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CHAPTER ONE

The Biology and Chemistry of the Zoanthamine Alkaloids

1.1.1 Introduction!

Marine species comprise a vast repository for natural products isolation. In this
chapter, we will focus on the biology and chemistry of the zoanthamine alkaloids,
isolates from marine zoanthids. The order zoantharia consists of an intriguing group of
marine polyps, morphologically classified into at least a dozen genera. Species in this
order are widely dispersed throughout the temperate and tropical regions of the Indian,
Pacific, and Atlantic Oceans, and these vibrant soft corals are generally aggressive
colonizers of reef environments. In the wild, these stunning organisms (Figure 1.1.1)
reproduce both sexually and asexually.> Recently, analysis of their respective

mitochondrial DNA has elucidated the relationships between them.3

Figure 1.1.1 Representative zoanthids.

The polyps have a tube-shaped body and are radially symmetrical. Atop the body
are tentacles that guide food to the central orifice for digestion. When alarmed, the
polyps contract their tentacles inward, and some species also expel a stream of water

laden with powerful toxins from their bodies as a means of defense from predators. For
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example, the zoanthids from which the zoanthamines were isolated release a severe eye-
irritant when disturbed.# Zoanthids frequently contain symbiotic microalgae, which
provide additional energy via photosynthesis. These dinoflagellate algae are thought to
play an important role in the biosynthesis of some of the secondary metabolites isolated
from the zoanthids.5

Diverse natural product archetypes have been isolated from species in the order
zoantharia (Figure 1.1.2). Zoanthamine (1) is a member of the Zoanthus alkaloids, the
subject of this chapter. Zoanthusterone (2) is an ecdysteroid isolated from a Zoanthus
sp.6 Prostaglandins like PGA. (3), isolated from Palythoa kochii, stabilize microtubules
in a manner similar to paclitaxel.” A family of more than a dozen natural products based
on the zoanthoxanthin (4) skeleton has been isolated from Parazoanthus axinellae.® A
related structure, parazoanthoxanthin A, shows anticholinesterase activity.9 Perhaps the
best-known isolate from these marine organisms is palytoxin (5). Isolated from
Palythoa sp. in the Hawaiian islands, palytoxin is one of the most toxic compounds
known, with an LDs, of 15 ug/kg in mice.’® The palytoxin structure was determined by

Kishi, Uemura, and Hirata, and later synthesized by Kishi.!



Zoanthoxanthin (4)

Palytoxin (5)

Figure 1.1.2 Natural products isolated from zoanthids.

1.2 The Zoanthamine Natural Products

1.2.1 Isolation and Structural Characterization of the Zoanthamine Natural Products
In 1984, Rao and coworkers disclosed the isolation of the natural product

zoanthamine (1) from a species of the genus Zoanthus off the Visakhapatnam coast of

India.4 The connectivity and relative stereochemistry of the previously unknown alkaloid

skeleton was unambiguously determined by single-crystal X-ray diffraction.4

Throughout this thesis, carbon numbering and ring naming will refer to that of
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zoanthamine (Figure 1.2.1). The initial isolation effort also afforded the related natural
products zoanthenamine (6) and zoanthenamide (77), which were reported in 1985.22 In
1989, Rao and coworkers isolated 28-deoxyzoanthenamine (8) and 22-epi-28-
deoxyzoanthenamine (9) from a Zoanthus species in the Bay of Bengal.’3 Structures 6—9
were deduced by comparison with zoanthamine’s spectroscopic data. Although these
isolation efforts were undertaken in search of a known eye irritant produced by the
Zoanthus species, all five of the isolated alkaloids showed inhibition of phorbol myristate

acetate (PMA)-induced inflammation in mouse ears.412

Zoanthenamine (6) Zoanthenamide (7) 28-Deoxy- 22-epi-28-
zoanthenamine (8) Deoxyzoanthenamine (9)

Figure 1.2.1 Zoanthamine natural products isolated by Rao.

In 1995, Uemura identified five new zoanthamine natural products isolated from a
Zoanthus species collected off the Ayamaru coast of the Amami Islands south of Japan.4
These isolates displayed structural variations including compounds lacking functionality
at C(19) such as norzoanthamine (10) and norzoanthaminone (11), which is also
oxidized at C(11). Oxyzoanthamine (12) is unique in displaying C(26) oxidation (Figure

1.2.2). The relative configuration of norzoanthamine was confirmed by X-ray
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diffraction.’4 The absolute configuration of norzoanthamine was later determined by
NMR analysis of MTPA derivatives to be as shown.’5 Zoanthaminone (13) is a 30-carbon
alkaloid possessing C(11) oxidation, and its X-ray crystal structure was disclosed by
Clardy.’®* Cyclozoanthamine (14) and epinorzoanthamine (15) display intriguing
modifications to the A ring enone functionality. Both structures were assigned by

extensive nOe experiments. 4

Norzoanthamine (10) R = H, Norzoanthaminone (11) Oxyzoanthamine (12)
R = Me, Zoanthaminone (13)

Cyclozoanthamine (14) Epinorzoanthamine (15)
Figure 1.2.2 Zoanthamine natural products isolated by Uemura and Clardy.

In 1996, Norte and coworkers isolated a number of zoanthamine alkaloids with
interesting oxidation patterns from zoanthids in the Canary Islands (Figure 1.2.3).
Epioxyzoanthamine (16) is unique in its C(19) stereochemistry, which was determined
by comparison with NMR data for oxyzoanthamine (12).7 3-Hydroxyzoanthamine (17)
and 30-hydroxyzoanthamine (18) show novel sites of oxidation, while 11-
hydroxyzoanthamine (19) and 11-hydroxynorzoanthamine (20) are presumably related
to zoanthaminone and norzoanthaminone, respectively. Finally, zoanthenol (21) has a

unique oxidized aromatic A ring, which removes the C(13) and C(18) stereocenters. As a



6

result of the structural change, extensive HMBC and ROESY correlation experiments

were performed to confirm its structure and relative stereochemistry.8

HO
Epioxyzoanthamine (16) 3-Hydroxyzoanthamine (17)

R = Me, 11-Hydroxyzoanthamine (19) Zoanthenol (21)
R = H, 11-Hydroxynorzoanthamine (20)

Figure 1.2.3 Zoanthamine natural products isolated by Norte.

1.2.2 Biosynthesis of the Zoanthamine Natural Products

Despite their history of more than 20 years, relatively little is known about the
biosynthesis of the zoanthamine natural products. Rao and coworkers noted in 1985
that elements of the 30-carbon zoanthamine skeleton suggest a triterpene origin,
however they were unable to identify normal head-to-tail linkages to account for the
zoanthamine skeleton.# More recently, Uemura has proposed that the zoanthamines
may arise from polyketide precursor 22 (Scheme 1.2.1)'519 beginning at C(24) with a
glycine unit,5 but he does not further describe the pathway. Nevertheless, proposed
intermediate 22 accounts for most of the oxygenation found in the zoanthamines, and it
does readily lead to the zoanthamine structure following standard organic reaction

mechanisms (Scheme 1.2.2).



Cyclization
ﬁ
Dehydration

Hypothetical Polyketide Zoanthamine (1)
Precursor (22)

Scheme 1.2.1 Hypothetical polyketide precursor.

The conversion of 22 to 1 begins with tautomerization, electrocyclization, and Diels-
Alder steps to form intermediate 23. Tautomerization and carbonyl activation of 23
yield 24, which undergoes 6-exo alcohol attack and protonation to form intermediate
25. Oxocarbenium formation with loss of water gives 26. Subsequent amine attack and
proton transfer leads to intermediate 27. Iminium formation provides 28, then
carboxylic acid attack and deprotonation provides zoanthamine (1). The reversibility of
each step in the formation of the DEFG ring system allows formation of the
thermodynamically favored product, a fact that will become important for synthetic

efforts discussed later in this chapter.
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Zoanthamine (1)

Scheme 1.2.2 Potential mechanism for cyclization of polyketide precursor 22.

In addition to his polyketide proposal for zoanthamine, Uemura addresses the
potential origin of the norzoanthamine-type alkaloids, which do not possess a methyl
group at C(19). The isolation of oxyzoanthamine (12) prompted Uemura to propose an
oxidative mechanism for the demethylation of zoanthamine (Scheme 1.2.3). Direct
oxidation of zoanthamine at C(26) to the intermediate oxyzoanthamine, which is poised
to undergo a retro-aldol reaction, formally releases formaldehyde and norzoanthamine
(10).4 It is unclear why Uemura does not propose substitution of an acetate unit for the

relevant propionate unit proposed in Scheme 1.2.1. Such a modification would allow
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quicker access to the zoanthamines lacking C(26), such as norzoanthamine (10), while

direct oxidation of C(26) itself could still explain oxyzoanthamine (12).

- CH,0

Zoanthamine (1) Oxyzoanthamine (12) Norzoanthamine (10)
Scheme 1.2.3 Proposed biosynthesis of norzoanthamine.

Another factor complicating the understanding of zoanthamine alkaloid biosynthesis
is the role of the symbiotic dinoflagellate algae that are commonly contained in
zoanthids. Algae of the genus Symbiodinium have been isolated from zoanthids of the
genus Zoanthus.?° Although such symbiotic strains are difficult to culture in isolation,
Nakamura and coworkers have been able to produce quantities of Symbiodinium sp. free
of zoanthids.> While the algae produced different distributions of metabolites depending
on the media used, significant experimentation with culture conditions allowed
Nakamura’s group to isolate a new Cs, alkaloid they named zooxanthellamine (29).
Zooxanthellamine exists as a mixture of lactone and zwitterionic iminium forms (Scheme
1.2.4). Its structure and relative configuration were established by extensive NMR
studies. Zooxanthellamine has the same sense of absolute configuration as the

zoanthamine alkaloids, as demonstrated by NMR comparison of its MTPA esters.5
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Zooxanthellamine (29)
Scheme 1.2.4 Structure of zooxanthellamine.

The remarkable similarity between zooxanthellamine and zoanthamine has called
into question the role of the zoanthids in producing the zoanthamine natural
products.222 It may be that the zoanthids play only a small role in the biosynthesis, such
as adjusting the oxidation state of the completed zoanthamine skeleton. The subtle
variations in the alkaloids’ structures could be determined by factors in the marine
environment or by the host zoanthid species. Alternatively, different species of algae
may be involved in the production of different zoanthamines.

To date, there has been only one published attempt at a study directed toward the
elucidation of the biogenesis of the zoanthamines. Norte and coworkers conducted a
feeding study, during which labelled sodium acetate, glycine, and glucose were fed to
small colonies of Zoanthus sp.8 Although levels of incorporation of the labelled atoms
were higher than 10% for all cases, the incorporation appeared to be random, leaving the
question of the zoanthamines’ biosynthesis unanswered.

Perhaps the clearest insight offered by these biosynthetic proposals is that there is a
definite need for further experimental studies elucidating the biogenesis of these
compounds. Without such experimental data, biosynthetic proposals cannot be either

soundly supported or rationally refuted.
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1.2.3 Reactivity Studies of Norzoanthamine

Following its isolation, norzoanthamine was subjected to a number of reaction
conditions to aid in the formation of hypotheses about its mechanism of action for
various biological activities. Fluxion between lactone and iminium isomers, similar to
the equilibration observed with zooxanthellamine (Scheme 1.2.4), has been
demonstrated in several zoanthamine natural products (Scheme 1.2.5).
Norzoanthamine forms iminium 30 under acidic conditions and reverts upon
neutralization.’® Under neutral to basic conditions, elimination occurs to form enamine
31. The equilibrium between norzoanthamine and enamine 31 was demonstrated by the
conversion of norzoanthamine to methyl ester 32 in minutes upon exposure to
diazomethane.’9 Furthermore, NMR spectra of norzoanthamine in D.O show specific
and complete deuterium incorporation at the 11f position to give deuteride 33 in
minutes.”7® Similar rates of deuterium incorporation were observed with zoanthenol, 3-
hydroxy-norzoanthamine, and 30-hydroxnorzoanthamine. In contrast, the 115-hydroxy-
zoanthamines did not show significant deuterium incorporation, suggesting that the
elimination to an enamine is inaccessible.’® This fluxional behavior in aqueous media at
physiologically relevant pH may play an important role in determining the bioactivities
of these molecules.

The hemiaminal region of the zoanthamine alkaloids also shows intriguing reactivity
under reductive conditions. Treatment of norzoanthamine with sodium borohydride
generates two anomalous products, enone 34 and allylic alcohol 35 (Scheme 1.2.6).1519
The formation of these products may be explained by opening of the hemiaminal to form
iminium 36. Deprotonation leads to enamine 37, which is believed to attack the lactone
in an intramolecular fashion to afford keto-iminium 38. Dehydration generates
iminium 39, which undergoes reduction to give enone 34. Further reduction affords

allylic alcohol 35.
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CH;,N,, Et,0
base ~5 min
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Norzoanthamine (70)

neutralization || HCI D,0, 5 min
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—>
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38 39 34 35

Scheme 1.2.6 Anomalous reduction of norzoanthamine.
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1.3 Biological Activities of Zoanthamine Alkaloids

1.3.1 Anti-Osteoporotic Activity

Perhaps the best-studied and most well known biological activity of the zoanthamine
alkaloids is the anti-osteoporotic effect first reported by Uemura in 1996.23 Osteoporosis
is a loss of bone mineral density that often results when osteoclasts reabsorb bone tissue
at a rate faster than it is regenerated.24 Norzoanthamine and its hydrochloride salt have
been shown in vivo to prevent the symptoms of osteoporosis in ovariectomized mice, a
pharmaceutical model for postmenopausal osteoporosis.?s  Ovariectomized mice,
inherently deficient in estrogen, quickly lose bone mass and strength. However, at doses
of 0.4 and 2.0 mg/kg/d (five days a week for 4 weeks, p.o.) of norzoanthamine
hydrochloride, these mice retained femur weight at statistically higher rates than the
untreated ovariectomized mice. With doses from 0.016-0.4 mg/kg/d of
norzoanthamine hydrochloride, the femurs of ovariectomized mice maintained strength,
measured by failure load at nearly comparable levels to nonovariectomized control mice.
Finally, mice treated with norzoanthamine hydrochloride possessed cortical bone that is
significantly thicker than that found in the control animals.25

In analogy to estrogen replacement therapy in postmenopausal women, treatment
with 17f-estradiol rescues ovariectomized mice from the effects of osteoporosis.
However, treatment with norzoanthamine hydrochloride shows interesting differences
from estrogen therapy. 17f-Estradiol causes a dose-dependent increase in uterine
weight in treated mice, while mice treated with norzoanthamine hydrochloride did not
exhibit this side effect.?5

The origin of norzoanthamine’s anti-osteoporotic effect may lie in its ability to
suppress the production of interleukin 6 (IL-6). IL-6 is involved in stimulating the
generation of osteoclasts, which reabsorb bone tissue. Estrogen thus derives its anti-

osteoporotic properties from the inhibition of IL-6 production.2® Norzoanthamine and
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its hydrochloride salt (24) suppress the excretion of IL-6 from preosteoblastic cells at
respective concentrations of 13 and 4.6 ug/mL in vitro.2” However, in vitro studies with
norzoanthamine hydrochloride showed no effect on osteoclast formation. Also,
suppression of IL-6 secretion has not yet been demonstrated in vivo.?5 These last two
points, along with the lack of uterine weight gain in ovariectomized mice, suggest that
the zoanthamine alkaloids may act by a mechanism distinct from estrogen therapies.28
Thus, they may offer treatments for post-menopausal osteoporosis that induce fewer side
effects.

The need to find nonestrogen osteoporosis therapies has spurred considerable effort
to define a structure activity relationship (SAR) for norzoanthamine’s anti-osteoporotic
effects. Via semi-synthesis, Uemura and coworkers produced and tested a number of
norzoanthamine derivatives (Figure 1.3.1).227 It should be noted that all of the
derivatives assayed were significantly less efficacious (higher IC5, values) in limiting IL-6
production than norzoanthamine.?9 The studies revealed that the removal of the olefin
(ketone 41 and diol 42) caused some loss in activity. Furthermore, disruption of the
lactone/hemiaminal functionality (carboxylic acid 43 and ester 32) resulted in a
significant drop in activity as well.1

More recently, Hirama and coworkers have conducted an SAR study of zoanthamine-
related molecules to determine the structural features needed to inhibit the growth of IL-
6 dependent MH-60 cells (Figure 1.3.2).3° In their assays, the zoanthamine
hydrochloride salts 30 and 44 showed the greatest inhibition of MH-60 cell growth with
ICs0 values of 13 and 26 uM, respectively. A mimic of zoanthenol’s “northern”
carbocyclic region 45 and a mimic of the zoanthamine “southern” heterocyclic region 46
both showed very poor activity. However, iminium 47, demonstrated activity
approaching that of the zoanthamine hydrochlorides. This result provides further

support for two trends: (a) the hydrochloride salt form of a zoanthamine-related
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molecule is typically a more active inhibitor of IL-6 production than the natural product,
and (b) the heterocyclic portion of the molecule likely is important in the pharmacophore

for IL-6 inhibition.

Norzoanthamine (10) 32, >100 pg/mL 39, R=H, 30 ug/mL
13 pg/mL (HCI salt) 40, R = OAc, 23 ug/mL

41, 45 pg/mL 42, 35 ug/mL 43, 42 pg/mL

Figure 1.3.1 ICs, values for the inhibition of IL-6 production in Uemura’s SAR study.

o]

(o) OH
CI—%N
(o)

30, R=H, 13 uM 45,>100 pM 46,>100 pM 47,70 uM

44, R = Me, 26 uM

Figure 1.3.2 IC5ovalues for the inhibition of IL-6 dependent cell growth.

