HRMS (m/z): (ESI) calcd. for C21H3304**Na?®Si; [M+Na]*: 433.2201, found 433.2203.

Aldol product 2.8.4:

An oven-dried reaction tube was charged with ketone 2.8.3 (26 mg, 63 umol, 1.0 equiv.) and
THF (0.4 mL). The resulting solution was cooled to —78 °C and a solution of LHMDS (160 pL, 1
M in THF, 0.160 mmol, 2.5 equiv.) was added. The reaction mixture was stirred at —78 °C for 30
minutes, at which point a solution of aldehyde 2.6.10 (33.0 mg, 0.126 mmol, 2.0 equiv.) in THF
(0.4 mL) was added dropwise. After 5 minutes, conversion was complete as judged by TLC and
the reaction was quenched with neat acetic acid (20 pL) before being quickly warmed up to
room temperature. Then, satd. ag. NaHCO3 (2 mL) was added carefully, the organic layer was
separated, and the aqueous layer was extracted with EtOAc (5 x 2 mL). The combined organic
layers were dried over Na;SOs and concentrated under reduced pressure. The crude reaction
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product was purified by flash column chromatography (0 to 60% EtOAc/hexanes) to provide
pure vinyl iodide 2.8.3 (26 mg, 38 umol, 60% yield) as a white solid.

TLC: Rr=0.67 (50% EtOAc/hexanes)

TH NMR (600 MHz, C¢Ds): 6 6.47 (td, J = 7.1, 5.3 Hz, 1H), 5.98 (dt, J = 7.4, 2.1 Hz, 1H), 5.69
(dt, J=17.3, 1.5 Hz, 1H), 5.01 (t, J = 2.5 Hz, 1H), 4.94 (qd, J = 2.1, 1.1 Hz, 1H), 4.30 (dd, J =
10.3, 2.5 Hz, 1H), 4.04 — 4.01 (m, 2H), 3.99 (s, 1H), 3.76 (dd, /= 10.4, 7.1 Hz, 1H), 3.53 — 3.45
(m, 2H), 3.11 (ddt, J = 16.7, 10.8, 2.8 Hz, 1H), 2.97 (d, J = 16.6 Hz, 1H), 2.94 — 2.88 (m, 1H),
2.64 (ddd, J=17.0, 5.3, 2.4 Hz, 1H), 2.47 (ddd, J=16.6, 11.8, 3.6 Hz, 2H), 1.53 (s, 1H), 1.34 (s,
3H), 1.25 (s, 3H), 0.97 (s, 9H), 0.11 (s, 9H), 0.08 (d, /= 2.0 Hz, 6H).

13C NMR (150 MHz, C¢Dg¢): 6 206.8, 152.3, 140.7, 138.6, 116.8, 112.2, 85.7, 83.2, 82.4, 73.6,
67.9,67.1,63.7, 56.6, 56.2, 36.9, 34.9, 30.0, 26.2, 26.2,22.2,21.9, 18.6, 2.4, -5.2.

IR (thin film) vmax (cm™): 3450, 2954, 2928, 2856, 1707, 1405, 1251, 1103, 1008, 837.

HRMS (m/z): (ESI) calcd. for C290Ha906'2’12*Na?8Si, [M+Na]": 699.2005, found 699.2008.

5,7,6-fused tricycle 2.8.5:

An oven-dried 10 mL round-bottom flask was charged with vinyl iodide 2.8.4 (43 mg, 63 pumol,
1.0 equiv.), degassed THF (900 puL), and H>O (90 pL). The resulting solution was degassed for 5
minutes with sonication and argon sparging and was then cooled to 0 °C. A solution of Sml (3.2
mL, 0.1 M in THF, 0.32 mmol, 5.0 equiv.) was added dropwise until the blue color persisted, at
which point conversion was complete as judged by TLC. The reaction mixture was quenched
with satd. ag. Rochelle salt (10 mL) and diluted with EtOAc (10 mL). The resulting biphasic
mixture was vigorously stirred for 30 minutes at room temperature and then the organic layer
was separated. The aqueous layer was extracted with EtOAc (5 x 10 mL). The combined organic
layers were dried over Na;SOs and concentrated under reduced pressure. The crude reaction
product was purified by flash column chromatography (10 to 60% EtOAc/hexanes) to provide
pure 5,7,6-fused tricycle 2.8.5 (32 mg, 47 umol, 75% yield, > 20:1 dr) as a white solid.

TLC: Rr= 0.82 (50% EtOAc/hexanes)

TH NMR (600 MHz, CDCl3): § 5.92 (d, J = 7.0 Hz, 1H), 5.71 (s, 1H), 4.52 (br s, 1H), 4.15 (d, J
=12.8 Hz, 1H), 4.11 (d, J = 12.7 Hz, 1H), 3.94 (s, 1H), 3.90 — 3.86 (m, 2H), 3.20 (s, 1H), 3.11 —
3.04 (m, 2H), 2.72 (br s, 1H), 2.54 — 2.43 (m, 2H), 2.37 — 2.28 (m, 2H), 1.97 (d, J = 13.7 Hz,
1H), 1.81 (s, 3H), 1.65 (br s, 1H), 1.48 (s, 3H), 1.36 (s, 3H), 0.90 (s, 9H), 0.17 (s, 9H), 0.08 (s,
3H), 0.08 (s, 3H).

13C NMR (150 MHz, CDCls): & 144.2, 136.4, 129.7, 122.8, 85.5, 84.3, 76.5, 73.9, 68.1, 67.3,
64.6, 59.6,48.5,46.9, 38.5, 29.0, 26.1, 21.2, 18.7, 14.8, 12.4,2.4, -5.1.

IR (thin film) vmax (cm™): 3400, 2926, 2855, 1580, 1252, 1126, 1034, 936, 906, 839.

HRMS (m/z): (ES]) calcd. for C20Hs106'212*Na?8Si, [M+Na]*: 701.2161, found 701.2164.

Reduction product 2.6.22 from iodide 2.8.5:
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An oven-dried reaction tube was charged with iodide 2.8.5 (5.0 mg, 7.3 umol, 1.0 equiv.) and
THF (0.5 mL). The mixture was cooled to —78 °C and a solution of lithium aluminum hydride in
THF (100 pL, 0.5 M in THF, 50.0 umol, 6.8 equiv.) was added dropwise. The resulting solution
was left to slowly warm up to room temperature over the course of 12 hours. At this point, the
reaction mixture was quenched with EtOAc (1 mL) and stirred vigorously with satd. agq.
Rochelle salt (2 mL) for 30 minutes. The organic layer was separated and the aqueous layer was
extracted with EtOAc (5 x 5 mL). The combined organic layers were dried over Na;SO4 and
concentrated under reduced pressure. The resulting crude mixture was purified by flash column
chromatography (10 to 50% EtOAc/hexanes) to provide reduction product 2.6.22 (2.7 mg, 4.8
pumol, 66% yield) as a white solid.
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2.12.3. Natural Product Spectral Comparisons

Table S1. Comparison of '"H NMR data of natural, reported, and synthetic RTX.