1.3.2 Miscellaneous Biological Activities
A variety of other biological activities have been reported for molecules in the
zoanthamine family. As previously mentioned, zoanthamine (1), zoanthenamine (6),

and zoanthenamide (7) were found to be inhibitors of PMA-induced inflammation in
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mouse ear.4#2 Uemura and coworkers reported that norzoanthamine (10),

norzoanthaminone (11), oxyzoanthamine (12), cyclozoanthamine (14), and

epinorzoanthamine (15) display significant cytotoxicity against P388 murine leukemia

cells (Table 1.3.1).14 The most potent cytotoxicity was displayed by norzoanthaminone.
Cytotoxicity

ICs, (ng/mL) for Inhibition of P388

Compound Murine Leukemia Cells
Norzoanthamine (10) 24.0
Norzoanthaminone (11) 1.0
Oxyzoanthamine (12) 7.0
Cyclozoanthamine (14) 24.0
Epinorzoanthamine (15) 2.6

Table 1.3.1 Cytotoxicity of the zoanthamine alkaloids.

The antibacterial properties of zoanthamine and several of its reduced derivatives
have also been investigated.3* In disk susceptibility experiments, the zoanthamine
alkaloids showed activity against both Gram negative and Gram positive bacteria (Table
1.3.2).

Antibacterial Activity

Compound Inhibition Zone (diameter in mm)
Gram Negative Gram Positive
S. typhimurium  E. coli | B. sphaericus S. aureus
Zoanthamine (1) 6 6 8 7
48 12 6 8 10
49 7 6 8 10
50 7 7 9

Table 1.3.2 Summary of antibacterial activities.
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More recently, the effect of zoanthamine alkaloids on human platelet aggregation has
been investigated.3> These experiments showed that at concentrations of 0.5 mM, 11f-
hydroxyzoanthamine (19) and related methyl ester 32 inhibit platelet aggregation
caused by collagen, arachidonic acid, and thrombin. Oxyzoanthamine (12) and
zoanthenol were highly selective inhibitors, showing inhibition of aggregation in the
presence of collagen at 0.5 mM, but showing almost no activity in the presence of
arachidonic acid or thrombin. Such selective activity is important in the potential
treatment of cardiovascular disease. Formation of a thrombus due to abnormal platelet
aggregation can lead to obstruction of a vein or artery, causing a cardiovascular event.33
Several antithrombotic agents are already in use as cardiovascular disease treatments;
however, their efficacy is limited by weak antithrombotic effects at the administered
dosage and/or deleterious side effects such as the inhibition of haemostasis, leading to
significant abnormal bleeding.34 Experimental and clinical evidence indicate that a
selective collagen receptor antagonist will result in only a very small change in

haemostasis, meaning a safer, yet still potent drug.34

1.4 Synthetic Approaches Toward the Zoanthamine Natural Products
1.4.1 General Remarks

The intriguing diversity of biological activities and the densely functionalized
structures of the zoanthamine alkaloids have inspired a host of synthetic chemistry
groups to publish strategies toward the total syntheses of these molecules. Many
researchers have focused their efforts on the synthesis of the tricyclic ABC ring system,
which poses a significant synthetic challenge due to its stereochemical density. For
example, the C ring contains three quaternary stereocenters in vicinal and nonvicinal
relationships. In addition to the difficulty of synthesizing quaternary centers, their steric

bulk also renders even routine transformations on nearby functionality troublesome.
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Other researchers have focused on the synthesis of the heterocyclic DEFG rings. The
DEFG ring system presents the challenge of forming the heterocycles with the correct

hemiaminal connectivity and stereochemistry.

1.4.2 Miyashita’s Synthesis of Norzoanthamine

Twenty years after the isolation of the first zoanthamine alkaloids, Miyashita and
coworkers reported the first and, as yet, only completed total synthesis of a zoanthamine
alkaloid with their synthesis of norzoanthamine.3s The general synthetic plan is
illustrated in Figure 1.4.1. This impressive 41-step effort included several creative
solutions to problems that arose during the execution of the synthesis. Their Diels-Alder
strategy for the construction of the ABC ring system of norzoanthamine was disclosed in

2002 (Scheme 1.4.1).3¢

Aldol

[0}
H
o
;Ql\mels-mder
Conjugate%
Addition N \
(o)
Organometallic
Addition

o]

Norzoanthamine (10)
Figure 1.4.1 Miyashita’s retrosynthetic analysis of norzoanthamine.

The synthesis begins with addition of cuprate 51 to enantiopure enone 52, followed
by an aldol reaction with aldehyde 53 to provide ketone 54. This efficient sequence set
the absolute stereochemistry at C(13), from which the remaining stereocenters were
derived. Following several functional group manipulations, furan 55 was
photochemically oxidized using Katsumura conditions. Subsequent silyl enol ether
formation provided Diels-Alder substrate 56. Upon heating to 240 °C, the Diels-Alder
reaction proceeded predominantly through the desired exo transition state 57 to a

mixture of silyl enol ether isomers 58. After silyl cleavage, diastereomerically pure
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ketone 59 was isolated in 51% yield over the two steps. This Diels-Alder reaction sets
both the C(12) and C(22) quaternary centers of norzoanthamine with the correct

absolute stereochemistry.

o OH
Q Licu 7\
| o I\ 0~ >TBS
+ OTIPS + TBS —> ey
2 0 — I
H OoTBS
52 51 53 (84% yield, 2 steps)
54
/ \
9 steps ", 3 steps ":, trlchlorobenzene
(71 % yield) (97% yield) 240 °°
OTBS
55 56

HF-Py

—_—
(51% yield
from 56)

Ex702::E2gdo
Scheme 1.4.1 Miyashita’s Diels-Alder construction of the ABC core.

At this point, a number of functional group manipulations were undertaken to allow
homologation at C(23) and installation of the final quaternary center at C(9) (Scheme
1.4.2). Diastereoselective reduction of both ketones in 59 was accomplished by K-
selectride addition from the convex face, resulting in the desired lactone formation at the
C(10) hydroxyl. Silylation with TBSOTY, acetate cleavage, and TES protection afforded
protected lactone 60. Reduction of the lactone to the lactol followed by Wittig reaction
provided bis-deutero olefin 61. Hydroboration and oxidation provided ketone 62, which
was poised for formation of the C(9) quaternary center. To that end, acylation of
ketoalcohol 62 with dimethyl carbonate and lithium tert-butoxide proceeded
regioselectively, presumably due to initial alcohol acylation and subsequent lactone

formation by C-acylation of the enolate. This series of events was followed by quenching
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with methyl iodide to give lactone 63. Upon treatment with lithium tert-butoxide and
methyl iodide in DMPU, lactone 63 underwent C-alkylation to give quaternized §-

lactone 64. Impressively, this difficult transformation provided a single diastereomer in

83% yield.
AcO TESO
: 1. K-Selectride 1. DIBAL
2. TBSOTf (85% vyield)
F —.
3. Ti(OEt),, PhMe 2. PhyPCD,Br
4. TESOTf KHMDS
(74% overall yield) "0

1. 9-BBN, THF then H,0,

2. (NH,)gMo,0,,, TBAC
K,CO3, Ho0,, THF

OH (90% vyield, 3 steps)
61
(Me0),C=0
LiOt-Bu, THF LiOt-Bu, THF
HMPA DMPU
—
then Mel then Mel
(92% yield) (83% yield)
63 64

Scheme 1.4.2 Functionalization of the ABC core.

The synthesis of the southern portion of norzoanthamine began with conversion of
the C(8) lactone to an alkyne followed by side chain addition (Scheme 1.4.3).
Monoaddition of methyl lithium into lactone 64 then silyl protection provided methyl
ketone 65, which was converted to alkyne 66 by treatment with triflic anhydride and
DBU. This conversion was accompanied by formation of a small amount of by-product
67a. In the corresponding non-deuterated substrate, the by-product 67b was formed in
30% yield, reducing the yield of the desired alkyne to 66%. The carbon skeleton of
norzoanthamine was completed by the addition of aldehyde 68 to the lithium salt of

alkyne 66 and oxidation of the resulting alcohol to ynone 69.
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TESO
wOTBS T1,0
1. MeLi, Et,0 2,6-di-t-BuPy
—_— A‘\\><0TBS -
2. TBSCI o’ ‘D DBU, 80 °C
DMAP
(81% yield)
(88% yield) MeO le}
64 65

66, (81% yield)

TESO

1. n-BulLi, THF, -30 °C

then H\r(\_/\_/\NBDC
o ¢ b
68
2. DMP, Py, CH,Cl,

(82% yield)

L
Y

Scheme 1.4.3 Attaching the southern side chain.

Completion of the target required a further twelve steps of deprotection, oxidation
state adjustment, and dehydration (Scheme 1.4.4). From 69, alkyne reduction, acidic
enol ether cleavage and acetal removal, global desilylation, and secondary alcohol
oxidation provided 70. Sequential oxidation of the primary alcohol provided the
carboxylic acid, which was esterified with TMS-diazomethane. Saegusa-Ito oxidation
installed the A ring enone, yielding 71. Treatment of 71 with hot aqueous acetic acid
resulted in carbamate cleavage and iminium formation. Upon being subjected to
aqueous TFA at 110 °C, the methyl ester added into the iminium ion, forming the TFA
salt of norzoanthamine. The salt was treated with basic alumina in methanol to reveal
the natural product. In addition to the impressive synthetic accomplishment, this
synthesis also served to unambiguously confirm the absolute stereochemistry of

norzoanthamine, which had previously been deduced from NMR experiments.
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4. TMSCI, LiHMDS
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. >< 1. Hy, PtO,

22

1. AcOH, H,0, 100 °C

2. TFA, H,0, 110 °C
3. Al,03, MeOH

(81% vyield, 3 steps)

Norzoanthamine (10)

Scheme 1.4.4 The completion of norzoanthamine.

1.4.3 Tanner’s Diels-Alder Approach to the Zoanthamine ABC Ring System

Tanner and coworkers also chose to assemble the ABC rings via a Diels-Alder approach

(Figure 1.4.2). A Stille coupling was planned for the synthesis of the Diels-Alder

precursor, and the synthesis would begin with perillyl alcohol (72), both enantiomers of

which are available. The stereochemistry of all the remaining stereocenters would then

be set by diastereoselective chemistry.

Stille

Zoanthamine (1)

Figure 1.4.2 Tanner’s retrosynthetic analysis of zoanthamine.

Tanner’s synthesis began with Sharpless asymmetric epoxidation of known perillyl

alcohol (72) followed by silylation to provide epoxide 73 (Scheme 1.4.5).37 The C(15)
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methyl group was installed by diastereoselective addition of Gilman’s reagent into the
epoxide. Removal of the silyl group and subsequent treatment with lead tetraacetate led
to desired methyl ketone 74. Trapping of the kinetic enolate with PhSeBr and peroxide
oxidation allowed for enone installation, and subsequent LAH reduction led to allylic
alcohol 75 as a single diastereomer. Alkylation with Claisen rearrangement was affected
using triethyl orthoacetate and catalytic 2,4-dinitrophenol. This was followed by
saponification with LiOH to form 776. Iodolactonization occurred to give a mixture of 5-
and 6-membered iodolactones that equilibrated upon heating. With DBU in the reaction
mixture, the thermodynamically favored product was irreversibly trapped by elimination
of HI. Diastereoselective alkylation of this enol lactone with Mel provided 77, which was
subjected to lithiobutadiene yielding hemiacetal 78. Manganese dioxide oxidation
provided Diels-Alder precursor 79, and heating this intermediate in ds-toluene provided

quantitative conversion of 79 to tricycle 80.

OH OTBS

0 1. LDA then OH
1. Me,CulLi PhSeBr then
1 SAE 2. HCI MeOH e, H,0,, Py o,
—>
2. TBSCI 3. Pb(OAc)4 2. LAH
2 (81% vyield, (87% vyield, i (82% yield, 2 steps) 5
X 2 steps) /\ 3 steps) X )
72 73 74 75
1. triethyl 1, o
orthoacetate OH ~
2,4-dinitrophenol 1.1, DBU, ACN, 70 °C o LYY
_— o —  ———> Pt —_—
2. LiOH, THF, H,0 2. LDA then Mel P H 3 % vi
’ ’ H H Me (81% yield)
A . A
(81% yield, 2 steps) N (79% yield, 2 steps) N
76 77

MnO,
—»

(76% yield)

toluene-dg, A

quantitative
conversion

Scheme 1.4.5 Tanner’s approach to a model ABC ring system.
Encouraged by the success of this model Diels-Alder cycloaddition, the Tanner group

set out to synthesize a more functionalized precursor. In order to more readily probe the
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limitations of the reaction, a number of model substrates were synthesized from (-)-
carvone. The first model substrate (81, Scheme 1.4.6) led to a disappointing, but critical,
discovery. Upon heating in toluene for several days, no reaction was observed. It was
determined that the extra electron density in the diene was rendering the desired
inverse-electron demand Diels-Alder cycloaddition ineffective. Thus, DA substrate 83
(R = TBS) was synthesized. Upon heating, two products were observed: desired DA
adduct 84 and an unusual side product 85. Upon varying the nature of the protecting
group (R), 85 was the sole product observed. However, a one-carbon homologation of
the chain at C(22) (86) was sufficient to avoid the formation of the side-product,
providing a 66% yield of 87 with the correct stereochemistry for the synthesis of

zoanthamine.

A. OMOM

(0]
”

o)

OBn
82

A (0}
OO

OPMB
[0} OEt

84
R = TBS, 20% yield R = TBS, 60% yield

R = TBDPS or Bn, 0% yield R =TBDPS, 60% yield
R = Bn, 37% yield

oMoM
964
oTIPS

OPMB

—»
66% yield

(o) OEt
86 87

Scheme 1.4.6 Model cyclizations of compounds derived from (—)-carvone.
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This final modification confirmed the mechanistic hypothesis illustrated in Scheme
1.4.7. From the DA substrate (83), a 1,5-sigmatropic rearrangement leads to extended
enol 88. Loss of ROH (R = TBS, TBDPS, Bn) then gave terminal olefin 89. A 6x
electrocyclization provided pyran 90, which then underwent intramolecular Diels-Alder

reaction to form the side product 85.

& _0 H N )
Y 5 Y
N4 OR ) 2N Cor QL
[1,5]-sigmatropic -ROH
_— —_—
Z rearrangement 25 Z%
0~ "OEt 07 0kt 0% OEt

83

6n

electrocyclization

Scheme 1.4.7 Mechanism for formation of undesired products.

Armed with this information, perillyl alcohol was converted to vinyl iodide 91
(Scheme 1.4.8).38 Stille coupling with stannane 92 proved difficult and required special
conditions reported by Corey to afford reasonable yields of the Diels-Alder substrate
93.3941  Diels-Alder cyclization proceeded with high diastereoselectivity to afford f,y-
unsaturated ester 94, albeit in a modest 14% yield. The major product, tetrahydrofuran

95, was isolated in 31% yield.
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SnBuj
1. Pd(PPhy),, LiCl

z CuCl, DMSO
> 2. separation of
- OEt diastereomers

H 10° OPMB
P (~10% overall (17% yield of
yield) h
desired)
92

EtO

OPMB

OPMB
93 94, (14% yield) 95, (31% yield)

Scheme 1.4.8 Tanner’s approach to the functionalized ABC ring system.

Upon examining the differences between this perillyl alcohol-derived substrate and
the corresponding carvone-derived substrate (reaction not shown), Tanner and
coworkers noted that the allylic MOM-protected alcohol was arranged in a pseudo-axial
orientation in DA precursor 93, whereas the model substrate (96) possesses a pseudo-
equatorial MOM ether (Scheme 1.4.9). It is believed that this difference allows for Sx1-

type displacement and cyclization to form tetrahydrofuran 95.

MOMO ! H
SN LN
\O/\[ = MOMO
"l( \; HO‘C/
% o4
H H
MOMO H MOMO %
B OH Sl ==
= H — 95
mf ’ .«Qﬁ& | }
1 / /
w W,

93

Scheme 1.4.9 Mechanism for formation of by-product 95.
Based on this rationale, a new Diels-Alder substrate (97) was synthesized and
cyclized by treatment with toluene at 205 °C (Scheme 1.4.10).4> Gratifyingly, the Diels-
Alder proceeded smoothly through an exo transition state to provide tricycle 98 in 85%

yield. Protection of the C(20) alcohol as the MOM-ether (99) was followed by an
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oxidative cleavage sequence to afford enone 100. Subsequent PMB-ether removal and
oxidation provided aldehyde 101. At this point, side chain 102 was treated with t-butyl
lithium, aldehyde 101 was added, and the resulting alcohol was oxidized to afford

advanced intermediate 103.

PhMe MOMCI, DIPEA
205°C, 72 h CH,Cl,
(85% yield) (92% yield)
OPMB OPMB OPMB
97 98 99

1. KHMDS, O,, P(OEt);
PhMe, (4:1 dr)

1. DDQ, CH,Cly, H,0
(72% yield)

p
>

2. S0;°Py, DMSO

b

2. LiAlH4, THF then NalO,

phosphate buffer, pH 7 DIPEA, CH,ClI,
-30to 20 °C
(79% vyield, 2 steps) OPMB .
(90% yield)
100

H B Boc
=0 102
tBulLi, Et,0, -78 °C

1.

then 101,-78 - -46°C N~ mmeee >
i | L >_>

2. SO,*Py, DMSO

DIPEA, CH,Cl,

-15t0 8°C

H NBoc
(25% yield, 2 steps) : 0
103 Norzoanthamine (10)

Scheme 1.4.10 Diels-Alder cyclization and cycloadduct advancement.

While this Diels-Alder strategy nicely established the quaternary center at C(12), it
will require the formation of the difficult vicinal C(9) and C(22) quaternary centers at a
late stage in the synthesis. The Tanner group is poised to begin their installation, which
they hope to achieve by Michael addition and alkylation. Once the quaternary centers
are installed, only oxidation at C(24) and cyclization of the side chain to form the DEFG

rings remain to complete the total synthesis of norzoanthamine.
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1.4.4 Uemura’s Approach to the Norzoanthamine ABC Ring System
Recently, Uemura and coworkers have reported a synthetic strategy based on their
biosynthetic hypothesis, which purports that the zoanthamine alkaloids arise from a
linear polyketide skeleton, which then undergoes numerous pericyclic cyclizations.43 To
support this hypothesis, they endeavored to synthesize and cyclize polyene 104 en route

to the natural product (Figure 1.4.3).

O 6 Electrocyclization

OBn

X
: | P oTBS

o
o)) >
Organometallic
Addition
104

Norzoanthamine (70)

Figure 1.4.3 Uemura’s retrosynthetic analysis of norzoanthamine.

Vinyl iodide 105 and alkyne 106 were efficiently assembled then united by
Sonogashira coupling.4#4 Conversion to enyne 107 was completed by oxidation and
methylation (Scheme 1.4.11). To date, no report has appeared on the selective reduction

of enyne 107 to the linear polyene 104 or on attempts to cyclize either 104 or 107.

OH | | 1. Pd(PPhy),, Cul

Et,NH
oTBS (quantitative)

| S ~ 2. DMP, (78% yield)
o 3. KHMDS, FSO;Me
0Bn | OTBS THF/HMPA

(96% yield)

105 106

Scheme 1.4.11 Uemura’s approach to norzoanthamine.

1.4.5 Williams’s Approach to the Norzoanthamine AB and EFG Ring Systems
Williams and coworkers have explored approaches to the synthesis of both the

carbocyclic AB rings and the heterocyclic EFG rings of norzoanthamine and zoanthenol.
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Their Diels-Alder strategy constructs the AB rings, which will be followed by appending

the C ring (Figure 1.4.4).45 The EFG ring system is formed by conjugate addition of an
enamine into a functionalized linear enone then cyclization to form the stereochemistry

and connectivity observed in the natural products.

Diels-Alder

Enamine Conjugate
Addition

Norzoanthamine (70)
Figure 1.4.4 Williams’s retrosynthetic analysis of norzoanthamine.

In the key Diels-Alder reaction, nitro-alkene 108 underwent reaction in benzene at
reflux via an endo transition state to afford decalin 109 in good yield and 10:1 dr
(Scheme 1.4.12). A Nef reaction4® converted the nitro moiety to the desired ketone and
facilitated olefin migration. The product enone (110) has the necessary stereochemistry

and functionality to begin C ring annulation.

O,N
OMOM Y H
NG OMOM
PhH, 80 °C ’e DMDO, KO#-Bu
—_— o
65h THF/H,0
OPMB (92% yield) (72% yield)

10:1 dr OPMB Some

108 109 110

Scheme 1.4.12 Williams’s early efforts toward the norzoanthamine AB rings.

The Williams group has recently published an interesting approach to the zoanthenol
AB rings involving allylation of aldehyde 111 with stannane 112 (Scheme 1.4.13).47 Upon
treatment with BF; etherate, a 1:1 mixture of diastereomers of alcohol 113 was formed.
Though the conditions remain unoptimized, the desired product of Pd insertion and
intramolecular Heck coupling (114) has been isolated with good recovery of unreacted

starting material.
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BF3*OEt,, CH,Cl,

(74% yield)
1:1dr

(o]
ﬁk” '
H
Br

111

Pd(OAc),, PPh,

HCO,Na, Et,;NCI
ACN, 85 °C

(unoptimized)

113

Scheme 1.4.13 Williams’s recent efforts toward the norzoanthamine AB rings.

In addition, the Williams group demonstrated an efficient strategy to append the
C(1)-C(8) (EFG) fragment to the ABC ring system and stereospecifically establish the
C(9) quaternary center.#®# When heated with zinc (II) chloride, chiral imine 115
generates a significant amount of enamine 116 at equilibrium (Scheme 1.4.14). The
enamine undergoes conjugate addition into enone 117 from the § face over the smaller
methyl group of the energy-minimized conformation depicted in 116b.# Enone 117 was
prepared in enantioenriched form wusing Evans chiral oxazolidinone chemistry.5°
Hydrolysis of the intermediate iminium affords diketone 118 with excellent
diastereoselectivity (22:1). Staudinger reduction of azide 118 provides imine 119.
Treatment with TBAF cleaves the silyl ether. The resultant alcohol attacks the imine and

condenses onto the ketone to give the EFG model enamine 120 after dehydration.
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8/ (o]
N3/1\‘/i‘:f
TBSO
117
—_—

H
ZnCl, Me — @ *
— N ""Ph
H_ _N Et,0, It H__NH T N e then
7/ " H 10% AcOH/H,0
A Ph Me (64% yield)
115 116 116b
. o o BusP 0 7 TBAF N
3 THF THF )
0, 1 0, .
TBSO (97% yield) 850 (47% yield)
118 119 120

Scheme 1.4.14 Williams’s synthesis of a model EFG ring system.

1.4.6 Theodorakis’s Annulation Approach to the Norzoanthamine ABC Ring System
Theodorakis and coworkers propose a unique annulation strategy that begins with an
intact B ring and sequentially appends the C and A rings (Figure 1.4.5).5* The unifying

theme of the Robinson annulation is applied for the synthesis of both rings.

Robinson
Annulation

O_Robinson
Annulation

Norzoanthamine (70)
Figure 1.4.5 Theodorakis’s retrosynthetic analysis of norzoanthamine.

The synthesis commences with condensation of meso-diketone 121 and ketoester
122 with potassium fluoride conditions to afford enone 123 (Scheme 1.4.15).52 Sodium
borohydride reduction and silylation provided 124. Treatment of o,f-unsaturated
ketoester 124 with potassium tert-butoxide and methyl iodide produced the quaternized
ketoester 125 with complete diastereomeric control. Exhaustive reduction with LAH

produced a diol, which was then protected as the acetonide. Hydroboration and
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oxidation followed by MOM-ether formation provided 126. Desilylation, oxidation, and
alkylation with methyl formate provided hydroxyenone 127. A two-step Robinson
annulation53 protocol gave enone 128 as a single isomer. Enone 128 was then reduced
to the corresponding ketone, and olefin installation provided 129. Methyl lithium
addition and PCC oxidation afforded the transposed enone 130, which contained all the

functionality and stereochemistry in the AB rings.

CO,Et e -
KF co,et 1- NaBH, . co,Et _KO#Bu
o ot X — 0 #= ———— 1BsO" =
0 (74%yield) 2. TBSCI, NH,NO, Mel
o o

(89% yield, 2 steps) (81% yield)
121 122 123 124
OMOM N OMOM
1.LAH
= LwCOEL 5 Me,c(OM RN 1. TBAF e N
TBSO - Me,C(OMe), TBSO" -‘ o . o .- o
— —e
3. BHgsTHF, H,0 /% 2.1BX
0 a.momcl - ° ‘0 3. HCO,Me, NaH 07\
125 Hiinig's Base 126 127

(82% yield, 3 steps)
(39% vyield, 4 steps)

1. MVK 1. Li, NH; 1. MeLi
—_—

2. NaOMe 2. NaHMDs © 2. PCf:
(81% yield, PhSeCl (70% yield
2 steps) 3. NalO, 2 steps)
(62% vyield,

3 steps)

Scheme 1.4.15 Theodorakis’s approach to the ABC ring system.

In a related study, Theodorakis demonstrated that the installation of the difficult
C(9) quaternary center was possible from selectively protected alcohol 131 (Scheme
1.4.16).54 Oxidation to the corresponding ketone and olefination, followed by allylic
oxidation provided an exocyclic enone. Conjugate reduction and PMB ether cleavage
then provided methyl ketone 132. Acetal formation between Stork’s dibromo-acetal
reagent 1335 and the alcohol moiety of methyl ketone 132 produced bromide 134.
Exposure of bromide 134 to base gave intramolecular alkylation product 135 in 71%

yield. The efficiency of this protocol is impressive given the difficulty of establishing
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vicinal quaternary centers. Additionally, the alkylation gave complete selectivity for the
desired C(9) epimer of acetal 128, as confirmed by X-ray structure determination.

Taken in conjunction with Theodorakis’s other work, this strategy solves the difficult
problem of generating all three of the C ring quaternary centers and produces a

norzoanthamine ABC ring system well poised for the completion of the total synthesis.

EtO

OMOM 1. DMP OMOM —
e 2. [PhyP=CH,] s’ br
_ ) 3.5¢0, . . 133
TBSO" ~*NopMB ———— >  TBSO" “*NoH
4. RW/TES-H N,N-dimethylaniline
““OH 5.DDQ
(57% yield)
(70% vyield, 5 steps) o
131
OoMOM
S~ KOt-Bu, PhMe
TBSO' ““ 0
65°C, 12 h
Ot (71% yield) OEt
o Br oy
134 135

Scheme 1.4.16 Theodorakis’s installation of the C(9) quaternary center.

1.4.7 Kobayashi’s Synthesis of the Heterocyclic CDEFG Zoanthamine Ring System

In 1998, Kobayashi and coworkers disclosed an enantioselective route to the CDEFG
ring system.5® The Wieland-Miescher ketone (136)5” served as the starting material to
produce aldehyde 137 (Scheme 1.4.17). The coupling of the lithium salt of sulfone 138 to
aldehyde 137 and oxidation state adjustment completed the Cbz-protected cyclization
substrate 139. Treatment with hydrochloric acid removed the acetonide and formed the
FG rings in good yield (140), but was accompanied by the formation of an acetal by-
product 140b in 13% yield. Resubjection of this by-product to acidic conditions did not
form an aminal-containing product. Tricyclic intermediate 140 was hydrogenolyzed and
dehydrated to furnish pentacyclic hemiaminal 46. A single-flask protocol for cyclization
was subsequently investigated using Boc-protected substrate 141 in acidic conditions

and gave an excellent yield of hemiaminal 46.58
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138

o oTBS
- . N PhO,s” Y N"Nebz 5
— H a_f — >
10 steps
o P o
137

(+)-136 (24% yield) (48% yield)

CO,H CO,H
2N HCI
K THF 0 +
. NX Cbz\N
H 6_& o
139, X = Cbz
141, X = Boc 140, (78% yield) 140b, (13% yield)
1. AcOH/H,0
100°C,10 h 1. H,, Pd/C, MeOH
2. Na,SO, 2. 3Ams
(89% yield, 2 steps) (71% vyield)

Scheme 1.4.17 Kobayashi’s sulfone approach to the CDEFG ring system.

1.4.8 Hirama’s Strategy for the Zoanthenol ABC Ring System

The strategy proposed by Hirama and coworkers is specifically geared toward the
synthesis of zoanthenol’s ABC ring system. The key Heck®® disconnection of the C(12)—
C(13) bond relies on the aromatic A ring unique to zoanthenol (Figure 1.4.6). Addition of

a stannane into an enone was envisioned for the formation of the C(20)-C(21) bond.

OH
20_0 _Organometallic
/C(:Y/Addition
A2y
(o]
Heck

\—Organometallic
0 Addition

Zoanthenol (21)
Figure 1.4.6 Hirama’s retrosynthetic analysis of zoanthenol.
Transmetalation of stannane 142 and addition into enone 143, derived from an
asymmetric quinone Diels-Alder reaction,® afforded tertiary alcohols 144 and 145 as a

mixture of diastereomers at C(20) (Scheme 1.4.18). PMB ether cleavage followed by
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triflate formation provided aryl triflate 146 and allowed for the investigation of the key
intramolecular Heck reaction. After significant optimization, conditions were developed
to produce the desired enol ether 147 in modest yield.®* Though the reaction did proceed
with excellent diastereoselectivity, it had several drawbacks, including high palladium
loading, long reaction times, and side products from simple reduction of the triflate

substrate.

o
OMOM
2.0MOM 0‘ n-BuLi
SnBuy - (82% yield)
13~ 0PMBM £ H
MOMO
142 143

144, C(20) p-H
145, C(20) a-H

OMOM

Pd,(dba); (25 mol%)

1. DDQ, CH,Cly, H,0 dppb (40 mol%)

.

2. Tf,0, TEA 1,2,2,6,6 pentamethyl-
i piperidine (5 equiv)
(53% yield) DMA, 120 °C, 4 d
(43% yield)
146 147

Scheme 1.4.18 Hirama’s Heck strategy for the zoanthenol ABC ring system.

Heck substrate 146 was altered to increase the electrophilicity of the accepting
olefin. As shown in Scheme 1.4.19, exposure of enone 148 to reductive Heck conditions
produced ketone 149 in excellent yield. With the difficult C(12) stereocenter established,
the C ring ketone was selectively reduced with L-Selectride, and the resulting alcohol was
then silylated. The next goal was the reduction of the tertiary alcohol moiety of ketone
149. BOM ether reduction and oxidation provided 150, which was treated with
samarium(II) iodide to give the reduced ketone 151 in good yield as a single

diastereomer as well as epimeric alcohol 152, produced in 17% yield.>
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1. L-Selectride

Pd,(dba)zCHCI; (15 mol%) 2. TBSOTf
dppb (40 mol%) 2,6-lutidine
TEA (10 equiv) 3. Na, NH;
DMA, 120 °C, 12 h 4. Swern [0]
(84% yield) (74% yield, 4 steps)
149
MOMO MOMO MOMO
(o}
SO JER" Oe
@‘ Tthento
i H
TBSO TBSO TBSO
150 151, (75% yield) 152, (17% yield)

Scheme 1.4.19 Hirama’s alternative assembly of the B ring.

The largest challenge that remains in Hirama’s synthesis is the establishment of the
C(9) quaternary stereocenter. However, his group has already demonstrated a highly
diastereoselective methylation of silyl enol ether 153 as a model of methylation at C(9)
(Scheme 1.4.20).% The methylation was achieved by samarium(II) iodide-promoted
cyclopropanation and acid-mediated ring opening to give methyl ketone 155 and its C(9)

epimer with a favorable 3:1 dr.

OMOoMm OMOM omMom
H 1. MeLi, DME H H
HMPA TsOH, DCM
—— —_—
9 2. Sml,, CICH,I (61% yield)
2 steps

OTMS OH (o]
153 154 155

Scheme 1.4.20 Hirama’s installation of the C(9) methyl group.

Hirama and coworkers have also disclosed an alternate strategy for the assembly of
zoanthenol’s ABC ring system. This approach reverses the order in which the B ring
bonds are formed.®4 As depicted in Scheme 1.4.21, Suzuki coupling of aryl triflate 156
and borane 157 unite the A and C ring synthons via the C(12)-C(13) bond to yield biaryl
158. BOM removal and oxidation provided quinone 159, which was heated with

butadiene to form 160. Upon the elaboration of Diels-Alder adduct 161, the final B ring
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bond, C(20)—-C(21), could be constructed by an organometallic addition analogous to the

synthesis of tertiary alcohols 144/145 and 148 or by a pinacol-type coupling of the

C(20) aldehyde.
omom (o] OBOM
OTIPS 7 PdCI,(PPhy),
+ _B —_—
0 12 Na,COj3
13°OTf TEA, DMF
(>90% yield)
OTIPS OTIPS
MOMO MOMO 20
benzene
170 °C

(90% yield)

Scheme 1.4.21 An alternate approach by Hirama.

Recently, Hirama and coworkers published the synthesis of the fully functionalized
ABC rings of zoanthenol.®s From intermediate ketone 151, enolization and trapping with
methyl iodide afforded the desired methylated B ring in excellent yield (Scheme 1.4.22).
Subsequent ketone reduction and MOM ether cleavage provided phenol 161.
Benzylation and BOM ether formation were followed by desilylation and oxidation to
form C ring ketone 162 in 79% yield over four steps. At this point, the quaternary
methyl installation modeled above was executed. Ketone 162 was converted to the
thermodynamic silyl enol ether, the lithium enolate was formed by treatment with
methyl lithium, and the enolate was cyclopropanated under radical conditions yielding
cyclopropyl alcohol 163. Reformation of the ketone occurred with concomitant
cyclopropane cleavage upon treatment with toluenesulfonic acid monohydrate to provide

the fully functionalized tricyclic core of zoanthenol.
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MOMO OH 1. BnBr, CsCO,
1. LDA, Mel, HMPA \OH DMF

(o}
THF, —78 to —60 °C 2. BOMCI, i-PryNEt
(98% vyield)

TBAI, (CH,CI),, 70 °C
“ 2. LAH, Et,0, 0 °C
3. TMSBr, CH,Cl, (84% yield, 3 steps)

I H ~78 t0 20 °C I H 4. DMP, CH,Cl,
TBSO (90% yield, 2 steps) TBSO (94% yield)

151

3. TBAF, DMPU, 95 °C

1. TMSI, HN(TMS),
hexane, —20 °C to RT TsOH<H,0, CH,Cl,

>

2. MeLi, HMPA, DME, 30 °C
then Smly, CICH,I, THF
-30°C to RT

(87% yield, 3 steps)

Scheme 1.4.22 Hirama’s synthesis of the fully functionalized ABC core of zoanthenol.

1.5.1 Summary and Outlook

The zoanthamine alkaloids are a structurally unique family of natural products.
Though they are isolated from soft coral of the order zoantharia, it may be that symbiotic
algae play a large role in the biosynthesis of these secondary metabolites. Their
biosynthesis is believed to involve a polyketide pathway, but no specifics of the route are
known. The benefit of these complicated natural products to the producing organisms is
unknown, but the isolation of various zoanthamine alkaloids in the Indian, Pacific, and
Atlantic Oceans suggests that these widespread metabolites may have an important
function. Anti-osteoporotic, antibiotic, anti-inflammatory, and cytotoxic biological
activities have been observed in various zoanthamines. As a result, these molecules have
garnered increasing attention from synthetic chemists.