Position TH (5) TH (5) 'H (5)
Natural RTX (ref. SI-7) | Reported RTX (ref. SI-6) Synthetic RTX
(500 MHz, CDCI3) (600 MHz, CDCI3)

1-H 7.42 (m, 1H) 7.44 (brs, 1H) 7.44 (s, 1H)

5-H, 2.12 (AB, 1H) 2.04 (d,J=18.3 Hz, 1H) 2.04 (d,J=18.9 Hz, 1H)

5-Hp 2.12 (AB, 1H) 243 (d,J=18.3 Hz, 1H) 243 (d,J=18.9 Hz, 1H)

7-H 5.84 (m, 1H) 5.87 (brs, 1H) 5.87 (s, 1H)

8-H 3.05 (m, 1H) 3.08 (brs, 1H) 3.08 (s, 1H)

10-H 3.05 (m, 1H) 3.04 (brs, 1H) 3.04 (s, 1H)

11-H 2.6 (m, 1H) 2.55(dq,J=8.6, 7.5 Hz, 2.55 (p,J=17.3 Hz, 1H)

1H)

12-Ha 1.9 -2.2 (m, 2H) 1.56 (d,J=14.9 Hz, 1H) 1.55 (d, J=14.3 Hz, 1H)

12-Hy 2.13(dd,J=149,8.6Hz, | 2.18-2.10(dd,J=14.3,

1H) 8.8 Hz, 1H) {overlaps with
C4-OH}

14-H 4.18 (d,J=7 Hz, 1H) 4.20 (d,J=2.3 Hz, 1H) 4.20 (d,J=2.7 Hz, 1H)
16-H.p 4.7 (AB, 2H) 4.72 — 4.69 (m, 2H) 4.71 (s, 2H)

17-H 1.52 (br s, 3H) 1.51 (s, 3H) 1.51 (s, 3H)

18-H | 0.96(d,J=7.5Hz,3H) | 0.96(d,J="7.5Hz, 3H) 0.96 (d, /= 7.2 Hz, 3H)

19-H 1.81 (m, 3H) 1.81 — 1.84 (m, 3H) 1.82 (dd, J=2.7, 1.3 Hz,

3H)

20-H. 4.53 (AB, 1H) 4.53 (d,J=12.6 Hz, 1H) 4.54 (d,J=12.2 Hz, 1H)
20-Hp 4.53 (AB, 1H) 4.59 (d,J=12.6 Hz, 1H) 4.59 (d,J=12.2 Hz, 1H)
2’-Ha 3.2 (s, 1H) 3.19(d,J=14.9 Hz, 1H) 3.19(d,J=14.5 Hz, 1H)
2’-Hy 3.2 (s, 1H) 3.22(d,J=14.9 Hz, 1H) 3.22 (d,J=14.5 Hz, 1H)
4’-Ha,p 3.55 (s, 2H) 3.56 (s, 2H) 3.56 (s, 2H)

5-H 3.85 (s, 3H) 3.88 (s, 3H) 3.88 (s, 3H)
C4-OH 20-2.5 2.04 (s, 1H) 2.15 (br s, 1H)
Ar-OH 5.5 5.53 (s, 1H) 5.54 (s, 1H)

Ph 7.27 (m, SH) 7.35-7.39 (m, 2H) 7.37(d,J="7.1 Hz, 2H)
7.20-7.31 (m, 3H) 7.28 (t,J=17.4 Hz, 2H)

7.23 (t,J=17.3 Hz, 1H)

Ar 6.76 (AB, 3H) 6.74-6.85 (m, 3H) 6.84 (d, /= 8.0 Hz, 1H)

6.80 (d, /= 1.9 Hz, 1H)

6.76 (dd, J = 8.0, 1.9 Hz,
1H)
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Table S2. Comparison of 3C NMR data of reported®® and synthetic RTX.

Position BC () BC©)
Reported RTX (ref. SI-6) Synthetic RTX
(125 MHz, CDCI3) (150 MHz, CDCI3)

1 158.3 158.2
2 136.5 136.5
3 208.5 208.4
4 73.3 73.3
5 39.9 39.9
6 134.0 134.1
7 128.5 128.6
8 39.1 39.1
9 81.1 81.1
10 55.3 55.3
11 33.0 33.0
12 35.6 35.7
13 84.4 84.4
14 80.6 80.6
15 146.3 146.3
16 110.7 110.7
17 18.8 18.8
18 19.8 19.8
19 10.2 10.2
20 70.5 70.5
1 117.8 117.8
2’ 40.9 40.9
3 171.5 171.5
4’ 41.0 41.0
5 55.9 56.0
Ph 126.5 126.5
127.7 127.7

130.8 130.8

134.9 134.9

Ar 111.7 111.7
114.3 114.3

122.2 122.2

125.6 125.6

144.8 144.8

146.5 146.5
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2.12.5 — X-ray data for tricycle 2.5.10

OTMS Me
2.5.10

Table 1. Crystal data and structure refinement for VHV_08 202.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 74.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

VHV_08 202
C23 H37 Br O4 Si
485.52

100(2) K

1.54184 A
Triclinic

P-1
a=9.75240(10) A
b=15.7301(2) A
c=17.23452) A
2439.60(5) A3

4

1.322 Mg/m3
2.964 mm!

1024

0.170 x 0.070 x 0.050 mm?
2.923 to 74.497°.
-12<=h<=12, -19<=k<=19, -21<=1<=20
105336

9968 [R(int) = 0.0684]

99.8 %

o= 93.2890(10)°.
B=106.2130(10)°.
v=104.1180(10)°.

Semi-empirical from equivalents
1.00000 and 0.81098
Full-matrix least-squares on F?

9968 /2 /563
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Goodness-of-fit on F?

Final R indices [[>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

1.055

R1=0.0469, wR2 =0.1212
R1=0.0526, wR2 =0.1251
n/a

0.528 and -1.179 e.A-3
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Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%)

for vhv_08 202. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
Br(1) 3245(11) 2022(12) 4320(6) 86(2)
Br(1B) 3046(2) 1836(1) 4405(1) 53(1)
Si(1B) -1230(1) 1292(1) 5669(1) 44(1)
0O(1B) 6091(2) 3741(2) 7366(2) 55(1)
0O(2B) 4646(3) 5287(2) 6693(2) 49(1)
0O(3B) 2521(2) 4709(1) 5233(1) 41(1)
0(4B) -298(2) 2327(1) 5713(1) 38(1)
C(1B) 4402(4) 3150(2) 8174(2) 49(1)
C(2B) 4781(3) 3075(2) 7382(2) 42(1)
C(3B) 4643(4) 2129(2) 7067(2) 56(1)
C(4B) 4654(3) 3750(2) 6822(2) 41(1)
C(5B) 4022(3) 4502(2) 6994(2) 37(1)
C(6B) 2352(3) 4187(2) 6556(2) 31(1)
C(7B) 1513(3) 4783(2) 6804(2) 34(1)
C(8B) 101(3) 4480(2) 6790(2) 34(1)
C(9B) -774(4) 5057(2) 7035(2) 44(1)
C(10B) -695(3) 3510(2) 6515(2) 34(1)
C(11B) -741(3) 3139(2) 5653(2) 32(1)
C(12B) -2257(3) 2985(2) 5015(2) 42(1)
C(13B) -1952(3) 3045(2) 4229(2) 44(1)
C(14B) -3144(4) 2763(2) 3428(2) 56(1)
C(15B) -496(3) 3436(2) 4346(2) 41(1)
C(16B) 271(3) 3752(2) 5247(2) 32(1)
C(17B) 1973(3) 3961(2) 5609(2) 32(1)
C(18B) 2710(3) 3217(2) 5463(2) 38(1)
C(19B) 2410(5) 2918(3) 4568(2) 63(1)
C(20B) 4385(3) 3520(2) 5918(2) 45(1)
C(21B) -2438(5) 1186(3) 6342(3) 75(1)
C(22B) -2391(5) 784(2) 4610(3) 69(1)
C(23B) 227(5) 721(2) 6044(3) 60(1)
Br(1A) 11234(1) 8585(1) 7921(1) 47(1)
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Si(1A)
O(1A)
0(2A)
0(3A)
0(008)
C(1A)
C(2A)
C(3A)
C(4A)
C(5A)
C(6A)
C(7A)
C(8A)
C(9A)
C(10A)
C(11A)
C(12A)
C(13A)
C(14A)
C(15A)
C(16A)
C(17A)
C(18A)
C(19A)
C(20A)
C(21A)
C(22A)
C(23A)