As synthetic targets, the zoanthamine alkaloids are a challenge to current synthetic
methods and an inspiration for the creation of new reactions. In the contemporary era,
it is common for newly isolated natural products of interesting structure or biological
significance to succumb to total synthesis within one to two years of the isolation. By
comparison, twenty years passed between the isolation of zoanthamine and Miyashita’s

total synthesis of norzoanthamine in 2004. Any successful synthesis of these alkaloids
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requires expertise in both carbocyclic and heterocyclic chemistry. Construction of the
carbocyclic ABC rings is hindered by the stereochemical density of this region of the
molecule. In particular, the three quaternary centers of the C ring present a formidable
challenge. This architecture has inspired a number of creative annulation strategies
utilizing Diels-Alder, Heck, Friedel-Crafts, and Robinson annulation reactions. The
heterocyclic DEFG rings are topographically complex and contain a number of sensitive
functional groups. Pioneering syntheses of the heterocyclic region of these molecules
have determined the feasibility of different cyclization strategies. For over two decades,
the novel bioactivities and synthetic challenges of the zoanthamine natural products
have generated a significant body of research. With many questions yet unanswered,

interest in the zoanthamine alkaloids is likely to increase for the foreseeable future.
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CHAPTER TWO
Early Efforts Toward the Synthesis of Zoanthenol

Discovery of an Unusual Acid-Catalyzed Cyclization and
Development of an Enantioselective Route to a Synthon for the DEFG Rings®

2.1.1 Introduction and Retrosynthetic Analysis
In Chapter 1, we highlighted the range of biological activities and structural features
presented by the zoanthamine family of alkaloids. When we began our efforts toward the
synthesis of this intriguing family of natural products, we were drawn to zoanthenol (21)
as an initial synthetic target because it retains the major stereochemical challenges of the
zoanthamines, while its aromatic A ring offers the opportunity to explore unique
retrosynthetic possibilities.> It was our hope that the challenges encountered during the
synthesis of zoanthenol would guide our future synthetic efforts toward the remaining
family members. With seven rings and nine stereocenters confined to a 30-carbon
framework, zoanthenol is a densely functionalized, topographically complex target
molecule. The C ring poses the greatest stereochemical challenge with five contiguous
stereocenters, three of which are all-carbon quaternary centers. Our overarching
strategy was to generate one quaternary center in an enantioselective fashion and then
derive the remaining stereocenters diastereoselectively. A convergent union of the A and
C rings by a 2-carbon tether and subsequent closure of the B ring was another design
feature. We planned to introduce all the functionality of the heterocyclic C(1) to C(8)
fragment in a single operation (i.e., 164 = 165 + 166). Previous work by the Kobayashi

and Williams groups demonstrated that the complicated hemiaminals forming the DEFG

" The work described in this chapter was performed primarily by former graduate students in the
Stoltz group, Dr. Douglas C. Behenna (Carbocyclic Core) and Dr. Jeffrey T. Bagdanoff (DEFG
Synthon), prior to my arrival at Caltech.
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rings were thermodynamically favored.3 Thus, the DEFG heterocycles could be
retrosynthetically unraveled to give triketone 164 (Scheme 2.1.1). Disconnection of the
C(8)-C(9) bond and removal of the C(9) and C(19) methyl groups could afford ketone
165 and enone 166. We envisioned the cleavage of the tricyclic core structure 165 by
scission of the C(12)-C(13) bond employing an intramolecular conjugate addition of the
A ring into a C ring enone (i.e., 166).4 We reasoned that this type of intramolecular
Friedel-Crafts reaction would require a highly electron-rich arene for effective
cyclization; therefore, oxygenation was incorporated at C(16) of enone 167 to increase
the nucleophilicity of the A ring. Enone 167 could arise from 1,2-addition of a Grignard
reagent derived from bromide 168 into enal 169, which in turn could be derived from o-
quaternary allyl ketone 170, which was accessible in enantioenriched form as the

product of an enantioselective decarboxylative alkylation reaction.5

Zoanthenol (21)

OMe

TBSO I (o)

o o

167

enantioselective
decarboxylative
alkylation product

Scheme 2.1.1 Retrosynthetic analysis of zoanthenol.



2.2.1 Synthesis of the A Ring Synthon

The A ring synthon could be readily accessed in five steps from o-vanillin (171,
Scheme 2.2.1). Wolff-Kishner reduction of 171 followed by silylation provided arene 172
in 84% yield over two steps. Ortho-lithiation was directed by the C(17) methoxy group,
and quenching with N,N-dimethylformamide provided a mixture of aldehyde 174 and
the corresponding desilylated aldehyde 173. Resilylation of 173 proceeded smoothly
under standard conditions to provide 174. Aldehyde reduction was accomplished by
treatment with 10% Pd/C under a balloon of hydrogen to afford benzylic alcohol 175 in
96% yield.® Treatment of this benzylic alcohol (1775) with phosphorus tribromide and
pyridine led to benzyl bromide 168 in 92% yield after distillation. This approach to the A
ring synthon was efficient and highly scaleable, allowing production of 20—25 g of benzyl

bromide 168 per batch.

OMe 1. Ho,NNH,-H,0 OMe OMe O OMe O

KOH, triethylene glycol n-BuLi, TMEDA
HO 150 °C TBSO hexanes, 0 to 22 °C HO H TBSO H
+
H 2. TBSCI, imidazole, DMAP then DMF, 0 °C

CHCl,, DMF (79% combined yield)
o (84% vyield, 2 steps) 172 173 174
o-Vanillin (171) (20% yield) (59% yield)
TBSCI, DMAP
imidazole
CH,Cl,, DMF
(92% vyield)
OMe OMe
10% Pd/C, H, (1 atm) TBSO PBr3, pyridine, CH,Cl, TBSO
> OH Br
EtOAc 0to22°C
(96% yield) (92% yield)
175 168

Scheme 2.2.1 Synthesis of the A ring synthon.

2.2.2 Synthesis of the C Ring Synthon
In order to determine the feasibility of the 6-exo conjugate addition, the target enal
was synthesized as a racemate (Scheme 2.2.2). Known 1,6-dimethyl ketone 1767 was

deprotonated and alkylated to give ketoester 177 in excellent yield as a mixture of



46
diastereomers. Deprotonation of methyl ketone 177 and quenching with PhNTf.
afforded enol triflate 178. After significant optimization to accommodate the steric
challenges of the substrate, an efficient one-step reductive carbonylation of triflate 178
was developed. Treatment of triflate 178 under an atmosphere of CO with Pd(OAc).,
1,4-bis-(dicyclohexylphosphino)butane as a ligand, and TES-H as a reducing agent
afforded the desired enal 169 in good yield. To our knowledge, this is the first time that

such a hindered vinyl triflate has been carbonylated directly to the enal oxidation state.®

o LiHMDS, HMPA, THF

" 0
then e K os, 0 KHMDS, THF, —30 °C
0->22°C,2d Ot-Bu then PhNT,
Q o (97% yield) o~ Yo (73% yield)
176 177
oTf H°
o (D-Hex)zP/\/\/ P(c-Hex), o
Pd(OAc),, CO (1 atm), DMA, LiCl
OtBU  Ei N, TES-H (2 equiv over 10 h), 35 °C Ot-Bu
oo (76% yield) e 0
178 169

Scheme 2.2.2 Racemic synthesis of the C ring synthon.

Although racemic material was useful for exploratory studies, our goal from the
outset was an asymmetric synthesis of zoanthenol. Toward this end, we were delighted
to find that our recently developed asymmetric decarboxylative alkylation methodology5
was a reliable and efficient method to convert allyl B-ketoester 179 to a-quaternary
ketone (—)-170 in excellent yield and high ee on 25 mmol scale (Scheme 2.2.3).
Oxidative olefin cleavage and esterification gave t-butyl ester (+)-180 in 51% yield over
two steps. Subsequent methylation provided a good yield of methyl ketoester 177, an
intermediate in our C ring synthesis, allowing entry into a catalytic enantioselective

synthesis of zoanthenol.
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o o PhaP N\J 1. KMnO,, NalO, o
! I ~F (3.75mo|223" f , -~ K2C03,tBu0H g ’ NSO DA THE \iﬁ/\f
1.5 mol% Pd,(dba), 2. B0020 DMAP OtBU “then Mel Ot-Bu
oo THF, 25 °C o —78 - 0°C
(4% yield, 86% ee) \_/ (51% yield, 2steps) (69% yield)
179, 25 mmol (—)-170 (+)-180 177

Scheme 2.2.3 Decarboxylative alkylation enables enantioselective synthesis.

2.2.3 Synthesis of the Tricyclic Core of Zoanthenol

Addition of Grignard reagent 181, derived from A-ring synthon 168, to enal 169
produced allylic alcohol 183 in high yield and diastereoselectivity (Scheme 2.2.4). Use of
methylene chloride as a co-solvent for the addition reaction was critical. We hypothesize
that the addition of this noncoordinating solvent encourages the chelation of Mg
between the aldehyde and the t-butyl ester, resulting in selective attack of the Re face of
the aldehyde by the incoming Grignard reagent (182). This stereochemistry was
confirmed by formation of lactone 184 and examination of a single crystal by X-ray

structure analysis.

OMe

H (o] TBSO (o) a
MgBr
o J@A XzMg’/o n

181

—>
O#Bu  Et,0-CH,Cl, (2.7:1)
0°C

/ (89% yield) ArCHy-MgBr
>15:1dr L
169 182
PhMgBr, THF
0to22°C =
62% yield

Scheme 2.2.4 Diastereoselective Grignard addition.
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With the A and C rings joined, we could begin to investigate the 6-exo cyclization by
exposing allylic alcohol 183 to TFA at reflux (Scheme 2.2.5). We anticipated that loss of
protecting groups and olefin migration would afford enone 185, which would undergo 6-
exo conjugate addition to form keto-alcohol 186. To our delight, the major product
contained a single aromatic C-H peak by 'H NMR, as well as two isolated aliphatic CH,4
groups, signaling that the reaction generated a product containing the two desired
quaternary centers. However, the spectrum also possessed an olefinic resonance. Upon
standing in CDCl;, the major product formed crystals suitable for X-ray diffraction.
Interestingly, cyclization of allylic alcohol 183 had occurred, but via 6-endo Sx’
cyclization to give acid 187.9° Additionally, the solid-state structure confirmed the anti

disposition of the methyl groups at C(12) and C(22) in 187.

OMe

6-endo
0 TFA, 50 °C
—_—

then TBAF
OtBu  THF,22°C

oo 5:1 dr
(57% total yield)

183

olefin

\ migration

Scheme 2.2.5 Discovery of an unusual acid-mediated cyclization.

The Sx' Friedel-Crafts reaction to produce carboxylic acid 187 achieved the
important goal of generating the C(12) quaternary stereocenter with the desired relative
configuration. In order to better understand the reaction pathway, a number of
parameters were evaluated. The choice of acid in the reaction is crucial, as

trifluoroacetic acid was unique in promoting Sy’ cyclization. Both stronger acids (e.g.,
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triflic acid) and weaker acids (e.g., acetic acid) failed to produce tricycle 187. Even the
dilution of neat TFA with methylene chloride, benzene, or acetic acid caused the
cyclization to fail.

Interestingly, both lactone 184 and allylic acetate 188 underwent cyclization in TFA
to give acid 187 with similar yields and diastereoselectivities (Scheme 2.2.6).1
Furthermore, C(16) des-oxy arene 189 failed to generate any cyclized products,
confirming the importance of the nucleophilicity imparted by C(16) oxygenation.
Finally, the allylic alcohol substrate epimeric at C(20) does not undergo cyclization.'

OMe . OMe

Scheme 2.2.6 Other substrates for cyclization.

The unique ability of TFA to mediate the reaction suggests that its properties as a
strong acid and a dehydrating agent are important to the reaction mechanism. The
selectivity of the system indicates that all three substrates (183, 184, and 185) may
proceed through intermediate lactone 190 (i.e., allylic alcohol 183 and acetate 188 may
be converted to the lactone in situ), and that the reactions proceed via a partially
concerted displacement relying on the directing ability of a carboxylate leaving group

and not via a full allylic cation (Scheme 2.2.7).

OMe

183 190, R = H or ~CH,CH,OH 187

Scheme 2.2.7 A proposed mechanism for the Sy' cyclization.
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With an efficient route in hand to construct a zoanthenol carbocyclic ring system
containing two of the three quaternary stereocenters, we turned our attention to the
completion of our proposed intermediate 165. Following diazomethane-mediated
esterification, deoxygenation of the C(16) phenol was accomplished by formation of aryl
triflate 191 and subsequent treatment with PdCl.(PPhs). and formic acid to form 192 in

92% yield (Scheme 2.2.8).13

OMe OMe OMe
HO TfO 20
16 1. CH,N, PdCl,(PPhj),
(o} CH,Cl,, 0 °C o HCOOH o
—_— —eeee
‘ OH 2. TH0,Py,-12°C ‘ OMe (n-Bu)sN, DMF e OMe
(84% .2 ) dppb, 90 °C, 72 h
6 yield, 2 steps
o Y (92% yield) 0
187 191 192

Scheme 2.2.8 Deoxygenation of the A ring.

Due to our serendipitous discovery of the Sy’ reaction, we had not anticipated the
reoxygenation of the olefin in our retrosynthetic planning. As such, significant
experimentation was required to find a synthetic strategy to convert the C(20)-C(21)
olefin of ketoester 192 into the desired C(20) ketone.’4 The X-ray structure in Scheme
2.2.5 illustrates the pseudo-axial nature of the methyl groups surrounding the olefin,
which partially block the = bond and hinder the approach of typical oxidants.

Thus, we chose to pursue an alternative, intramolecular method of olefin
oxygenation. Our approach began with saponification of ketoester 192 followed by
ketalization (Scheme 2.2.9). Treatment of the crude product with KI, I,, and base gave
iodolactone 193 in 85% yield over three steps after recrystallization. Lactone
methanolysis under basic conditions afforded smooth conversion to epoxide 194.
Hydride migration from C(20) was accomplished by heating epoxide 194 in toluene with
MgCl,,’5 resulting in smooth conversion to rearranged ketoester 195 in 73% yield.

Treatment of ketoester 195 with p-toluenesulfonic acid produced diketone 196, which
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was characterized by X-ray crystallography. The solid-state structure confirmed that the
desired C(21) stereochemistry was obtained from the hydride shift.

OMe

1. 10% NaOH, MeOH, 40 °C
2. PPTS, ethylene glycol
O PhH, Dean-Stark

Cs,C0,
‘ OMe 3. KI, I, NaHCO, MeOH, 37 °C
CH4CN, H,0 (84% yield)

o (85% yield, 3 steps)

MgCIZ, PhCH, TsOH- HZO '
80 °C,65h acetone V\ “
196

(73% yield) (71% yield)

195

Scheme 2.2.9 Refunctionalization of the C(20)-C(21) olefin.
Having completed the synthesis of the carbocyclic core, we turned our attention to

the installation of the C(9) methyl group and side chain attachment. As illustrated in

Scheme 2.2.10, methylation of tricycle 192 would be followed by condensation with a

primary amine to form enamine 197. Conjugate addition of this enamine into enone

168 would then provide readily hydrolyzable imine 198.

192 165
OMe
SO
conjugate
@ o ST e o0, -
OMe addition
_N_ 168
R H

197
Scheme 2.2.10 Plan for elaboration of the tricyclic core.
Initial conditions tested seemed to favor enolization at C(11) rather than C(9).

order to solidify the nature of the system’s behavior without the complication of



52
diastereomers, silyl enol ethers were generated under kinetic and thermodynamic
conditions (Scheme 2.2.11). Interestingly, when tricycle 192 was treated with kinetic
enolization conditions, a 4:1 ratio of silyl enol ethers (199:200) was observed. The
major product of the inseparable mixture of enol ethers was identified as 199 via 1D nOe
experiments. Given our uncertainty about the cause of the selectivity in this system, we
also tested tricycle 196. In this case, a 1:1 ratio of silyl enol ethers was observed. This
improvement was promising, though certainly not viable at this stage of the synthesis.®
Despite efforts to improve the selectivity of these alkylations, we were unable to improve
the ratio beyond a 1:1 mixture. Ketoester 196 was treated under thermodynamic
enolization conditions and nearly exclusive enolization was observed at C(11).7”

In addition to the challenges faced in the methylation step, we found that a very
simple system modeling the conjugate addition step was unreactive.® Thus, we
considered other options for the installation of this quaternary center. We examined a
cyclopropanation approach similar to Hirama’s strategy (see Chapter 1) and a Tsuji
alkylation-based approach.?° Ultimately, we chose to alter our synthetic strategy to
include the vicinal all-carbon quaternary centers from an early stage, as will be discussed

in Chapter 3.

OMe

Og O  LDA, TMSCI
_——
1 ‘ 9 OMe -78°C

17% NOE

OMe OMe OMe

(o) OTMS OTMS
LDA, TMSCI
SOOI S 6 SIS0 O
-78 °C
1 g OMe OMe OMe

OTMS OTMS

196 201 1:1 202

Scheme 2.2.11 Attempts to enolize at C(9).
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2.3.1 Enantioselective Synthesis of the DEFG Synthon

Once we access a suitable carbocyclic core structure, we will need to couple it to an
appropriately functionalized side chain in order to form the heterocyclic DEFG ring
system of zoanthenol. Our initial target for such a synthon was o,f-unsaturated ketone
166 (Scheme 2.3.1). We envisioned that enone 166 could be accessed from caprolactam
203, which we disconnected across the amide C—N bond to reveal amine 204. This
amine, in turn, could be derived from 6-lactone 205, accessible from o,p-unsaturated

lactone 206.