7492(1)
11479(2)
8584(2)
7272(2)
7117(2)
12171(3)
11038(2)
10441(3)
10242(2)
8725(2)
7570(2)
6033(2)
4814(3)
3357(3)
4697(3)
5935(3)
5335(3)
5915(3)
5677(4)
6927(3)
6554(2)
7694(2)
9319(2)
9528(3)
10500(3)
5896(3)
9020(3)
8092(3)

9041(1)
6264(1)
5258(1)
6203(1)
8117(1)
7867(2)
6981(2)
6752(2)
6565(1)
5921(1)
6440(1)
5852(2)
6108(2)
5446(2)
7046(2)
7765(2)
8506(2)
8803(2)
9572(2)
8288(2)
7447(2)
6884(1)
7425(1)
7588(2)
6964(2)
9141(2)
8953(2)
10041(2)

10398(1)
10318(1)
8965(1)
7869(1)
9776(1)
10860(2)
10686(1)
11386(2)
9834(1)
9612(1)
9330(1)
9220(1)
9173(1)
9090(2)
9168(2)
9019(2)
8661(2)
8084(2)
7639(2)
7932(2)
8345(1)
8564(1)
8677(1)
7837(2)
9096(2)
10756(2)
11291(2)
9921(2)

25(1)
25(1)
28(1)
25(1)
26(1)
32(1)
24(1)
30(1)
21(1)
22(1)
21(1)
23(1)
25(1)
30(1)
30(1)
24(1)
28(1)
31(1)
43(1)
31(1)
24(1)
21(1)
23(1)
30(1)
25(1)
35(1)
35(1)
34(1)
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Table 3. Bond lengths [A] and angles [°] for vhv_08 202.

Br(1)-C(19B)
Br(1B)-C(19B)
Si(1B)-O(4B)
Si(1B)-C(23B)
Si(1B)-C(21B)
Si(1B)-C(22B)
O(1B)-C(2B)
O(1B)-C(4B)
O(2B)-C(5B)
O(2B)-H(2B)
O(3B)-C(17B)
O(3B)-H(3B)
O(4B)-C(11B)
C(1B)-C(2B)
C(1B)-H(I1BA)
C(1B)-H(1BB)
C(1B)-H(1BC)
C(2B)-C(4B)
C(2B)-C(3B)
C(3B)-H(3BA)
C(3B)-H(3BB)
C(3B)-H(3BC)
C(4B)-C(5B)
C(4B)-C(20B)
C(5B)-C(6B)
C(5B)-H(5B)
C(6B)-C(7B)
C(6B)-C(17B)
C(6B)-H(6B)
C(7B)-C(8B)
C(7B)-H(7B)
C(8B)-C(9B)
C(8B)-C(10B)
C(9B)-H(9BA)

1.876(9)
1.979(4)
1.647(2)
1.849(4)
1.857(4)
1.868(4)
1.449(4)
1.456(3)
1.430(3)
0.74(4)
1.437(3)
0.79(4)
1.444(3)
1.517(5)
0.9800
0.9800
0.9800
1.479(4)
1.516(4)
0.9800
0.9800
0.9800
1.511(4)
1.513(4)
1.531(4)
1.0000
1.502(4)
1.568(3)
1.0000
1.337(4)
0.9500
1.504(4)
1.514(4)
0.9800
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C(9B)-H(9BB)

C(9B)-H(9BC)

C(10B)-C(11B)
C(10B)-H(10A)
C(10B)-H(10B)
C(11B)-C(12B)
C(11B)-C(16B)
C(12B)-C(13B)
C(12B)-H(12A)
C(12B)-H(12B)
C(13B)-C(15B)
C(13B)-C(14B)
C(14B)-H(14A)
C(14B)-H(14B)
C(14B)-H(14C)
C(15B)-C(16B)
C(15B)-H(15B)
C(16B)-C(17B)
C(16B)-H(16B)
C(17B)-C(18B)
C(18B)-C(19B)
C(18B)-C(20B)
C(18B)-H(18B)
C(19B)-H(19C)
C(19B)-H(19D)
C(19B)-H(19A)
C(19B)-H(19B)
C(20B)-H(20A)
C(20B)-H(20B)
C(21B)-H(21A)
C(21B)-H(21B)
C(21B)-H(21C)
C(22B)-H(22A)
C(22B)-H(22B)
C(22B)-H(22C)
C(23B)-H(23A)

0.9800
0.9800
1.550(4)
0.9900
0.9900
1.530(4)
1.547(4)
1.469(4)
0.9900
0.9900
1.355(4)
1.495(4)
0.9800
0.9800
0.9800
1.517(4)
0.9500
1.544(4)
1.0000
1.557(4)
1.511(4)
1.540(4)
1.0000
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
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C(23B)-H(23B)
C(23B)-H(23C)
Br(1A)-C(19A)
Si(1A)-0(008)
Si(1A)-C(22A)
Si(1A)-C(23A)
Si(1A)-C(21A)
O(1A)-C(4A)
O(1A)-C(2A)
O(2A)-C(5A)
O(2A)-H(2A)
0(3A)-C(17A)
O(3A)-H(3A)
0(008)-C(11A)
C(1A)-C(2A)
C(1A)-H(1AA)
C(1A)-H(1AB)
C(1A)-H(1AC)
C(2A)-C(4A)
C(2A)-C(3A)
C(3A)-H(3AA)
C(3A)-H(3AB)
C(3A)-HBAC)
C(4A)-C(20A)
C(4A)-C(5A)
C(5A)-C(6A)
C(5A)-H(5A)
C(6A)-C(7A)
C(6A)-C(17A)
C(6A)-H(6A)
C(7A)-C(8A)
C(7A)-H(7A)
C(8A)-C(9A)
C(8A)-C(10A)
C(9A)-H(9AA)
C(9A)-H(9AB)

0.9800
0.9800
1.953(2)
1.6538(17)
1.859(3)
1.860(3)
1.864(3)
1.462(2)
1.472(3)
1.436(3)
0.777(18)
1.455(3)
0.799(18)
1.451(3)
1.506(3)
0.9800
0.9800
0.9800
1.480(3)
1.505(3)
0.9800
0.9800
0.9800
1.506(3)
1.507(3)
1.535(3)
1.0000
1.511(3)
1.549(3)
1.0000
1.329(3)
0.9500
1.507(3)
1.507(3)
0.9800
0.9800
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C(9A)-H(9AC)

C(10A)-C(11A)
C(10A)-H(10C)
C(10A)-H(10D)
C(11A)-C(12A)
C(11A)-C(16A)
C(12A)-C(13A)
C(12A)-H(12C)
C(13A)-C(15A)
C(13A)-C(14A)
C(14A)-H(14D)
C(14A)-H(14E)
C(14A)-H(14F)
C(15A)-C(16A)
C(15A)-H(15A)
C(15A)-H(15C)
C(16A)-C(17A)
C(16A)-H(16A)
C(17A)-C(18A)
C(18A)-C(20A)
C(18A)-C(19A)
C(18A)-H(18A)
C(19A)-H(19E)
C(19A)-H(19F)
C(20A)-H(20C)
C(20A)-H(20D)
C(21A)-H(21D)
C(21A)-H(21E)
C(21A)-H(21F)
C(22A)-H(22D)
C(22A)-H(22E)
C(22A)-H(22F)
C(23A)-H(23D)
C(23A)-H(23E)
C(23A)-H(23F)