Boc

\ (o}
o otBs N
\/u\/k/k/NHBoc — —
TBSO
O Me OTBS o o
LN, — . == |
X Me"
NR, OR
204 205 206

Scheme 2.3.1 Retrosynthetic analysis of the DEFG synthon.

To access 206 in enantioenriched form, we initially investigated an approach
beginning with a glycal, which required oxidation to a lactone as well as the removal of
superfluous oxygenation.>! Additionally, we could access either racemic or
enantioenriched material from (+)-glycidol or (S)-glycidol.22 Ultimately, we employed an
efficient and enantioselective method developed by Jacobsen and coworkers for the
synthesis of a,f-unsaturated lactone 211.23 In their work, diene 207 and aldehyde 208
were treated with hetero-Diels-Alder catalyst 209 (Scheme 2.3.2), which facilitates
cycloaddition reactions between electron-rich dienes and aldehydes. The desired
dihydropyran was isolated in 72% yield and could be converted to the necessary lactone

using acidic pyridinium dichromate conditions.
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CH,

N, 0 ﬁ
OMe fo) Cra OMe o
JH 6~ 209 PDC, AcOH
z + > (o] EEE— (o}
H
A CH,CI
™ oTBS neat, 3A M.S. | OTBS 2%12 | OTBS

o i (49% yield)
207 208 (72% yield) (-)-210 (-)-211

Scheme 2.3.2 Jacobsen hetero-Diels-Alder cycloaddition.

At this point, a selective 1,4-addition was accomplished by treatment of 211 with
Gilman’s reagent to afford 212 as a single diastereomer (Scheme 2.3.3). Treatment with
an acidic resin induced desilylation to provide alcohol 213, and subsequent Mitsunobu

reaction provided phthalamide derivative 214.

o)
o o Dowex o o
Me,CulLi 50X8-100 phthalimide, PPhs 0
| ? 0,0°C ? MeOH ° DEAD, THE N
orss F2%:0°C¢ | otes ¢ OH ’ e
W W

(84% yield) (96% yield) (86% yield) o
(—)-211 (-)-212 (-)-213 214

Scheme 2.3.3 Conjugate addition and Mitsunobu reaction provide key intermediate.

The chiral lactone was then treated under standard Weinreb amide formation
conditions, and the intermediate alcohol was immediately trapped by addition of
TBSOTf and 2,6—-lutidine to yield Weinreb amide 215 (Scheme 2.3.4). Treatment of 215
with hydrazine hydrate in refluxing ethanol revealed the free primary amine, which
spontaneously cyclized with the Weinreb amide to form a caprolactam. Carbamate
formation with Boc anhydride provided key caprolactam 203.

Q o Boc
o 1. Me(MeO)NH-HCI 1. H,NNH,-H,0 i 0
iio\/ N\ Me;Al, CH,Cly, -5 °C O Me OTBS EtOH, H,0 N
—_—
M N 2. TBSOTY, 2,6-lutidine \N’u\/'\/'\/N 2. Boc,0, DMAP
o DCM, 0 °C ! CH5CN, 30 °C TBSO

OMe o
214 (72% yield, 2 steps) 215 (77% yield, 2 steps) 203

Scheme 2.3.4 Conversion of the d-lactone to the g-lactam synthon.
The final step in accessing synthon 166 was to add a single vinyl equivalent to the
Boc-protected caprolactamate. Thus, treatment of 203 with vinyl magnesium bromide

provided the isolable Grignard adduct 216 (Scheme 2.3.5). The chelation of Mg between
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the Boc carbonyl and the amide carbonyl encourages addition of a single equivalent of
the nucleophile, and we anticipate that a similar hydrogen-bonding event slows the
collapse of hemiaminal 216. Upon standing in CHCl;, desired enone 166 is produced.
Additionally, because we had observed this exquisite selectivity for a single addition, we
were ultimately able to employ caprolactam 203 as our DEFG synthon in an alternative

route.

t-BuO O

B g o
N THF, 78 °C N 0/ CHCl3, 30 h O OTBS
—_— \"*+7, —_—
~ P S A e
TBSO A MgBr TBSO (76% yield)
203 216 168

Scheme 2.3.5 Vinylation of the e-lactam to access the enone synthon.

2.4.1 Summary of Early Synthetic Work

In conclusion, a concise method for the construction of the zoanthenol carbocyclic
skeleton was developed. This approach is highlighted by an unusual diastereoselective
Sx' cyclization of allylic alcohol 183 producing tricycle 187 bearing all-carbon quaternary
centers at C(12) and C(22) in the desired anti configuration. This key step in our route is
flanked by a number of novel transformations. Most notably, we demonstrate an
unusual palladium-catalyzed formylation of a hindered vinyl triflate, a highly
diastereoselective Grignard addition to a congested enal, and an iodolactonization and
subsequent epoxide rearrangement utilizing the pendant C(24) carboxylate to
incorporate the C(20) ketone. Gratifyingly, application of our catalytic asymmetric
decarboxylative alkylation methodology allows ready access into an enantioselective
synthesis of zoanthenol. Our studies have also encompassed the synthesis of a fully
functionalized, enantiopure DEFG synthon for late-stage coupling with our carbocyclic
core structures. The synthesis of this synthon features a Jacobsen enantioselective

hetero-Diels-Alder followed by a selective conjugate addition. Additionally, selective
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ring opening and ring closing events allow for an elegant elaboration of the key o,f-
unsaturated lactone. Namely, Weinreb amide formation with immediate trapping
enables the conversion of a d-lactone to a linear intermediate, which upon phthalamide
decomposition immediately closes again to a caprolactam. The carbamate produced
upon Boc protection is then critical in allowing selective mono-addition of

organometallic species into the caprolactam.

2.5.1 Materials and Methods

Unless otherwise stated, reactions were performed at ambient temperature (typically
19—24 °C) in flame-dried glassware under an argon or nitrogen atmosphere using dry,
deoxygenated solvents. Solvents were dried by passage through an activated alumina
column under argon. TMEDA, HMPA, TEA, DIPA, and pyridine were freshly distilled
from CaH. KHMDS (95%) was purchased from Aldrich and stored in a glovebox until
use. Trifluoroacetic acid (99%) was purchased from Aldrich. Tf.O was freshly distilled
from P.O;. Magnesium chloride (~ 325 mesh, < 1.5% H.0O) was purchased from Aldrich.
All other commercially obtained reagents were used as received. Reaction temperatures
were controlled by an IKAmag temperature modulator. Thin-layer chromatography
(TLC) was performed using E. Merck silica gel 60 F254 precoated plates (0.25 mm) and
visualized by UV fluorescence quenching, anisaldehyde, KMnO,, or CAM staining. ICN

silica gel (particle size 0.032—0.063 mm) was used for flash chromatography. Optical

rotations were measured with a Jasco P-1010 polarimeter at 589 nm. 'H and *C NMR
spectra were recorded on a Varian Mercury 300 (at 300 MHz and 75 MHz respectively),
or a Varian Inova 500 (at 500 MHz and 125 MHz respectively) and are reported relative
to Me,Si (8 0.0). Data for '"H NMR spectra are reported as follows: chemical shift (5

ppm) (multiplicity, coupling constant (Hz), integration). Multiplicities are reported as
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follows: s = singlet, d = doublet, t = triplet, q = quartet, sept. = septet, m = multiplet,
comp. m = complex multiplet, app. = apparent, bs = broad singlet, bm = broad multiplet.
IR spectra were recorded on a Perkin Elmer Paragon 1000 spectrometer and are
reported in frequency of absorption (cm™). High-resolution mass spectra were obtained
from the Caltech Mass Spectral Facility. Crystallographic analyses were performed at the
California Institute of Technology Beckman Institute X-Ray Crystallography Laboratory.
Crystallographic data have been deposited at the CCDC, 12 Union Road, Cambridge CB2
1EZ, UK, and copies can be obtained on request, free of charge, from the CCDC by
quoting the publication citation and the deposition number (see Appendix B for

deposition numbers).
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2.5.2 Preparation of Compounds

1. H,NNH*H,0, KOH OlMe
HO triethylene glycol, 150 °C
> TBSO
H 2. TBSCI, imidazole, DMAP
CH,Cl,, DMF

4% yield, 2 st
oVanillin (177) (847 Vield, 2 steps) s

Arene 172. To a warmed solution (110 °C for 45 min) of o-vanillin (171, 60.0 g, 0.394
mol, 1.00 equiv) and NH.NH,+H.O (53.6 mL, 1.10 mol, 2.79 equiv) in triethylene glycol
(320 mL) in a 1 L round bottom flask was added KOH (132 g, 2.37 mol, 6.02 equiv)
(Caution: gas evolution and exotherm) in portions over 20 min. The reaction mixture
was maintained at 150 °C under a reflux condenser for 5 h, cooled to ambient
temperature, and poured into H.O (750 mL), ice (200 g), and 6 M HCl (500 mL). The
mixture was further acidified to pH 2 with 6 M HCI, then extracted with CHCl; (7 x 200
mL), dried (MgSO,), and evaporated to give a green solid (~ 60 g) that was immediately
used in the next step without further purification.

To a solution of this crude solid in DMF (300 mL) and CH.Cl. (300 mL) were added
imidazole (53.6 g, 0.788 mol, 2.00 equiv), DMAP (62.5 g, 0.512 mol, 1.30 equiv), and
TBSCI (62.1 g, 0.414 mol, 1.05 equiv). After 4 h at ambient temperature, the reaction
mixture was poured into H.O (1.3 L), extracted with CH.Cl. (3 x 150 mL), and the
combined organic layers were washed with cold 0.25 M HCI (2 x 250 mL), 1 M NaOH
(250 mL), and brine (2 x 200 mL). Evaporation of the organics gave an oil, which was
purified by distillation at reduced pressure (~ 2 mmHg) to give arene 172 (83.6 g, bp
120—-127 °C at 2 mmHg, 84% yield over 2 steps) as a colorless oil: Rr 0.74 (10% EtOAc in
hexanes); 'H NMR (300 MHz, CDCl;) 6 6.83—-6.69 (comp. m, 3H), 3.78 (s, 3H), 2.24 (s,
3H), 1.01 (s, 9H), 0.18 (s, 6H); 3C NMR (75 MHz, CDCl;) 8 150.0, 143.1, 129.6, 122.8,
120.5, 109.1, 54.8, 26.1, 18.9, 17.1, -3.9; IR (Neat film NaCl) 2955, 2930, 1488, 1280,
1251, 1233, 1086, 920, 781 cm™; HRMS (FAB+) [M+H]* calc'd for C,,H.,SiO.+H*: m/z

253.1624, found 253.1633.
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OMe OMe O OMe O

n-BuLi, TMEDA, hexanes
TBSO 0to 22°C HO H TBSO H
then DMF, 0 °C +

(79% combined yield)
172 173 174
(20% vyield) (59% yield)

Benzaldehyde 174 from arene 172. To a cooled (0 °C) solution of arene 172 (30.0 g,
119 mmol, 1.00 equiv), and TMEDA (25.1 mL, 166 mmol, 1.40 equiv) in hexanes (200
mL) was added n-BuLi (2.25 M in hexanes, 63.4 mL, 142 mmol, 1.20 equiv) in a
dropwise manner over 15 min. After 1 h at o °C, the reaction mixture was allowed to
warm to ambient temperature for 6 h. The reaction mixture was cooled (0 °C) again and
DMF (15.6 mL, 202 mmol, 1.70 equiv) was added dropwise over 10 min. After an
additional 1 h at o0 °C, saturated aqueous NH,Cl (100 mL) was added, and the mixture
was allowed to warm to ambient temperature overnight. The mixture was poured into
H.O (200 mL) and Et,O (200 mL), then extracted with Et.O (2 x 100 mL). The aqueous
layers were then acidified with 2 M HCl to pH 1, and further extracted with Et.O (5 x 150
mL). The combined organic layers were washed with brine (50 mL), dried (Na.SO,), and
evaporated to give an oil that was purified by gradient flash chromatography on silica gel
(2 to 20% EtOAc in hexanes) to give benzaldehyde 174 (19.7 g, 59% yield) as a colorless
oil: Rf 0.67 (20% EtOAc in hexanes); 'H NMR (300 MHz, CDCl;) 6 10.28 (s, 1H), 7.36
(d, J = 7.5 Hz, 1H), 6.98 (d, J = 8.1 Hz, 1H), 3.81 (s, 3H), 2.28 (s, 3H), 1.03 (s, 9H), 0.20
(s, 6H); 3C NMR (75 MHz, CDCl,) 6 189.7, 154.2, 147.2, 138.4, 128.1, 126.4, 120.7, 62.5,
26.0, 18.6, 17.9, —4.1; IR (Neat film NaCl) 2957, 2932, 2859, 1691, 1464, 1273, 1255, 838
cm'; HRMS (FAB+) [M+H]* calc'd for C;sH2,SiOs+H*: m/z 281.1573, found 281.1572
and phenol 149 (3.9 g, 20% yield) as a white solid: mp 90.0-91.0 °C; Ry 0.25 (20%
EtOAc in hexanes); 'H NMR (300 MHz, CDCl,) 6 10.18 (s, 1H), 7.27 (d, J = 8.1 Hz, 1H),
7.01 (d, J = 8.1 Hz, 1H), 6.02 (bs, 1H), 3.95 (s, 3H), 2.32 (s, 3H); 3C NMR (75 MHz,

CDCl,) 6 189.4, 148.4, 147.5, 132.8, 126.7, 126.5, 121.3, 63.8, 16.3; IR (Neat film NaCl)



60
3410, 2938, 2857, 1686, 1466, 1261, 1061, 782 cm?; HRMS (FAB+) [M+H]* calc'd for

CoH,005+H*: m/z 167.0708, found 167.0708.

OMe O OMe O
HO 4 _ TBSCl, imidazole, DMAP __ TBSO
CH,Cl,, DMF o

92% yield
173 ( yield) 174

Benzaldehyde 174 from phenol 173. To a solution of phenol 173 (10.0 g, 60.2
mmol, 1.00 equiv) in DMF (60 mL) and CH.Cl. (60 mL) were added imidazole (8.20 g,
120 mmol, 2.00 equiv), DMAP (9.55 g, 78.3 mmol, 1.30 equiv), and TBSCI (11.7 g, 78.3
mmol, 1.30 equiv). After 36 h, the reaction mixture was quenched with H.O (200 mL)
and CH.Cl, (200 mL), and extracted with CH.CL. (3 x 50 mL). The combined organics
were washed with H.O (200 mL) and then brine (100 mL), dried (MgSO,), and
concentrated to an oil, which was purified by flash chromatography on silica gel (2%

EtOAc in hexanes) to provide benzaldehyde 174 (15.5 g, 92% yield).

OMe O OMe
TBSO 10% Pd/C, H, (1 atm) TBSO
H OH
EtOAc
(96% yield)
174 175

Benzyl alcohol 1775. A flame-dried 100 mL round bottom flask was charged with 10%
Pd/C (270 mg), EtOAc (55 mL), and benzaldehyde 174 (2.0 g, 7.13 mmol, 1.00 equiv)
under an N, atmosphere. The reaction mixture and headspace were sparged with H. (5
min) and stirred vigorously under an atmosphere of H. (balloon) for 3 h. Immediately
following the completion of the reaction, as indicated by TLC, the reaction mixture was
sparged with N, for 15 min then concentrated to an oil, which was purified by flash
chromatography on silica gel (10 to 15% EtOAc in hexanes) to provide benzyl alcohol 175

(1.93 g, 96% yield) as a colorless oil: R;r 0.33 (20% EtOAc in hexanes); 'H NMR (300
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MHz, CDCl;) 6 6.88 (d, J = 7.5 Hz, 1H), 6.83 (d, J = 8.1 Hz, 1H), 4.65 (d, J = 6.3 Hz, 2H),
3.75 (s, 3H), 2.25 (t, J = 6.3 Hz, 1H), 2.21 (s, 3H), 1.03 (s, 9H), 0.18 (s, 6H); 3C NMR (75
MHz, CDCl,) 8 149.4, 147.0, 132.4, 130.6, 126.1, 121.1, 61.7, 60.5, 26.0, 18.6, 17.2, —4.2;
IR (Neat film NaCl) 3340, 2956, 2931, 2859, 1464, 1420, 1285, 839, 782 cm*; HRMS

(FAB+) [M+H-H,]* m/z calc'd for [Ci5H25S105]*: 281.1573, found 281.1564.

OMe OMe
TBSO PBr3, pyridine, CH,Cl TBSO
OH 35 PY A - Br
0to22°C
(92% yield)
175 168

Benzyl bromide 168. To a cooled (0 °C) solution of benzyl alcohol 175 (16.0 g, 56.7
mmol, 1.00 equiv) and pyridine (4.36 mL, 53.9 mmol, 0.95 equiv) in CH>Cl. (200 mL)
was added PBr; (4.84 mL, 51.0 mmol, 0.90 equiv) in CH.Cl, (50 mL) over 30 min. After
stirring an additional 30 min at o °C, the reaction mixture was allowed to come to
ambient temperature and stirred for a further 2.5 h. The reaction mixture was diluted
with CH,Cl, (300 mL), brine (500 mL), and H,O (250 mL), then extracted with Et.O (2 x
150 mL), dried over Na.SO,, and concentrated. The resulting oil was passed through a
plug of silica gel (10 em h x 5.5 cm d) (1:1 hexanes:CH.Cl.), concentrated, and the
resultant oil was purified by distillation at reduced pressure (~ 2 mmHg) to provide
benzyl bromide 168 (27.4 g, bp 146—147 °C at ~ 2 mmHg, 92% yield) as a colorless oil:
Ry 0.50 (2.5% EtOAc in hexanes); 'H NMR (300 MHz, CDCl;) 6 6.91 (d, J = 8 Hz, 1H),
6.87 (d, J = 8 Hz, 1H), 4.56 (s, 2H), 3.83 (s, 3H), 2.23 (s, 3H), 1.04 (s, 9H), 0.18 (s, 6H);
3C NMR (75 MHz, CDCl5) 8 149.7, 147.2, 131.9, 129.6, 126.2, 123.2, 60.4, 28.8, 26.0,
18.6, 17.3, —4.2; IR (Neat film NaCl) 2957, 2931, 2859, 1464, 1421, 1289, 1259, 12309,
1072, 840, 782 cm; HRMS (FAB+) [M+H]* m/z calc'd for [Ci;sH.5SiBrO,+H]*:

345.0885, found 345.0885.
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o) o)
\@/ LiHMDS, HMPA, THF \éﬁ/\fo
S >
then \)L Ot-Bu
Br.
0" Yo ot-Bu 0" Yo
0to 22 °C, 2 days \ /
176 (97% yield) 177

Ketoester 177. To a cooled (0 °C) 1.00 M LiIHMDS (52.2 mL, 52.2 mmol, 1.20 equiv)
solution in THF was added ketone 176 (8.00 g, 43.5 mmol, 1.00 equiv) in THF (50 mL)
in a dropwise manner over 30 min. After an additional 30 min at o °C, HMPA (8.31 mL,
47.8 mmol, 1.10 equiv) was added and maintained at 0 °C for 1 h. ¢-Butyl bromoacetate
(10.6 mL, 69.5 mmol, 1.60 equiv) was added in portions over 1 h and after a further 2 h
at 0 °C, allowed to warm to ambient temperature. After 48 h, the reaction mixture was
poured into H.O (300 mL), extracted with Et.O (6 x 150 mL), dried (MgSO,), and
concentrated to an oil, which was purified by flash chromatography on silica gel (7 to
10% EtOAc in hexanes) to provide ketoester 177 (12.5 g, 97% yield) as a pale yellow oil
(as a ~ 3:1 mixture of diastereomers). See below for full characterization of both methyl

diastereomers, synthesized in enantioenriched form via asymmetric alkylation.

[0} OTf

\iﬁ/\fo KHMDS,-30°C \éj/YO
OtBu then PhNTf, OtBu
oo (73% yield) o~ Yo
/ /
177 178

Triflate 178. To a cooled (-30 °C) solution of KHMDS (4.41 g, 22.1 mmol, 1.20 equiv)
in THF (35 mL) was added ketoester 177 (5.50 g, 18.5 mmol, 1.00 equiv) in THF (30 mL)
in a dropwise manner over 10 min. After 5 h at -30 °C, PhNTf. (7.20 g, 20.2 mmol, 1.09
equiv) in THF (30 mL) was added, maintained for an additional 30 min at -30 °C, and
warmed to 0 °C for 2 h. The reaction mixture was diluted with Et.O (200 mL), poured
into a mixture of brine (150 mL), H.O (150 mL), and 1 M NaOH (50 mL), and extracted

with Et.O (3 x 50 mL). The organic layers were washed with 1 M NaOH (6 x 50 mL),
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H,O (50 mL), and brine (3 x 50 mL), dried (Na.SO,), and concentrated to an oil, which
was purified by flash chromatography on silica gel (7 to 10% EtOAc in hexanes and 0.5 %
TEA) to provide triflate 178 (5.74 g, 73% yield) as a pale yellow oil: Ry 0.63 (35% EtOAc
in hexanes); "H NMR (300 MHz, CDCl;) 8 4.02—3.92 (comp. m, 4H), 2.71 (d, J = 14.5 Hz,
1H), 2.45 (s, 2H), 2.42 (d, J = 13.5 Hz, 1H), 2.30 (d, J = 14.7 Hz, 1H), 1.78 (s, 3H), 1.70 (d,
J = 13.8 Hz, 1H), 1.42 (s, 9H), 1.32 (s, 3H); 3C NMR (75 MHz, CDCl;) 8 170.2, 146.9,
124.5, 118.7 (q, Jc-r = 319 Hz), 106.2, 80.5, 64.4, 64.3, 43.1, 42.0, 41.9, 39.2, 28.0, 25.0,
17.8; IR (Neat film NaCl) 2980, 2935, 2888, 1726, 1403, 1212, 1142, 1007, 862 cm};

HRMS (FAB+) [M+H]* m/z calc'd for [C,;H25sSF;0,+H]*: 431.1351, found 431.1365.

P(c-Hex H (o)
oTf (cHex)p” "N ( )2
o
Pd(OAc),, CO (1 atm), DMA, LiCl o
Ot-Bu TEA, TES-H (2 equiv. slow add'n), 35°C 0#Bu
0" o (76% yield) 0" o
/
178 169

Enal 169. A solution of flame-dried LiCl (600 mg, 14.2 mmol, 2.69 equiv), Pd(OAc).
(156 mg, 0.695 mmol, 0.132 equiv), and 1,4-bis-(dicyclohexylphosphino)butane (314 mg,
0.695 mmol, 0.132 equiv) in DMA (16 mL) was sparged with CO and warmed to 9o °C
until a color change from red/orange to pale yellow was observed, at which point, the
reaction mixture was cooled to 35 °C. To the homogenous reaction mixture was added
TEA (2.60 mL, 18.6 mmol, 3.53 equiv) and enol triflate 178 (2.27 g, 5.27 mmol, 1.00
equiv) in DMA (16 mL). A solution of Et;SiH (1.47 mL, 9.28 mmol, 1.76 equiv) in DMA
(8.5 mL) was added by syringe pump to the reaction over 10 h. After an additional 14 h
at 35 °C, the reaction mixture was cooled to ambient temperature, KF-2H.O (2.00 g) was
added, the mixture was stirred for 45 min, and then poured into ice water (200 mL).
This mixture was extracted with 1:1 Et.O:hexanes (5 x 100 mL). The combined organic

layers were washed with brine (2 x 100 mL), dried (Na.SO,), and concentrated to give an
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oil, which was purified by gradient flash chromatography on silica gel (10 to 20% EtOAc
in hexanes) to give enal 169 (1.24 g, 76% yield) as a pale yellow oil: R 0.42, 0.41 (35%
EtOAc in hexanes, 20% EtOAc in hexanes developed twice); 'H NMR (300 MHz, CDCl;)
d 10.13 (s, 1H), 4.00—-3.90 (comp. m, 4H), 3.04 (d, J = 14.4 Hz, 1H), 2.54 (app. dt, J =
1.0, 19.2 Hz, 1H), 2.37 (dd, J = 1.8, 18.9 Hz, 1H), 2.34 (d, J = 14.7 Hz, 1H), 2.15 (d, J =
13.6 Hz, 1H), 2.12 (s, 3H), 1.53 (dd, J = 2, 13.6 Hz, 1H), 1.35 (s, 9H), 1.33 (s, 3H); BC
NMR (75 MHz, CDCl,) 6 191.0, 171.3, 152.8, 137.4, 106.5, 79.8, 64.3, 64.0, 44.7 (2C),
42.4, 38.3, 28.0, 26.5, 19.3; IR (Neat film NaCl) 2977, 2932, 2884, 1721, 1673, 1368, 1161,
1141, 1079 cm; HRMS (FAB+) [M+H]* m/z calc'd for C;;H.605+H*: 311.1858, found

311.18409.

[o] [o]
Y s i
2. Boc,0, DMAP, THF - Ot-Bu
o\_/o (51% yield for 2 steps) o\_/o
(86% ee)
(—)-170 (+)-180
(+)-t-Butyl ester 180. A solution of ketone (-)-170 (1.00 g, 4.76 mmol, 1.00 equiv)
and K.CO; (987 mg, 7.14 mmol, 1.5 equiv) in t-BuOH (60 mL) was treated (slight
exotherm) with a premixed (30 min) solution of NalO, (8.14 g, 38.1 mmol, 8.00 equiv)
and KMnO, (113 mg, 0.714 mmol, 0.15 equiv) in H.O (100 mL) and stirred in a room
temperature bath for 3 h. The reaction mixture was diluted with CH.Cl. (100 mL) and
H.O (100 mL), extracted with CH.Cl. (6 x 50 mL), dried (MgSO,), and concentrated to
an oil, which was used immediately in the next step.
A solution of the above crude carboxylic acid in THF (40 mL) was treated with Boc,O
(3.40 g, 15.6 mmol, 3.27 equiv) and DMAP (200 mg, 1.64 mmol, 0.344 equiv). After 12

h, additional Boc.O (2.00 g, 9.16 mmol, 1.93 equiv) and DMAP (175 mg, 1.43 mmol, 0.30

equiv) were added, and the reaction was stirred for a further 3 h. The reaction mixture
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was concentrated and purified by gradient flash chromatography on silica gel (5 to 25%
Et.O in hexanes) to give (+)-t-butyl ester 180 (688 mg, 51% yield) as a colorless oil: Ry
0.27 (10% EtOAc in hexanes developed twice); 'H NMR (300 MHz, CDCl;) 8 4.03—3.94
(comp. m, 4H), 2.70 (d, J = 15.9 Hz, 1H), 2.63 (d, J = 6.6 Hz, 1H), 2.60 (d, J = 6.0 Hz,
1H), 2.49 (d, J = 15.9 Hz, 1H), 2.22 (dd, J = 1.4, 14.0 Hz, 1H), 2.20-2.08 (m, 1H), 2.04—
1.92 (m, 1H), 1.78 (dd, J = 2.4, 14.1 Hz, 1H), 1.40 (s, 9H), 1.20 (s, 3H); 3C NMR (75 MHz,
CDCly) 6 212.7, 170.7, 107.6, 80.7, 64.4, 64.2, 46.0, 44.7, 44.5, 35.6, 33.9, 28.0, 25.1; IR
(Neat film NaCl) 2976, 2935, 2885, 1725, 1714, 1368, 1157, 1120, 1074 cm™*; HRMS (EI)
[M]* m/z calc'd for [CisH2405]*: 284.1624, found 284.1633; ap26 +45.63 (¢ 1.89, CH.Cl,,

86% ee).

0 0
o o
LDA, THF, 78 to 0 °C
OtBu then Mel, 7810 0°C OtBu
P (69% yield) Qe P
]
(78% yield BRSM) J/
(+)-180 177

Methyl ketones 177a and 177b. A solution of LDA in THF was prepared by dropwise
addition of 2.45 M n-BuLi solution in hexanes (787 ulL, 1.93 mmol, 1.4 equiv) to
diisopropylamine (290 uL, 2.07 mmol, 1.5 equiv) in THF (20.7 mL) at o °C, followed by
stirring for 1 h. Upon cooling the solution to —78 °C, a solution of (+)-t-butyl ester 180
(392 mg, 1.38 mmol, 1.00 equiv) in THF (2.00 mL) was added in a dropwise manner,
and the reaction mixture was stirred at —78 °C for 1 h, then 0 °C for 1 h. After cooling
again to —78 °C, the reaction mixture was treated with Mel (258 uL, 4.13 mmol, 3.00
equiv), allowed to warm to ambient temperature slowly over 5 h, and stirred for an
additional 12 h at ambient temperature. The reaction mixture was quenched with
saturated aqueous NaHCO; (10 mL), extracted with CH.Cl, (6 x 30 mL), dried (MgSO,),

and concentrated to an oil, which was purified by gradient flash chromatography on
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silica gel (3 to 10% EtOAc in hexanes) to give diastereomeric methyl ketones 177a and
177b (284 mg, 69% combined yield) as colorless oils and recovered (+)-t-butyl ester 180
(43.2 mg, 11% yield).

High Ry diastereomer 177a: Ry 0.43 (10% EtOAc in hexanes developed 2 times); 'H
NMR (300 MHz, CDCl;) 8 4.10—-3.90 (comp. m, 4H), 2.89 (app. d of sept., J = 1.2, 6.6
Hz, 1H), 2.73 (d, J = 16.5 Hz, 1H), 2.36 (d, J = 13.8 Hz, 1H), 2.16 (d, J = 16.2 Hz, 1H),
2.06-1.96 (comp. m, 1H), 1.93 (d, J = 13.5 Hz, 1H), 1.85 (dd, J = 3.3, 13.8 Hz, 1H), 1.42
(s, 9H), 1.29 (s, 3H), 1.07 (d, J = 6.9 Hz, 3H); 3C NMR (75 MHz, CDCl,) 6 214.0, 170.9,
107.5, 80.4, 64.6, 64.0, 46.0, 44.5, 44.3, 41.9, 38.0, 28.1, 26.4, 14.7; IR (Neat film NaCl)
2976, 2932, 2880, 1726, 1710, 1367, 1146, 1080 cm™*; HRMS (EI) [M]* m/z calc'd for
[Ci6H2605]*: 298.1780, found 298.1791; ap2® +45.13 (¢ 1.06, CH,Cl,, 86% ee).

Low Ry diastereomer 177b: Ry 0.32 (10% EtOAc in hexanes developed 2 times); 'H
NMR (300 MHz, CDCl;) 6 4.10—3.85 (comp. m, 4H), 3.21 (d, J = 14.7 Hz, 1H), 3.09 (app.
d of sept., J = 1.5, 6.6 Hz, 1H), 2.32 (d, J = 14.4 Hz, 1H), 2.14-2.00 (comp. m, 2H), 1.76
(d, J = 14.7 Hz, 1H), 1.68 (app. t, J = 14.0 Hz, 1H), 1.36 (s, 9H), 1.08 (s, 3H), 1.03 (d, J =
6.3 Hz, 3H); 3C NMR (75 MHz, CDCl;) 6 213.8, 170.4, 107.2, 80.8, 64.6, 64.0, 46.8, 46.1,
45.2, 43.9, 37.7, 27.9, 23.0, 14.4; IR (Neat film NaCl) 2976, 2933, 2884, 1726, 1717, 1457,
1367, 1232, 1160, 1141, 1084, 979 cm; HRMS (EI) [M]* m/z calc'd for [Ci6H2605]*:

298.1780, found 298.1775; ap2® —25.44 (¢ 1.17, CH.Cl,, 86% ee).

OMe

H. _O TBSO. MgBr
0 181 _
Ot-Bu Et,0:CH,Cl, 2.7:1 o
o) (o) 0°C
/ (89% yield)

161
Allylic alcohol 183. A flame-dried two-neck round bottom flask equipped with a

reflux condenser and septum was charged with magnesium turnings (9.00 g, 370 mmol,
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34.6 equiv) and Et.O (120 mL) under an N, atmosphere and heated to reflux. To this
mixture was added 1,2-dibromoethane (1.53 mL, 17.8 mmol, 1.66 equiv) in a dropwise
manner. (Caution: gas evolution!) When gas evolution ceased, a solution of benzyl
bromide 168 (5.91 g, 17.1 mmol, 1.60 equiv) in Et.O (50 mL) was added in a dropwise
manner over 30 min and heating was continued for an additional 30 min. The Grignard
reagent was then cooled (0 °C), and added to a cooled (0 °C) solution of enal 169 (3.32 g,
10.7 mmol, 1.00 equiv) in Et,O (100 mL) and CH.Cl. (100 mL). After 1 h, the reaction
mixture was quenched with H.O (200 mL) and saturated aqueous NH,Cl (100 mL),
extracted with Et.O (3 x 200 mL), dried (MgS0O,), and concentrated to an oil, which was
purified by gradient flash chromatography on silica gel (7.5 to 20% EtOAc in hexanes) to
give allylic alcohol 183 (5.51 g, 89% yield) as a thick syrup: Rr 0.59 (20% EtOAc in
hexanes developed twice); 'H NMR (300 MHz, CDCl;) 8 6.83 (s, 2H), 4.43 (dd, J = 2.1,
9.9 Hz, 1H), 4.04—3.90 (comp. m, 4H), 3.68 (s, 3H), 3.22 (bs, 1H), 3.17 (dd, J = 9.9, 13.8
Hz, 1H), 2.84 (dd, J = 3.3, 13.8 Hz, 1H), 2.64 (d, J = 13.5 Hz, 1H), 2.31 (d, J = 17.4 Hz,
1H), 2.24-2.04 (comp. m, 3H), 2.19 (s, 3H), 2.07 (s, 3H), 1.57 (dd, J = 2.3, 13.8 Hz, 1H),
1.40 (s, 9H), 1.12 (s, 3H), 1.02 (s, 9H), 0.18 (s, 3H), 0.16 (s, 3H); 3C NMR (75 MHz,
CDCly) 6 172.1, 149.6, 147.0, 136.7, 131.3, 130.5, 128.7, 125.7, 123.5, 107.6, 80.9, 70.6,
64.2, 63.9, 59.9, 46.4, 43.3, 42.0, 41.3, 36.6, 28.0, 26.8, 26.0, 21.1, 18.6, 17.0, —4.1 (2C);
IR (Neat film NaCl) 3499, 2957, 2931, 2896, 2859, 1706, 1462, 1419, 1368, 1286, 1075,
840 cm; HRMS (FAB+) [M+H]* m/z calc'd for [Cs5.H5.SiO,+H]*: 577.3561, found

577-3543-
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PhMgBr, THF

0to22°C
(62% yield)

Lactone 184. To a cooled (0 °C) solution of allylic alcohol 183 (108 mg, 0.187 mmol,
1.00 equiv) in THF (12 mL) was added 3.0 M PhMgBr in Et,O (68.6 uL, 0.206 mmol,
1.10 equiv). Additional 3.0 M PhMgBr in Et.O (85.0 uL, 0.255 mmol, 1.36 equiv) was
added in portions over 4 h. The reaction mixture was quenched into H.O (30 mL) and
EtOAc (30 mL), acidified to pH 2 with 0.1 M HCI, extracted with EtOAc (3 x 20 mL),
dried over Na.SO,, and concentrated to an oil, which was purified by gradient flash
chromatography on silica gel (10 to 20% EtOAc in hexanes) to give lactone 184 (58.5 mg,
62% yield) as white solid. Crystals suitable for X-ray analysis were obtained by
crystallization from hexanes at ambient temperature: mp 139-140 °C (hexanes); Ry
0.40 (35% EtOAc in hexanes); *H NMR (300 MHz, CDCl;) 6 6.83 (d, J = 7.8 Hz, 1H),
6.66 (d, J = 8.1 Hz, 1H), 5.40 (d, J = 9.0 Hz, 1H), 4.08-3.95 (i, 2H), 3.95—-3.86 (m, 2H),
3.67 (s, 3H), 3.07 (dd, J = 3.5, 14.3 Hz, 1H), 2.75 (dd, J = 10.2, 14.4 Hz, 1H), 2.48 (s, 2H),
2.43 (s, 2H), 2.19 (s, 3H), 1.82 (d, J = 13.2 Hz, 1H), 1.71 (d, J = 13.2 Hz, 1H), 1.71 (s, 3H),
1.22 (s, 3H), 1.03 (s, 9H), 0.18 (s, 3H), 0.15 (s, 3H); 13C NMR (75 MHz, CDCl,) 6 171.4,
149.7, 147.0, 131.2, 129.8, 128.1, 126.0, 125.5, 123.5, 107.8, 80.0, 64.4, 63.6, 60.0, 45.7,
44.1, 43.4, 38.2, 35.9, 26.0, 25.9, 19.0, 18.5, 17.1, —4.2 (2C); IR (Neat film NaCl) 2957,
2931, 2886, 2859, 1751, 1463, 1419, 1251, 1237, 1078, 841 cm*; HRMS (FAB+) [M+H]*

m/z calc'd for [CosH42SiOs+H]*: 503.2829, found 503.2809.