0.9800
1.532(3)
0.9900
0.9900
1.515(3)
1.561(3)
1.328(4)
0.9500
1.486(3)
1.501(3)
0.9800
0.9800
0.9800
1.552(3)
0.9900
0.9900
1.564(3)
1.0000
1.557(3)
1.541(3)
1.544(3)
1.0000
0.9900
0.9900
0.9900
0.9900
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
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O(4B)-Si(1B)-C(23B)
O(4B)-Si(1B)-C(21B)
C(23B)-Si(1B)-C(21B)
O(4B)-Si(1B)-C(22B)
C(23B)-Si(1B)-C(22B)
C(21B)-Si(1B)-C(22B)
C(2B)-O(1B)-C(4B)
C(5B)-O(2B)-H(2B)
C(17B)-O(3B)-H(3B)
C(11B)-O(4B)-Si(1B)
C(2B)-C(1B)-H(1BA)
C(2B)-C(1B)-H(1BB)
H(I1BA)-C(1B)-H(1BB)
C(2B)-C(1B)-H(1BC)
H(1BA)-C(1B)-H(1BC)
H(1BB)-C(1B)-H(1BC)
O(1B)-C(2B)-C(4B)
O(1B)-C(2B)-C(3B)
C(4B)-C(2B)-C(3B)
O(1B)-C(2B)-C(1B)
C(4B)-C(2B)-C(1B)
C(3B)-C(2B)-C(1B)
C(2B)-C(3B)-H(3BA)
C(2B)-C(3B)-H(3BB)
H(3BA)-C(3B)-H(3BB)
C(2B)-C(3B)-H(3BC)
H(3BA)-C(3B)-H(3BC)
H(3BB)-C(3B)-H(3BC)
O(1B)-C(4B)-C(2B)
O(1B)-C(4B)-C(5B)
C(2B)-C(4B)-C(5B)
O(1B)-C(4B)-C(20B)
C(2B)-C(4B)-C(20B)
C(5B)-C(4B)-C(20B)
O(2B)-C(5B)-C(4B)
O(2B)-C(5B)-C(6B)

104.03(15)
111.66(15)
109.7(2)
112.54(16)
109.94(18)
108.9(2)
61.20(19)
105(3)
107(3)
132.51(17)
109.5
109.5
109.5
109.5
109.5
109.5
59.64(19)
116.9(3)
121.03)
114.2(3)
121.6(3)
112.5(3)
109.5
109.5
109.5
109.5
109.5
109.5
59.15(19)
117.8(2)
120.5(3)
117.1Q2)
121.2(3)
111.6(3)
112.2(3)
109.1(2)
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C(4B)-C(5B)-C(6B)
O(2B)-C(5B)-H(5B)
C(4B)-C(5B)-H(5B)
C(6B)-C(5B)-H(5B)
C(7B)-C(6B)-C(5B)
C(7B)-C(6B)-C(17B)
C(5B)-C(6B)-C(17B)
C(7B)-C(6B)-H(6B)
C(5B)-C(6B)-H(6B)
C(17B)-C(6B)-H(6B)
C(8B)-C(7B)-C(6B)
C(8B)-C(7B)-H(7B)
C(6B)-C(7B)-H(7B)
C(7B)-C(8B)-C(9B)
C(7B)-C(8B)-C(10B)
C(9B)-C(8B)-C(10B)
C(8B)-C(9B)-H(9BA)
C(8B)-C(9B)-H(9BB)
H(9BA)-C(9B)-H(9BB)
C(8B)-C(9B)-H(9BC)
H(9BA)-C(9B)-H(9BC)
H(9BB)-C(9B)-H(9BC)
C(8B)-C(10B)-C(11B)
C(8B)-C(10B)-H(10A)
C(11B)-C(10B)-H(10A)
C(8B)-C(10B)-H(10B)
C(11B)-C(10B)-H(10B)
H(10A)-C(10B)-H(10B)
O(4B)-C(11B)-C(12B)
O(4B)-C(11B)-C(16B)
C(12B)-C(11B)-C(16B)
O(4B)-C(11B)-C(10B)
C(12B)-C(11B)-C(10B)
C(16B)-C(11B)-C(10B)
C(13B)-C(12B)-C(11B)
C(13B)-C(12B)-H(12A)

106.4(2)
109.7
109.7
109.7
112.8(2)
113.7Q2)
113.2(2)
105.4
105.4
105.4
122.0(2)
119.0
119.0
123.5(3)
119.7(2)
116.9(3)
109.5
109.5
109.5
109.5
109.5
109.5
116.0(2)
108.3
108.3
108.3
108.3
107.4
110.7(2)
107.5(2)
101.02)
108.1(2)
113.5(2)
115.8(2)
105.4(2)
110.7
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C(11B)-C(12B)-H(12A)
C(13B)-C(12B)-H(12B)
C(11B)-C(12B)-H(12B)
H(12A)-C(12B)-H(12B)
C(15B)-C(13B)-C(12B)
C(15B)-C(13B)-C(14B)
C(12B)-C(13B)-C(14B)
C(13B)-C(14B)-H(14A)
C(13B)-C(14B)-H(14B)
H(14A)-C(14B)-H(14B)
C(13B)-C(14B)-H(14C)
H(14A)-C(14B)-H(14C)
H(14B)-C(14B)-H(14C)
C(13B)-C(15B)-C(16B)
C(13B)-C(15B)-H(15B)
C(16B)-C(15B)-H(15B)
C(15B)-C(16B)-C(17B)
C(15B)-C(16B)-C(11B)
C(17B)-C(16B)-C(11B)
C(15B)-C(16B)-H(16B)
C(17B)-C(16B)-H(16B)
C(11B)-C(16B)-H(16B)
O(3B)-C(17B)-C(16B)
O(3B)-C(17B)-C(18B)
C(16B)-C(17B)-C(18B)
O(3B)-C(17B)-C(6B)
C(16B)-C(17B)-C(6B)
C(18B)-C(17B)-C(6B)
C(19B)-C(18B)-C(20B)
C(19B)-C(18B)-C(17B)
C(20B)-C(18B)-C(17B)
C(19B)-C(18B)-H(18B)
C(20B)-C(18B)-H(18B)
C(17B)-C(18B)-H(18B)
C(18B)-C(19B)-Br(1)
C(18B)-C(19B)-Br(1B)