69

HO
TFA,50°C,5h
> (o)

then TBAF, THF, 22 °C ‘
(49% yield) OH

Acid 187. A solution of allylic alcohol 183 (5.50 g, 9.53 mmol, 1.00 equiv) in TFA (240
mL) was warmed to 50 °C for 5 h. The reaction mixture was concentrated and the
resulting residue was dissolved in THF (100 mL) and 1.0 M TBAF (12.0 mL, 12.0 mmol,
1.26 equiv) in THF was added. After 1 h, the reaction mixture was concentrated to ~ 25
mL, quenched with H,O (100 mL), brine (100 mL), and 3 M HCIl (100 mL), and extracted
with EtOAc (6 x 100 mL). The organic layers were concentrated to an oil, which was
purified by flash chromatography on silica gel (1:1 CH.Cl.:CHCl; + 1% AcOH) to give acid
187 (1.62 g, 49% yield) as a white foam. Crystals suitable for X-ray analysis were
obtained by crystallization from CDCl; at ambient temperature: mp 112—-113 °C (CDCly);
Rf 0.32 (1:1 CH.Cl, : CHCI; + 3% MeOH developed twice); '"H NMR (300 MHz, CDCls) 6
6.76 (s, 1H), 6.05 (dd, J = 1.8, 6.3 Hz, 1H), 5.63 (bs, 1H), 3.78 (s, 3H), 3.58 (dd, J = 6.6,
20.7 Hz, 1H), 3.47 (d, J = 17.7 Hz, 1H), 3.17 (d, J = 18.3 Hz, 1H), 3.11 (d, J = 17.4 Hz, 1H),
2.93 (d, J = 15.9 Hz, 1H), 2.76 (d, J = 17.4 Hz, 1H), 2.50 (d, J = 15.6 Hz, 1H), 2.34 (d, J =
17.1 Hz, 1H), 2.24 (s, 3H), 1.24 (s, 3H), 1.17 (s, 3H); 3C NMR (75 MHz, CD.CL,) § 210.8,
176.8, 146.0, 145.4, 143.9, 137.6, 125.3, 123.1, 121.6, 120.6, 61.2, 50.1, 49.2, 46.2, 39.5,
39.0, 33.3, 30.7, 24.9, 16.0; IR (Neat film NaCl) 3500—-2500, 2963, 2926, 1707, 1489,
1461, 1422, 1360, 1295, 1228, 1071, 955, 711 cm*; HRMS (FAB+) [M+H]* m/z calc'd for

[CaoH2405+H]*: 345.1702, found 345.1709.
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Ac,0, Pyr
DMAP
(94% yield)

187 188
Allylic acetate 188. To a solution of allylic alcohol 187 (88.0 mg, 0.153 mmol, 1.00
eq) in pyridine (250 uL) and acetic anhydride (3.00 mL) was added DMAP (28.0 mg,
0.229 mmol, 1.50 equiv). After 2 h, the reaction mixture was concentrated to an oil,
which was purified by gradient flash chromatography on silica gel (5 to 10% EtOAc in
hexanes) to give allylic acetate 188 (89.3 mg, 94% yield) as a colorless oil: Rf 0.68 (20%
EtOAc in hexanes developed twice); 'H NMR (500 MHz, CDCl;) & 6.76 (d, J = 7.5 Hz,
1H), 6.69 (d, J = 7.5 Hz, 1H), 5.73 (dd, J = 2.8, 10.8 Hz, 1H), 4.12—4.04 (m, 1H), 4.00—
3.90 (comp. m, 3H), 3.70 (s, 3H), 3.07 (app. t, J = 12.5 Hz, 1H), 2.97 (dd, J = 3.3, 13.8
Hz, 1H), 2.66 (d, J = 15.0 Hz, 1H), 2.57 (d, J = 14.5 Hz, 1H), 2.38 (d, J = 17.5 Hz, 1H),
2.26 (d, J = 13.0 Hz, 1H), 2.24 (d, J = 17.5 Hz, 1H), 2.18 (s, 3H), 1.97 (s, 3H), 1.80 (s, 3H),
1.48 (d, J = 14.5 Hz, 1H), 1.42 (s, 9H), 1.28 (s, 3H), 1.03 (s, 9H), 0.19 (s, 3H), 0.14 (s,
3H); 3C NMR (125 MHz, CDCl,) 8 171.8, 169.3, 150.0, 146.9, 135.0, 131.1, 129.3, 129.2,
125.3, 123.4, 107.3, 79.7, 71.5, 64.3, 63.9, 59.9, 43.5, 40.7, 39.9, 35.9, 28.2, 26.2, 26.1,
21.3, 21.0, 18.5, 17.1, —4.2, —4.4; IR (Neat film NaCl) 2958, 2931, 2896, 2860, 1740, 1463,
1419, 1368, 1287, 1235, 1147, 1079, 1014, 854, 841, 783, 734 cm*; HRMS (FAB+) [M+H-

H,]* m/z calc'd for [C3,H5305Si]*: 617.3510, found 617.3487.
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Tf,0, Pyridine
CH,Cl,, —12100°C

TBAF, THF, 22 °C

\i

n-BuzN, DMF, HCOOH
PACI,(PPh;),, dppb, 90 °C

(31% yield, 3 steps)

183b

Arene 189. To a solution of allylic alcohol 183 (554 mg, 0.962 mmol, 1.0 equiv) in THF
(10 mL) was added 1.00 M TBAF in THF (1.50 mL, 1.50 mmol, 1.56 equiv). After 5 min,
the reaction mixture was concentrated to ~ 5 mL and was purified by gradient flash
chromatography on silica gel (20 to 40% EtOAc in hexanes) to give phenol 183a (223
mg, 52% yield).

To a cooled (-12 °C) solution of phenol 183a (202 mg, 0.438 mmol, 1.00 equiv) and
pyridine (142 uL, 1.75 mmol, 4.0 equiv) in CH.Cl. (5 mL) was added Tf.O (74.3 uL, 0.526
mmol, 1.2 equiv). After 2 h, additional Tf.O (10.0 uL, 0.071 mmol, 0.16 equiv) was
added. After a further 2 h, the reaction mixture was quenched into a mixture of H.O (10
mL), brine (10 mL), and CH.Cl, (10 mL), then extracted with CH,Cl. (3 x 10 mL). The
combined organic layers were dried (Na.SO,), and concentrated to an oil, which was
purified by gradient flash chromatography on silica gel (15 to 25% EtOAc in hexanes +
1% TEA) to give triflate 183b (193 mg, 75% yield).

A flame-dried 25 mL Schlenk flask was charged with triflate 184b (193 mg, 0.325
mmol, 1.00 equiv), PdCl.(PPhs). (27.3 mg, 0.0389 mmol, 0.12 equiv), 1,4-bis-
(diphenylphosphino)butane (40.2 mg, 0.0974 mmol, 0.30 equiv), DMF (4 mL), n-BusN
(650 uL, 2.73 mmol, 8.40 equiv), and HCOOH (61.3 uL, 1.62 mmol, 5.00 equiv) under an

Ar atmosphere and heated to 9o °C. After 22 h, the reaction mixture was quenched with
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H.O (40 mL), extracted with Et.O (5 x 15 mL), dried (MgSO,), and concentrated to a
residue, which was purified by gradient flash chromatography on silica gel (10 to 15%
acetone in hexanes) to give arene 189 (117 mg, 80% yield) as a white solid: mp 135-136
°C; Ry 0.50 (35% EtOAc in hexanes); 'H NMR (300 MHz, CDCl;) 6 7.15 (d, J = 7.5 Hz,
1H), 6.73 (d, J = 7.5 Hz, 1H), 6.68 (s, 1H), 4.46 (dd, J = 2.3, 10.1 Hz, 1H), 4.02—-3.90
(comp. m, 4H), 3.80 (s, 3H), 3.08 (dd, J = 10.2, 13.8 Hz, 1H), 3.07 (s, 1H), 2.94 (dd, J =
3.0, 13.8 Hz, 1H), 2.65 (d, J = 13.5 Hz, 1H), 2.33 (s, 3H), 2.30—2.10 (comp. m, 3H), 2.07
(s, 3H), 1.58 (dd, J = 2.1, 13.8 Hz, 1H), 1.40 (s, 9H), 1.16 (s, 3H); 3C NMR (75 MHz,
CDCly) 6 172.1, 157.3, 137.3, 136.8, 131.4, 130.3, 125.1, 121.0, 111.2, 107.6, 80.8, 69.5, 64.2,
63.9, 55.0, 46.4, 43.3, 42.0, 41.3, 36.7, 28.0, 26.7, 21.5, 21.1; IR (Neat film NaCl) 3501,
2974, 2934, 1705, 1368, 1259, 1155, 1126, 1080, 1042 cm?; HRMS (FAB+) [M+H]* m/z

calc'd for [CosH3s06+H]*: 447.2747, found 447.2749.

OMe OMe

HO TfO
1. CH,N,, CH,Cl, 0 °C
o T o)
‘ 2. Tf,0, Pyr, .12 °C ‘
OH (84% vyield, 2 steps) OMe
o] o]
187 191

Triflate 191. To a cooled (0 °C) solution of acid 187 (994 mg, 2.88 mmol, 1.00 equiv)
in CH.Cl, (30 mL) was added a cooled (0 °C) solution of CH.N, in Et.O (~ 0.2 M, 18.7
mL, 1.30 equiv) in a dropwise manner over 10 min. After 20 min, TLC analysis indicated
complete consumption of the starting material and the reaction mixture was
concentrated in vacuo. To a cooled (-12 °C) solution of the crude reaction mixture and
pyridine (2.45 mL, 28.8 mmol, 10.0 equiv) in CH.Cl. (50 mL) was added Tf.O (1.01 mL,
7.20 mmol, 2.50 equiv) in a dropwise manner over 5 min. After 30 min, additional Tf.O
(1.01 mL, 7.20 mmol, 2.50 equiv) was added. After a further 1 h at -12 °C, the reaction

mixture was allowed to warm to o °C, stirred for 1 h, and quenched with saturated
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aqueous NaHCO; (30 mL). The reaction mixture was poured into half-saturated
aqueous NaHCO; (60 mL), extracted with CH.Cl. (5 x 30 mL), dried over K.CO;, and
concentrated to an oil, which was purified by gradient flash chromatography on silica gel
(10 to 25% EtOAc in hexanes) to give triflate 191 (1.18 g, 84% yield) as an off-white solid:
mp 123—125 °C (decomp.) (benzene); Rr 0.45 (35% EtOAc in hexanes); 'H NMR (300
MHz, CDCl,) 6 6.89 (s, 1H), 6.03 (dd, J = 2.0, 6.5 Hz, 1H), 3.82 (s, 3H), 3.67 (s, 3H), 3.66
(dd, J = 6.3, 21.0 Hz, 1H), 3.50 (d, J = 17.7 Hz, 1H), 3.17 (app. d, J = 21.9 Hz, 1H), 3.09
(d, J = 17.4 Hz, 1H), 2.91 (d, J = 15.3 Hz, 1H), 2.76 (d, J = 17.4 Hz, 1H), 2.46 (d, J = 15.6
Hz, 1H), 2.34 (s, 3H), 2.33 (d, J = 17.4 Hz, 1H), 1.29 (s, 3H), 1.16 (s, 3H); 3C NMR (75
MHz, CDCl;) 6 210.1, 171.5, 148.5, 146.0, 144.7, 140.0, 129.4, 127.6, 121.9, 119.7, 118.6 (q,
Jor = 318 Hz), 61.0, 51.5, 49.3, 48.8, 45.9, 39.4, 38.5, 33.1, 30.3, 24.3, 16.5; IR (Neat film
NaCl) 2960, 1735, 1715, 1417, 1210, 1138, 1072, 903, 856 cm*; HRMS (FAB+) [M+H]*

m/z calc'd for [C.oHo5SO,Fs+H]*: 491.1351, found 491.1363.

Tio
Og o _PACI(PPh); HCOOH, mBUN Og o
DMF, dppb, 90 °C, 72 h
‘ OMe (92% vyield) ‘ OMe

Ketoester 192. A flame-dried 250 mL Schlenk flask was charged with triflate 191
(azeotroped from PhH solution, 1.150 g, 2.34 mmol, 1.00 equiv), PdCl.(PPh;). (198 mg,
0.282 mmol, 0.12 equiv), 1,4-bis-(diphenylphosphino)butane (290 mg, 0.704 mmol,
0.30 equiv), DMF (20 mL), n-BusN (4.70 mL, 19.7 mmol, 8.40 equiv), and HCOOH (443
uL, 11.7 mmol, 5.00 equiv) under an N, atmosphere and heated to 9o °C. After 72 h, the
reaction mixture was quenched with H.O (150 mL) and Et.O (40 mL), extracted with
Et.O (6 x 50 mL), dried (MgSO,), and concentrated to a residue, which was purified by

gradient flash chromatography on silica gel (5 to 10% acetone in hexanes) to give
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ketoester 192 (735 mg, 92% yield) as a colorless oil: Rf 0.53 (35% acetone in hexane);
'H NMR (300 MHz, CDCl,) 6 6.68 (s, 1H), 6.57 (s, 1H), 6.04 (dd, J = 1.8, 6.3 Hz, 1H),
3.83 (s, 3H), 3.66 (s, 3H), 3.64 (dd, J = 6.3, 21.8 Hz, 1H), 3.47 (d, J = 17.4 Hz, 1H), 3.14
(d, J = 17.7 Hz, 1H), 3.02 (app. d, J = 21.6 Hz, 1H), 2.89 (d, J = 15.6 Hz, 1H), 2.77 (d, J =
17.4 Hz, 1H), 2.46 (d, J = 15.6 Hz, 1H), 2.35 (s, 3H), 2.32 (d, J = 17.4 Hz, 1H), 1.28 (s,
3H), 1.17 (s, 3H); B3C NMR (75 MHz, CDCl;) 6 211.2, 171.6, 156.1, 146.0, 144.0, 136.9,
120.8, 119.7, 116.3, 108.4, 55.3, 51.4, 49.6, 49.1, 46.2, 39.2, 38.5, 33.2, 30.9, 24.1, 21.9; IR
(Neat film NaCl) 2956, 1735, 1711, 1584, 1462, 1314, 1198, 1134, 1064 cm*; HRMS (FAB+)

[M+H]* m/z calc'd for [C.:H2604+H]*: 343.19009, found 343.1894.

1. 10% NaOH, MeOH, 40 °C

2. PPTS, ethylene glycol
0 PhH, reflux, D.-S. trap

3. Kl, I, NaHCO,, ACN, H,0

o
=
©
\

(85% yield 3 steps)

192 193

Iodolactone 193. A solution of ketoester 192 (200 mg, 0.581 mmol, 1.00 equiv) in
MeOH (13 mL), and 10% w/v aqueous NaOH (13 mL) was heated at 40 °C for 10 h. The
reaction mixture was cooled to ambient temperature, poured into brine (50 mL) and
H.O (10 mL), acidified with 3 M HCI to pH o0, extracted with EtOAc (6 x 20 mL), dried
(Na.S0O,), concentrated, and used in the next step without further purification.