110.7
110.7
110.7
108.8
110.5(3)
126.6(3)
122.8(3)
109.5
109.5
109.5
109.5
109.5
109.5
109.3(3)
125.4
125.4
121.22)
102.7(2)
119.6(2)
103.7
103.7
103.7
103.8(2)
109.4(2)
117.4(2)
112.7(2)
107.1(2)
106.8(2)
111.7(3)
112.7(2)
110.02)
107.4
107.4
107.4
116.3(4)
111.42)
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C(18B)-C(19B)-H(19C)
Br(1)-C(19B)-H(19C)
C(18B)-C(19B)-H(19D)
Br(1)-C(19B)-H(19D)
H(19C)-C(19B)-H(19D)
C(18B)-C(19B)-H(19A)
Br(1B)-C(19B)-H(19A)
C(18B)-C(19B)-H(19B)
Br(1B)-C(19B)-H(19B)
H(19A)-C(19B)-H(19B)
C(4B)-C(20B)-C(18B)
C(4B)-C(20B)-H(20A)
C(18B)-C(20B)-H(20A)
C(4B)-C(20B)-H(20B)
C(18B)-C(20B)-H(20B)
H(20A)-C(20B)-H(20B)
Si(1B)-C(21B)-H(21A)
Si(1B)-C(21B)-H(21B)
H(21A)-C(21B)-H(21B)
Si(1B)-C(21B)-H(21C)
H(21A)-C(21B)-H(21C)
H(21B)-C(21B)-H(21C)
Si(1B)-C(22B)-H(22A)
Si(1B)-C(22B)-H(22B)
H(22A)-C(22B)-H(22B)
Si(1B)-C(22B)-H(22C)
H(22A)-C(22B)-H(22C)
H(22B)-C(22B)-H(22C)
Si(1B)-C(23B)-H(23A)
Si(1B)-C(23B)-H(23B)
H(23A)-C(23B)-H(23B)
Si(1B)-C(23B)-H(23C)
H(23A)-C(23B)-H(23C)
H(23B)-C(23B)-H(23C)
0(008)-Si(1A)-C(22A)
0(008)-Si(1A)-C(23A)

108.2
108.2
108.2
108.2
107.4
109.4
109.4
109.4
109.4
108.0
110.6(2)
109.5
109.5
109.5
109.5
108.1
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
104.20(10)
112.00(11)
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C(22A)-Si(1A)-C(23A)
0(008)-Si(1A)-C(21A)
C(22A)-Si(1A)-C(21A)
C(23A)-Si(1A)-C(21A)
C(4A)-O(1A)-C(2A)
C(5A)-0(2A)-H(2A)
C(17A)-O(3A)-H(3A)
C(11A)-O(008)-Si(1A)
C(2A)-C(1A)-H(1AA)
C(2A)-C(1A)-H(1AB)
H(1AA)-C(1A)-H(1AB)
C(2A)-C(1A)-H(1AC)
H(1AA)-C(1A)-H(1AC)
H(1AB)-C(1A)-H(1AC)
O(1A)-C(2A)-C(4A)
O(1A)-C(2A)-C(3A)
C(4A)-C(2A)-C(3A)
O(1A)-C(2A)-C(1A)
C(4A)-C(2A)-C(1A)
C(3A)-C(2A)-C(1A)
C(2A)-C(3A)-H(3AA)
C(2A)-C(3A)-H(3AB)
H(3AA)-C(3A)-H(3AB)
C(2A)-C(3A)-H(3AC)
H(3AA)-C(3A)-H(3AC)
H(3AB)-C(3A)-H(3AC)
O(1A)-C(4A)-C(2A)
O(1A)-C(4A)-C(20A)
C(2A)-C(4A)-C(20A)
O(1A)-C(4A)-C(5A)
C(2A)-C(4A)-C(5A)
C(20A)-C(4A)-C(5A)
O(2A)-C(5A)-C(4A)
O(2A)-C(5A)-C(6A)
C(4A)-C(5A)-C(6A)
O(2A)-C(5A)-H(5A)

110.60(13)
112.94(11)
108.45(13)
108.55(12)
60.58(14)
109(3)
109(3)
130.04(14)
109.5
109.5
109.5
109.5
109.5
109.5
59.38(13)
114.34(18)
122.8(2)
113.95(19)
120.2(2)
113.5(2)
109.5
109.5
109.5
109.5
109.5
109.5
60.05(13)
114.30(18)
124.2(2)
116.53(17)
121.22)
110.38(19)
109.27(18)
110.13(18)
107.88(17)
109.8
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C(4A)-C(5A)-H(5A)
C(6A)-C(5A)-H(5A)
C(7A)-C(6A)-C(5A)
C(7A)-C(6A)-C(17A)
C(5A)-C(6A)-C(17A)
C(7A)-C(6A)-H(6A)
C(5A)-C(6A)-H(6A)
C(17A)-C(6A)-H(6A)
C(8A)-C(7A)-C(6A)
C(8A)-C(7A)-H(7A)
C(6A)-C(7A)-H(7A)
C(7A)-C(8A)-C(9A)
C(7A)-C(8A)-C(10A)
C(9A)-C(8A)-C(10A)
C(8A)-C(9A)-H(9AA)
C(8A)-C(9A)-H(9AB)
H(9AA)-C(9A)-H(9AB)
C(8A)-C(9A)-H(9AC)
H(9AA)-C(9A)-H(9AC)
H(9AB)-C(9A)-H(9AC)
C(8A)-C(10A)-C(11A)
C(8A)-C(10A)-H(10C)
C(11A)-C(10A)-H(10C)
C(8A)-C(10A)-H(10D)
C(11A)-C(10A)-H(10D)
H(10C)-C(10A)-H(10D)
0(008)-C(11A)-C(12A)
0(008)-C(11A)-C(10A)
C(12A)-C(11A)-C(10A)
0(008)-C(11A)-C(16A)
C(12A)-C(11A)-C(16A)
C(10A)-C(11A)-C(16A)
C(13A)-C(12A)-C(11A)
C(13A)-C(12A)-H(12C)
C(11A)-C(12A)-H(12C)
C(12A)-C(13A)-C(15A)

109.8
109.8
109.94(18)
112.70(18)
112.96(18)
106.9
106.9
106.9
127.02)
116.5
116.5
121.22)
125.8(2)
113.02)
109.5
109.5
109.5
109.5
109.5
109.5
119.8(2)
107.4
107.4
107.4
107.4
106.9
109.68(18)
110.21(19)
110.52(19)
110.93(18)
101.92(18)
113.29(19)
111.92)
124.1
124.1
111.3Q2)
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C(12A)-C(13A)-C(14A)
C(15A)-C(13A)-C(14A)
C(13A)-C(14A)-H(14D)
C(13A)-C(14A)-H(14E)
H(14D)-C(14A)-H(14E)
C(13A)-C(14A)-H(14F)
H(14D)-C(14A)-H(14F)
H(14E)-C(14A)-H(14F)
C(13A)-C(15A)-C(16A)
C(13A)-C(15A)-H(15A)
C(16A)-C(15A)-H(15A)
C(13A)-C(15A)-H(15C)
C(16A)-C(15A)-H(15C)
H(15A)-C(15A)-H(15C)
C(15A)-C(16A)-C(11A)
C(15A)-C(16A)-C(17A)
C(11A)-C(16A)-C(17A)
C(15A)-C(16A)-H(16A)
C(11A)-C(16A)-H(16A)
C(17A)-C(16A)-H(16A)
O(3A)-C(17A)-C(6A)
O(BA)-C(17A)-C(18A)
C(6A)-C(17A)-C(18A)
O(BA)-C(17A)-C(16A)
C(6A)-C(17A)-C(16A)
C(18A)-C(17A)-C(16A)
C(20A)-C(18A)-C(19A)
C(20A)-C(18A)-C(17A)
C(19A)-C(18A)-C(17A)
C(20A)-C(18A)-H(18A)
C(19A)-C(18A)-H(18A)
C(17A)-C(18A)-H(18A)
C(18A)-C(19A)-Br(1A)
C(18A)-C(19A)-H(19E)
Br(1A)-C(19A)-H(19E)
C(18A)-C(19A)-H(19F)

127.1Q2)
121.6(2)
109.5
109.5
109.5
109.5
109.5
109.5
104.1(2)
110.9
110.9
110.9
110.9
109.0
102.89(18)
119.57(19)
119.19(19)
104.5
104.5
104.5
109.14(17)
107.27(17)
111.11(18)
105.78(17)
110.11(18)
113.19(17)
106.58(18)
114.14(18)
109.85(19)
108.7
108.7
108.7
112.26(17)
109.2
109.2
109.2
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Br(1A)-C(19A)-H(19F)
H(19E)-C(19A)-H(19F)
C(4A)-C(20A)-C(18A)
C(4A)-C(20A)-H(20C)
C(18A)-C(20A)-H(20C)
C(4A)-C(20A)-H(20D)
C(18A)-C(20A)-H(20D)
H(20C)-C(20A)-H(20D)
Si(1A)-C(21A)-H(21D)
Si(1A)-C(21A)-H(21E)
H(21D)-C(21A)-H(21E)
Si(1A)-C(21A)-H(21F)
H(21D)-C(21A)-H(21F)
H(21E)-C(21A)-H(21F)
Si(1A)-C(22A)-H(22D)
Si(1A)-C(22A)-H(22E)
H(22D)-C(22A)-H(22E)
Si(1A)-C(22A)-H(22F)
H(22D)-C(22A)-H(22F)
H(22E)-C(22A)-H(22F)
Si(1A)-C(23A)-H(23D)
Si(1A)-C(23A)-H(23E)
H(23D)-C(23A)-H(23E)
Si(1A)-C(23A)-H(23F)
H(23D)-C(23A)-H(23F)
H(23E)-C(23A)-H(23F)

109.2
107.9
113.80(18)
108.8
108.8
108.8
108.8
107.7
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameters (A2x 103)for vhv_08 202. The anisotropic

displacement factor exponent takes the form: -2r%[ h?a*?U'! + .. + 2 hk a* b* U'? ]

Ul 1 U22 U33 U23 U13 U12
Br(1) 45(2) 169(5) 42(2) -28(3) 102) 38(3)
Br(1B)  62(1) 54(1) 50(1) -7(1) 26(1) 21(1)
Si(1B)  52(1) 32(1) 55(1) 6(1) 25(1) 12(1)
O(1B)  30(1) 73(2) 53(1) 2(1) 0(1) 15(1)
O@2B)  41(1) 43(1) 45(1) 6(1) 2(1) -4(1)
O(3B)  40(1) 43(1) 34(1) 9(1) 11(1) 0(1)
O@B)  44(1) 32(1) 46(1) 5(1) 24(1) 14(1)
C(IB)  61Q2) 44(2) 41(2) 8(1) 5(2) 24(2)
C2B)  36(1) 48(2) 40(2) 0(1) 0(1) 18(1)
CG3B)  62(2) 57(2) 50(2) -1(2) 1(2) 37(2)
C@4B)  27(1) 51(2) 41(2) -1(1) 3(1) 10(1)
C(5B)  36(1) 34(1) 32(1) 1(1) 4(1) 4(1)
C(6B)  34(1) 31(1) 26(1) 1(1) 7(1) 8(1)
C(7B) 452 29(1) 26(1) 1(1) (1) 11(1)
C(8B)  48(2) 33(1) 27(1) 5(1) 16(1) 18(1)
COB)  63(2) 40(2) 44(2) 10(1) 30(2) 25(1)
C(10B)  40(1) 35(1) 34(1) 5(1) 18(1) 13(1)
C(11B)  35(1) 30(1) 32(1) 2(1) 13(1) 11(1)
C(12B)  35(1) 45(2) 45(2) 0(1) 12(1) 8(1)
C(13B)  44(2) 43(2) 38(2) -4(1) -1(1) 19(1)
C(14B)  51(2) 51(2) 49(2) 2(2) -10(2) 13Q2)
C(15B)  39(2) 54(2) 27(1) 3(1) 9(1) 11(1)
C(16B)  34(1) 35(1) 26(1) 3(1) 9(1) 9(1)
C(17B)  33(1) 34(1) 27(1) 5(1) 11(1) 6(1)
C(18B)  36(1) 48(2) 31(1) -1(1) 10(1) 14(1)
C(19B)  77(3) 87(3) 37(2) 3(2) 13Q2) 51(2)
C(0B)  35(2) 61(2) 42(2) 2(1) 14(1) 15(1)
CQ21B)  88(3) 50(2) 107(4) 23(2) 66(3) 132)
C2B)  72(3) 39(2) 82(3) -7(2) 7(2) 12(2)
C(23B)  722) 41(2) 72(2) 8(2) 21(2) 22(2)
Br(1A)  44(1) 47(1) 48(1) 7(1) 23(1) 3(1)
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Si(1A)
O(1A)
0(2A)
0(3A)
0(008)
C(1A)
C(2A)
C(3A)
C(4A)
C(5A)
C(6A)
C(7A)
C(8A)
C(9A)
C(10A)
C(11A)
C(12A)
C(13A)
C(14A)
C(15A)
C(16A)
C(17A)
C(18A)
C(19A)
C(20A)
C(21A)
C(22A)
C(23A)

25(1)
24(1)
35(1)
26(1)
27(1)
25(1)
23(1)
34(1)
20(1)
25(1)
20(1)
24(1)
23(1)
23(1)
24(1)
24(1)
26(1)
35(1)
57(2)
33(1)
22(1)
21(1)
22(1)
28(1)
23(1)
35(1)
34(1)
30(1)

22(1)
26(1)
20(1)
23(1)
25(1)
28(1)
23(1)
30(1)
22(1)
20(1)
21(1)
22(1)
26(1)
32(1)
29(1)
25(1)
27(1)
29(1)
38(2)
34(1)
25(1)
19(1)
22(1)
31(1)
28(1)
33(1)
36(1)
27(1)

31(1)
31(1)
28(1)
25(1)
29(1)
38(1)
28(1)
27(1)
27(1)
24(1)
24(1)
25(1)
26(1)
35(1)
40(1)
28(1)
35(1)
33(1)
44(2)
30(1)
26(1)
23(1)
28(1)
33(1)
29(1)
43(2)
37(1)
44(2)

4(1)
6(1)
1(1)
0(1)
3(1)
2(1)
4(1)
3(1)
6(1)
2(1)
3(1)
4(1)
4(1)
6(1)
5(1)
5(1)
5(1)
8(1)
16(1)
10(1)
(1)
1(1)
(1)
8(1)
8(1)
1(1)
(1)
(1)

13(1)
9(1)
10(1)
9(1)
9(1)
6(1)
8(1)
10(1)
9(1)
8(1)
9(1)
9(1)
9(1)
12(1)
15(1)
11(1)
9(1)
8(1)
19(1)
12(1)
8(1)
7(1)
10(1)
13(1)
11(1)
19(1)
11(1)
12(1)

9(1)
15(1)
11(1)
7(1)
12(1)
5(1)
12(1)
12(1)
11(1)
8(1)
7(1)
5(1)
5(1)
4(1)
9(1)
10(1)
14(1)
14(1)
25(1)
14(1)
9(1)
6(1)
5(1)
7(1)
9(1)
12(1)
15(1)
6(1)

130



Table 5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103)

for vhv_08 202.

X y z U(eq)
H(1BA) 4990 2855 8572 73
H(1BB) 3344 2867 8075 73
H(1BC) 4627 3776 8389 73
H(3BA) 5032 2123 6601 85
H(3BB) 3597 1790 6896 85
H(3BO) 5211 1862 7501 85
H(5B) 4199 4630 7594 44
H(6B) 1997 3612 6752 38
H(7B) 2001 5394 6975 41
H(9BA) -1565 5101 6555 65
H(9BB) -115 5648 7267 65
H(9BC) -1213 4797 7443 65
H(10A) -1728 3412 6532 41
H(10B) -210 3163 6914 41
H(12A) -2908 2395 5018 51
H(12B) -2746 3442 5124 51
H(14A) -3854 3117 3389 84
H(14B) -3659 2136 3387 84
H(14C) -2701 2852 2984 84
H(15B) -29 3502 3929 49
H(16B) 65 4337 5331 38
H(18B) 2267 2696 5705 46
H(19C) 2783 3439 4313 76
H(19D) 1322 2709 4312 76
H(19A) 2948 3397 4327 76
H(19B) 1336 2800 4284 76
H(20A) 4843 3042 5828 54
H(20B) 4855 4044 5699 54
H(21A) -1836 1443 6901 112
H(21B) -2920 559 6332 112
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H(21C)
H(22A)
H(22B)
H(22C)
H(23A)
H(23B)
H(23C)
H(1AA)
H(1AB)
H(1AC)
H(3AA)
H(3AB)
H(3AC)
H(5A)
H(6A)
H(7A)
H(9AA)
H(9AB)
H(9AC)
H(10C)
H(10D)
H(12C)
H(14D)
H(14E)
H(14F)
H(15A)
H(15C)
H(16A)
H(18A)
H(19E)
H(19F)
H(20C)
H(20D)
H(21D)
H(21E)
H(21F)

-3197
-3253
-2728
-1801
888
-236
800
12919
11679
12653
9786
9881
11267
8584
7774
5927
2664
2942
3517
4590
3761
4629
4941
5319
6616
7978
6738
5666
9516
8622
9664
10515
11486
5055
6184
5609

1499
1022
141
922
801
&9
971
7910
8339
7928
6148
7166
6792
5636
6925
5233
5426
5622
4860
7237
7033
8732
9806
9377
10036
8628
8131
7041
8009
7704
7048
6491
7400
9146
9692
8637

6147
4449
4592
4235
5702
6020
6609

11387

10876

10430

11255

11480

11878

10098
9781
9180
8549
9510
9155
9700
8746
8828
7802
7050
7773
8179
7340
7931
9008
7481
7579
8696
9261

10287

11129

11042

112
104
104
104
91
91
91
47
47
47
45
45
45
27
25
28
44
44
44
36
36
34
65
65
65
37
37
28
28
36
36
30
30
53
53
53
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H(22D)
H(22E)
H(22F)
H(23D)
H(23E)
H(23F)
H(2B)
H(3B)
H(2A)
H(3A)

8674
9329
9863
8657
8718
7217
5300(50)
3160(50)
8550(40)
7590(40)

8435
9488
8890
9913

10529

10207
5530(30)
5050(30)
4805(15)
5797(18)

11546
11687
11111
9561
10348
9603
7030(30)
5580(30)
9130(20)
8020(20)

52
52
52
50
50
50
57(12)
62(12)
46(10)
53(11)
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Table 6. Torsion angles [°] for vhv_08 202.

C(23B)-Si(1B)-O(4B)-C(11B)
C(21B)-Si(1B)-O(4B)-C(11B)
C(22B)-Si(1B)-O(4B)-C(11B)
C(4B)-O(1B)-C(2B)-C(3B)
C(4B)-O(1B)-C(2B)-C(1B)
C(2B)-O(1B)-C(4B)-C(5B)
C(2B)-O(1B)-C(4B)-C(20B)
C(3B)-C(2B)-C(4B)-O(1B)
C(1B)-C(2B)-C(4B)-O(1B)
O(1B)-C(2B)-C(4B)-C(5B)
C(3B)-C(2B)-C(4B)-C(5B)
C(1B)-C(2B)-C(4B)-C(5B)
O(1B)-C(2B)-C(4B)-C(20B)
C(3B)-C(2B)-C(4B)-C(20B)
C(1B)-C(2B)-C(4B)-C(20B)
O(1B)-C(4B)-C(5B)-O(2B)
C(2B)-C(4B)-C(5B)-O(2B)
C(20B)-C(4B)-C(5B)-O(2B)
O(1B)-C(4B)-C(5B)-C(6B)
C(2B)-C(4B)-C(5B)-C(6B)
C(20B)-C(4B)-C(5B)-C(6B)
O(2B)-C(5B)-C(6B)-C(7B)
C(4B)-C(5B)-C(6B)-C(7B)
O(2B)-C(5B)-C(6B)-C(17B)
C(4B)-C(5B)-C(6B)-C(17B)
C(5B)-C(6B)-C(7B)-C(8B)
C(17B)-C(6B)-C(7B)-C(8B)
C(6B)-C(7B)-C(8B)-C(9B)
C(6B)-C(7B)-C(8B)-C(10B)
C(7B)-C(8B)-C(10B)-C(11B)
C(9B)-C(8B)-C(10B)-C(11B)
Si(1B)-O(4B)-C(11B)-C(12B)
Si(1B)-O(4B)-C(11B)-C(16B)
Si(1B)-O(4B)-C(11B)-C(10B)

-166.8(2)

-48.6(3)
74.2(3)
111.9(3)

-113.8(3)

110.7(3)

-111.8(3)
-105.13)

101.4(3)

-106.2(3)

148.7(3)
-4.9(4)
105.0(3)
0.1(4)

-153.7(3)

80.7(3)
149.5(3)
-59.0(3)

-160.0(3)

91.3(3)
60.3(3)
-70.5(3)
168.3(2)
60.4(3)
-60.8(3)

-150.9(3)

78.5(3)
179.9(2)
-0.3(4)
-56.6(3)
123.2(3)
-38.1(3)

-147.5(2)

86.8(3)
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C(8B)-C(10B)-C(11B)-O(4B)
C(8B)-C(10B)-C(11B)-C(12B)
C(8B)-C(10B)-C(11B)-C(16B)
O(4B)-C(11B)-C(12B)-C(13B)
C(16B)-C(11B)-C(12B)-C(13B)
C(10B)-C(11B)-C(12B)-C(13B)
C(11B)-C(12B)-C(13B)-C(15B)
C(11B)-C(12B)-C(13B)-C(14B)
C(12B)-C(13B)-C(15B)-C(16B)
C(14B)-C(13B)-C(15B)-C(16B)
C(13B)-C(15B)-C(16B)-C(17B)
C(13B)-C(15B)-C(16B)-C(11B)
O(4B)-C(11B)-C(16B)-C(15B)
C(12B)-C(11B)-C(16B)-C(15B)
C(10B)-C(11B)-C(16B)-C(15B)
O(4B)-C(11B)-C(16B)-C(17B)
C(12B)-C(11B)-C(16B)-C(17B)
C(10B)-C(11B)-C(16B)-C(17B)
C(15B)-C(16B)-C(17B)-O(3B)
C(11B)-C(16B)-C(17B)-O(3B)
C(15B)-C(16B)-C(17B)-C(18B)
C(11B)-C(16B)-C(17B)-C(18B)
C(15B)-C(16B)-C(17B)-C(6B)
C(11B)-C(16B)-C(17B)-C(6B)
C(7B)-C(6B)-C(17B)-O(3B)
C(5B)-C(6B)-C(17B)-O(3B)
C(7B)-C(6B)-C(17B)-C(16B)
C(5B)-C(6B)-C(17B)-C(16B)
C(7B)-C(6B)-C(17B)-C(18B)
C(5B)-C(6B)-C(17B)-C(18B)
O(3B)-C(17B)-C(18B)-C(19B)
C(16B)-C(17B)-C(18B)-C(19B)
C(6B)-C(17B)-C(18B)-C(19B)
O(3B)-C(17B)-C(18B)-C(20B)
C(16B)-C(17B)-C(18B)-C(20B)
C(6B)-C(17B)-C(18B)-C(20B)

131.6(2)
-105.1(3)
11.03)
-83.7(3)
29.93)
154.5(2)
-16.3(3)
167.8(3)
-5.3(3)
170.3(3)
161.1(3)
24.3(3)
84.0(2)
-32.1(3)
-155.02)
-53.7(3)
-169.7(2)
67.3(3)
65.4(3)
-164.9(2)
-55.4(3)
74.4(3)
-175.3(2)
-45.5(3)
69.8(3)
-60.7(3)
-43.7(3)
-174.1(2)
-170.2(2)
59.4(3)
-58.9(3)
58.9(4)
178.9(3)
66.3(3)
-175.92)
-55.8(3)
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C(20B)-C(18B)-C(19B)-Br(1)
C(17B)-C(18B)-C(19B)-Br(1)
C(20B)-C(18B)-C(19B)-Br(1B)
C(17B)-C(18B)-C(19B)-Br(1B)
O(1B)-C(4B)-C(20B)-C(18B)
C(2B)-C(4B)-C(20B)-C(18B)
C(5B)-C(4B)-C(20B)-C(18B)
C(19B)-C(18B)-C(20B)-C(4B)
C(17B)-C(18B)-C(20B)-C(4B)
C(22A)-Si(1A)-0(008)-C(11A)
C(23A)-Si(1A)-0(008)-C(11A)
C(21A)-Si(1A)-0(008)-C(11A)
C(4A)-O(1A)-C(2A)-C(3A)
C(4A)-O(1A)-C(2A)-C(1A)
C(2A)-O(1A)-C(4A)-C(20A)
C(2A)-O(1A)-C(4A)-C(5A)
C(3A)-C(2A)-C(4A)-O(1A)
C(1A)-C(2A)-C(4A)-O(1A)
O(1A)-C(2A)-C(4A)-C(20A)
C(3A)-C(2A)-C(4A)-C(20A)
C(1A)-C(2A)-C(4A)-C(20A)
O(1A)-C(2A)-C(4A)-C(5A)
C(3A)-C(2A)-C(4A)-C(5A)
C(1A)-C(2A)-C(4A)-C(5A)
O(1A)-C(4A)-C(5A)-O(2A)
C(2A)-C(4A)-C(5A)-0(2A)
C(20A)-C(4A)-C(5A)-0(2A)
O(1A)-C(4A)-C(5A)-C(6A)
C(2A)-C(4A)-C(5A)-C(6A)
C(20A)-C(4A)-C(5A)-C(6A)
0(2A)-C(5A)-C(6A)-C(7A)
C(4A)-C(5A)-C(6A)-C(7A)
0(2A)-C(5A)-C(6A)-C(17A)
C(4A)-C(5A)-C(6A)-C(17A)
C(5A)-C(6A)-C(7A)-C(8A)
C(17A)-C(6A)-C(7A)-C(8A)

55.7(7)
-180.0(7)
66.0(4)
-169.7(2)
158.7(3)
90.0(3)
-61.3(3)
-175.7(3)
58.5(3)
173.14(19)
-67.3(2)
55.6(2)
115.02)
-112.2(2)
116.9(2)
-112.4(2)
-100.9(2)
101.6(2)
-100.5(2)
158.6(2)
1.1(3)
104.7(2)
3.803)
-153.7(2)
-76.1(2)

-145.59(19)

56.5(2)
164.20(18)
94.7(2)
-63.3(2)
69.2(2)

-171.57(18)

-57.6(2)
61.6(2)
162.8(2)
-70.3(3)
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C(6A)-C(7A)-C(8A)-C(9A)
C(6A)-C(7A)-C(8A)-C(10A)
C(7A)-C(8A)-C(10A)-C(11A)
C(9A)-C(8A)-C(10A)-C(11A)
Si(1A)-0(008)-C(11A)-C(12A)
Si(1A)-0(008)-C(11A)-C(10A)
Si(1A)-0(008)-C(11A)-C(16A)
C(8A)-C(10A)-C(11A)-0(008)
C(8A)-C(10A)-C(11A)-C(12A)
C(8A)-C(10A)-C(11A)-C(16A)
0(008)-C(11A)-C(12A)-C(13A)
C(10A)-C(11A)-C(12A)-C(13A)
C(16A)-C(11A)-C(12A)-C(13A)
C(11A)-C(12A)-C(13A)-C(15A)
C(11A)-C(12A)-C(13A)-C(14A)
C(12A)-C(13A)-C(15A)-C(16A)
C(14A)-C(13A)-C(15A)-C(16A)
C(13A)-C(15A)-C(16A)-C(11A)
C(13A)-C(15A)-C(16A)-C(17A)
0(008)-C(11A)-C(16A)-C(15A)
C(12A)-C(11A)-C(16A)-C(15A)
C(10A)-C(11A)-C(16A)-C(15A)
0(008)-C(11A)-C(16A)-C(17A)
C(12A)-C(11A)-C(16A)-C(17A)
C(10A)-C(11A)-C(16A)-C(17A)
C(7A)-C(6A)-C(17A)-O(3A)
C(5A)-C(6A)-C(17A)-O(3A)
C(7A)-C(6A)-C(17A)-C(18A)
C(5A)-C(6A)-C(17A)-C(18A)
C(7A)-C(6A)-C(17A)-C(16A)
C(5A)-C(6A)-C(17A)-C(16A)
C(15A)-C(16A)-C(17A)-O(3A)
C(11A)-C(16A)-C(17A)-O(3A)
C(15A)-C(16A)-C(17A)-C(6A)
C(11A)-C(16A)-C(17A)-C(6A)
C(15A)-C(16A)-C(17A)-C(18A)

-178.02)
4.1(4)
14.3(4)

-163.8(2)
21.3(3)

-100.6(2)

133.09(17)
-84.6(3)
154.0(2)
40.4(3)
98.3(2)

-140.02)

-19.3(3)
2.93)

-175.1(3)
15.1(3)

-166.8(2)

-25.8(2)

-160.6(2)
-90.0(2)
26.7(2)
145.4(2)
45.0(3)

161.74(19)
-79.5(3)
-57.5(2)
67.8(2)

-175.62(18)

-50.3(2)
58.2(2)

-176.48(18)

-92.9(2)
139.43(19)
149.3(2)
21.6(3)
24.3(3)
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C(11A)-C(16A)-C(17A)-C(18A)
O(3A)-C(17A)-C(18A)-C(20A)
C(6A)-C(17A)-C(18A)-C(20A)
C(16A)-C(17A)-C(18A)-C(20A)
O(3A)-C(17A)-C(18A)-C(19A)
C(6A)-C(17A)-C(18A)-C(19A)
C(16A)-C(17A)-C(18A)-C(19A)
C(20A)-C(18A)-C(19A)-Br(1A)
C(17A)-C(18A)-C(19A)-Br(1A)
O(1A)-C(4A)-C(20A)-C(18A)
C(2A)-C(4A)-C(20A)-C(18A)
C(5A)-C(4A)-C(20A)-C(18A)
C(19A)-C(18A)-C(20A)-C(4A)
C(17A)-C(18A)-C(20A)-C(4A)

-103.4(2)
-78.1(2)
41.13)

165.57(19)
41.5(2)
160.70(18)
-74.8(2)
-76.6(2)
159.31(15)

-169.89(18)

-100.7(2)
56.4(2)

-166.60(19)

-45.2(3)

Symmetry transformations used to generate equivalent atoms:
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