A solution of the above crude carboxylic acid, ethylene glycol (500 uL, 8.97 mmol,
15.4 equiv), and pyridinium p-toluenesulfonate (500 mg, 1.99 mmol, 3.42 equiv) in
benzene (50 mL) was fitted with a Dean-Stark apparatus and refluxed at 100 °C for 2 h.
The cooled (0 °C) reaction mixture was diluted with H.O (25 mL), brine (25 mL), and
CH.Cl. (50 mL), and extracted with CH.Cl. (6 x 30 mL). The combined organics were
dried (Na.SO,), concentrated, and used immediately in the next step without further

purification.
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To a solution of the crude ketal and NaHCO; (68.4 mg, 0.814 mmol, 1.4 equiv) in
H.O (5 mL) and acetonitrile (5 mL) was added KI (125 mg, 0.756 mmol, 1.3 equiv) and I.
(192 mg, 0.756 mmol, 1.3 equiv). The reaction mixture was stirred in the dark for 30 h
and quenched with saturated aqueous Na,S.0; (10 mL), H.O (20 mL), and brine (20
mL). The reaction mixture was extracted with EtOAc (8 x 20 mL), dried (Na,SO,),
concentrated, and recrystallized (15% acetone in hexanes, ~ 25 mL, from 80 to —20 °C)
to give iodolactone 193 (247 mg, 85% yield) as a white solid: mp 155-160 °C (decomp.)
(acetone/hexanes); Ry 0.37 (35% EtOAc in hexanes); 'H NMR (500 MHz, CsDs) d 6.92
(s, 1H), 6.22 (s, 1H), 5.29 (app. t, J = 10.0 Hz, 1H), 3.75 (dd, J = 10.0, 19.3 Hz, 1H), 3.52—
3.34 (comp. m, 3H), 3.34-3.26 (comp. m, 2H), 3.24 (s, 3H), 3.01 (d, J = 18.0 Hz, 1H),
2.76 (d, J = 16.0 Hz, 1H), 2.49 (d, J = 16.0 Hz, 1H), 2.45 (d, J = 18.0 Hz, 1H), 2.12 (s,
3H), 1.54 (d, J = 14.5 Hz, 1H), 1.13 (s, 3H), 0.98 (d, J = 14.5 Hz, 1H), 0.95 (s, 3H); 3C
NMR (125 MHz, CsD¢) 6 173.5, 156.9, 143.6, 138.1, 121.2, 117.6, 109.4, 107.2, 87.2, 64.5,
64.2, 55.1, 46.1, 45.8, 45.4, 43.2, 42.6, 36.5, 30.9, 30.8, 25.2, 22.2; IR (Neat film NaCl)
2964, 2881, 1790, 1461, 1229, 1203, 1071, 1023 cm*; HRMS (FAB+) [M+H]* m/z calc'd

for [CooHo105+H]*: 499.0982, found 499.0986.

OMe

Cs,C03, MeOH, 37 °C

Y

(84% yield)

/
193 194

Epoxide 194. To a solution of iodolactone 193 (75.0 mg, 0.151 mmol, 1.00 equiv) in
MeOH (15 mL) was added Cs.CO; (981 mg, 3.01 mmol, 20.0 equiv). The reaction
mixture was warmed to 37 °C and vigorously stirred for 19 h. The reaction mixture was
cooled to ambient temperature, diluted with H.O (20 mL), brine (20 mL), and CH.Cl.

(20 mL), extracted with CH.Cl, (5 x 20 mL) and EtOAc (5 x 25 mL), dried (Na,SO,), and
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concentrated. The resulting residue was purified by flash chromatography on silica gel
(15% EtOAc in hexanes + 1% TEA) to give epoxide 194 (51.0 mg, 84% yield) as a
colorless oil: Ry 0.54, 0.28 (35% EtOAc in hexanes, 10% EtOAc in hexanes developed 3
times); 'H NMR (500 MHz, CDCl,) 8 6.72 (s, 1H), 6.45 (s, 1H), 4.12—4.08 (m, 1H), 4.06—
4.01 (m, 1H), 3.94—-3.86 (comp. m, 2H), 3.78 (s, 3H), 3.66 (s, 3H), 3.58 (d, J = 2.5 Hz,
1H), 3.24 (d, J = 19.5 Hz, 1H), 2.90 (dd, J = 3.5, 20.0 Hz, 1H), 2.80 (dd, J = 1.0, 14.5 Hz,
1H), 2.79 (d, J = 14.5 Hz, 1H), 2.37 (d, J = 14.0 Hz, 1H), 2.31 (dd, J = 1.0, ~ 15 Hz, 1H),
2.30 (s, 3H), 2.03 (d, J = 15.0 Hz, 1H), 1.72 (d, J = 15.0 Hz, 1H), 1.63 (s, 3H), 1.11 (s, 3H);
3C NMR (125 MHz, C¢D¢) 8 172.8, 157.5, 144.9, 136.6, 120.4, 116.1, 108.9, 108.2, 65.7,
64.8, 63.7, 57.1, 55.2, 51.1, 48.8, 43.4, 41.7, 39.7, 38.3, 27.5, 26.7, 24.4, 22.2; IR (Neat
film NaCl) 2950, 1734, 1590, 1462, 1360, 1196, 1135, 1075, 1017 cm'; HRMS (FAB+)

[M+H]* m/z calc'd for [CosH3006+H]*: 403.2121, found 403.2113.

OMe OMe

0
MgCl,, toluene o O o
80°C, 65 h
(73% yield) ‘ OMe

0" o
/ /
194 195

Ketone 195. A solution of epoxide 194 (49.0 mg, 0.122 mmol, 1.00 equiv) in toluene
(30 mL) in a flame-dried Schlenk flask under an N, atmosphere was treated with
magnesium chloride (2.00 g, 21.0 mmol, 172 equiv) and heated to 80 °C for 65 h. After
cooling to ambient temperature, the reaction mixture was filtered and the filter cake was
washed with toluene (2 x 25 mL). The filter cake was partitioned between EtOAc (20
mL) and ice cold water (20 mL), and further extracted with EtOAc (3 x 20 mL). The
combined organics were dried (Na.SO,), and concentrated to an oil, which was purified
by gradient flash chromatography on silica gel (10 to 20% EtOAc in hexanes) to give

ketone 195 (36.0 mg, 73% yield) as a colorless oil: Rr 0.55, 0.33 (35% EtOAc in hexanes,
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10% EtOAc in hexanes developed 3 times); 'H NMR (500 MHz, CDCl;) 6 6.73 (s, 1H),
6.57 (s, 1H), 4.15—4.05 (m, 2H), 4.00—3.88 (m, 2H), 3.80 (s, 3H), 3.67 (s, 3H), 3.64 (d, J
=22.5 Hz, 1H), 3.47 (dd, J = 1.5, 14.5 Hz, 1H), 3.34 (d, J = 22.0 Hz, 1H), 3.23 (d, J = 14.5
Hz, 1H), 2.58 (dd, J = 2.5, 14.5 Hz, 1H), 2.56 (s, 1H), 2.45 (dd, J = 2.5, 13.5 Hz, 1H), 2.35
(s, 3H), 2.13 (d, J = 13.0 Hz, 1H), 1.30 (s, 3H), 1.21 (s, 3H), 1.14 (dd, J = 1.5, 14.5 Hz, 1H);
3C NMR (125 MHz, CDCl,) 8 209.0, 173.9, 156.4, 149.4, 137.6, 117.3, 116.1, 108.7, 108.3,
65.2, 63.0, 62.8, 55.3, 50.9, 46.4, 42.5, 42.3, 40.0, 36.0, 35.6, 28.9, 25.6, 21.9; IR (Neat
film NaCl) 2953, 2885, 1731, 1713, 1586, 1462, 1360, 1193, 1065 cm™'; HRMS (EI) [M]*

m/z calc'd for [Co3H3006]*: 402.2042, found 402.2027.

OMe OMe

(o} (o}
O 0 TsOH-H,0, acetone - Og o
(71% yield)
OMe (85% yield BRSM) OMe

oo o

195 196

Diketone 196. A solution of ketone 195 (29.3 mg, 0.728 mmol, 1.00 equiv) in acetone
(10 mL) was treated with TsOH+H.O (100 mg, 0.526 mmol, 7.22 equiv) and stirred at
ambient temperature for 4 h. The reaction mixture was poured into saturated aqueous
NaHCO; (25 mL), extracted with CH.Cl, (6 x 15 mL), dried (Na.SO,), and concentrated
to an oil, which was purified by gradient flash chromatography on silica gel (7.5 to 12.5%
EtOAc in hexanes) to give starting ketone 164 (4.6 mg, 16% yield) and diketone 196 (18.6
mg, 71% yield) as a white solid. Crystals suitable for X-ray analysis were obtained by
crystallization from acetone/heptanes at ambient temperature: mp 184-186 °C
(acetone/heptanes); Ry 0.40 (35% EtOAc in hexanes); 'H NMR (500 MHz, CDCl;) 8 6.61
(s, 1H), 6.59 (s, 1H), 3.82 (s, 3H), 3.71 (d, J = 22.0 Hz, 1H), 3.69 (s, 3H), 3.46 (dd, J = 1.5,
14.5 Hz, 1H), 3.39 (d, J = 22.5 Hz, 1H), 3.08 (s, 1H), 2.99 (dd, J = 2.3, 12.8 Hz, 1H), 2.93

(dd, J = 2.3, 12.8 Hz, 1H), 2.89 (d, J = 12.5 Hz, 1H), 2.36 (s, 3H), 2.33 (d, J = 14.5 Hz,
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1H), 2.21 (d, J = 12.5 Hz, 1H), 1.36 (s, 3H), 1.16 (s, 3H); 3C NMR (125 MHz, CDCl;) &
208.7, 207.8, 171.9, 156.6, 147.6, 138.2, 117.1, 115.5, 109.3, 62.7, 55.4, 53.6, 52.2, 51.4,
45.7, 40.1, 39.5, 37.6, 28.0, 26.6, 21.9; IR (Neat film NaCl) 2953, 1732, 1713, 1586, 1462,
1331, 1194, 1063, 731 cml; HRMS (EI) [M]* m/z calc'd for [C.;H2605]*: 358.1780, found

358.1774.

o o]

| 0 Me,CulLi o
[ — .
OTBS Et,0, 0 °C - OTBS
211 (84% yield) 212

Lactone 212. MelLi (1.3 M in ether, 5.8 mL, 7.56 mmol) was added to a stirring slurry
of Cul (714 mg, 3.89 mmol) in diethyl ether cooled to —78 °C. The vessel was warmed to
0 °C for 15 min, then cooled again to —78 °C. A solution of the a,f-unsaturated lactone
211 (471 mg, 1.95 mmol) in diethyl ether (4 mL) was then carefully added along the
cooled inner walls of the reaction flask. After 1 h, the reaction mixture was quenched by
the slow addition of saturated aqueous ammonium chloride (15 mL) at —78 °C. The
reaction flask was gradually warmed to ambient temperature for 30 min, then diluted
with ether (30 mL). The biphasic mixture was transferred to a separatory funnel and
shaken vigorously to dissolve solids. The organic layer was washed with saturated aq
ammonium chloride (2 x 20 mL), then brine (1 x 10 mL), dried over magnesium sulfate,
and concentrated. The resulting material was purified by flash chromatography over
silica gel (25% EtOAc:hexane eluent) to yield d-lactone 212 (422 mg, 84% yield) as a
clear oil: Rr 0.20 (25% EtOAc:hexanes); 'H NMR (300 MHz, CDCl;) d 4.47—4.40 (m,
1H), 3.70-3.73 (m, 2H), 2.55 (dd, J = 16.3, 5.1 Hz, 1H), 2.18—-2.29 (m, 1H), 2.12 (dd, J =
16.4, 8.9 Hz, 1H), 1.90-1.99 (m, 1H), 1.52—-1.60 (m, 1H), 1.05 (d, J = 6.6 Hz, 3H), 0.87 (s,

9H), 0.06 (s, 6H); 3C NMR (75 MHz, CDCl;) 6 171.7, 77.8, 65.1, 38.1, 31.7, 26.2, 24.1,
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21.4, 18.6, 5.00; IR (Neat film NaCl) 1743 cm; HRMS (FAB+) [M]* m/z calc'd for

[Ci3H2605Si]*: 201.0947, found 201.0950; ap2° —25.027° (¢=1, CDCl;).

(0] o
0 Dowex 50X8-100 0
= OTBS MeOH - OH
W \
(96% yield)
212 213

Alcohol 213. Lactone 212 (100 mg, 0.39 mmol) was dissolved in methanol (5.0 mL)
and added to a reaction flask equipped with Dowex 50X8-100 cation exchange resin (1.0
g). The mixture was stirred at ambient temperature for 3 h, then filtered. The resin was
washed with methanol (2 x 5 mL) and the combined organics were concentrated. The
crude material was dried overnight under high vacuum to yield alcohol 213 (53 mg, 96%
yield) as a clear oil: Rr 0.18 (80% EtOAc:hexanes); 'H NMR (300 MHz, CDCl;) & 4.47—
4.52 (m, 1H), 3.75 (dd, J = 12.3, 3.6 Hz, 1H), 3.66 (dd, J = 12.1, 5.8 Hz, 1H), 2.69 (bs, 1H),
2.53-2.58 (m, 1H), 2.13—2.23 (m, 2H), 1.88-1.97 (m, 1H), 1.49-1.57 (m, 1H), 1.08 (d, J =
6.0 Hz, 3H); 3C NMR (75 MHz, CDCl,) 8 172.3, 78.2, 65.1, 37.8, 31.1, 24.3, 21.4; IR (Neat
film NaCl) 1722 ecm; HRMS (FAB+) [M]* m/z calc'd for [C;H:.04]*: 144.0786, found

144.0787; ap2° -162.147° (c=1, CDCl;).

(o]
Q 0
phthalamide, PPh3 0

o > A\

DEAD, THF = N

\\v" OH v

(86% vyield) (o]

213 : 214

Phthalimide 214. To a stirred solution of alcohol 213 (1.48 g, 10.28 mmol) in
tetrahydrofuran (30 mL) was added triphenyl phosphine (2.83 g 10.79 mmol), then
phthalimide (1.59 g, 10.76 mmol). Once all reagents had dissolved, the reaction mixture
was cooled to 0 °C and DEAD (1.707 mL, 10.79 mmol) was added dropwise to the stirred

solution. The reaction flask was then warmed to 30 °C for 12 h, then concentrated. The
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concentrated reaction mixture was flashed over silica (4:1 hexanes:EtOAc). The
resulting solid was recrystalized from dichloromethane to provide phthalimide 214 (2.42
g, 86% yield) as a white solid: m.p. 118-120 °C; Rr0.16 (40% EtOAc:hexanes); 'H NMR
(300 MHz, CDCl,) 6 7.82—7.88 (m, 2H), 7.71—7.76 (m, 2H), 4.74—4.83 (m, 1H), 4.04 (dd,
J =15.0, 8.3 Hz, 1H), 3.78 (dd, J = 15.0, 5.5 Hz, 1H), 2.63 (dd, J = 16.6, 5.4 Hz, 1H), 2.28
(m, 1H), 2.16 (dd, J = 16.5, 9.1 Hz, 1H), 1.86 (m, 1H), 1.66 (mm, 1H), 1.09 (d, J = 6.9 Hz,
3H); 3C NMR (75 MHz, CDCl;) 8 170.9, 168.1, 134.4, 132.0, 123.7, 74.1, 41.9, 37.9, 32.8,
24.0, 21.5; IR (Neat film NaCl) 1774, 1716 cm™*; HRMS (FAB+) [M+H]* m/z calc'd for

[CisHisNO,+H]*: 274.1079, found 274.1076; ap2° -68.6255° (c=1, CDCl,).

o
o 1. Me(MeO)NH-HCI (o}
o { Me;Al, DCM, -5 °C o) OTBS
N DCM, 0 °C )
o OMe (o]
214 (72% yield, 2 steps) 215

Weinreb Amide 215. Trimethylaluminum (2.0 M in toluene, 10.32 mL, 20.64 mmol)
was slowly added to a cooled (-10 °C) solution of N,O-dimethylhydroxylamine
hydrochloride (2.01 g, 16.80 mmol) in dichloromethane (40 mL).  The solution was
stirred for 20 min before the dropwise addition of the Mitusunobu adduct 214 (2.26 g,
8.23 mmol) in dichloromethane (10 mL). The reaction was sturred at —10 °C for 30 min
before the addition of sat. ag NaHCO; (20 mL). The reaction mixture was then allowed
to warm to room temperature. The crude reaction mixture was diluted with
dichloromethane (30 mL) and brine (20 mL). The aqueous layer was extracted with
dichloromethane (2 x 30 mL). The combined organic layers were washed with brine (30
mL), then dried and concentrated to a volume of 10 mL over a rotovap bath temperature
of 15 °C.

The crude amide was diluted with dichloromethane (20 mL) and cooled to 0 °C. To

the cooled, stirred solution was added TBSOTf (3.79 mL, 16.51 mmol) followed by 2,6-
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lutidine (1.442 mL, 12.38 mmol). The solution was maintained at 0 °C for 20 min, then
quenched by addition of saturated ammonium chloride (20 mL). The biphasic mixture
was allowed to warm to room temperature while stirring vigorously, then transferred to a
separatory funnel. The organic layer was separated and the aqueous layer was extracted
with dichloromethane (2 x 20 mL). The combined organics were washed with sat. aq
NaHCO; solution (1 x 15 mL) and water (1 x 15 mL), then dried over MgSO, and
concentrated. The crude product was flashed over silica gel (20% EtOAc:hexanes) to
provide Weinreb amide 215 (2.58g, 72% yield) as an oil: Rr 0.30 (40% EtOAc:hexane);
'H NMR (300 MHz, CDC13) 6 7.82 (dd, J = 5.4, 3.1 Hz, 2H), 7.70 (dd, J = 5.6, 2.9 Hz,
2H), 4.05-4.14 (m, 1H), 3.68-3.78 (m, 2H), 3.65 (s, 3H), 3.14 (s, 3H), 2.38—2.45 (m,
1H), 2.18—2.29 (m, 1H), 1.51-1.60 (m, 1H), 1.38-1.47 (m, 1H), 1.03 (d, J = 6.3 Hz, 3H),

0.76 (s, 9H), -0.01 (s, 3H), -0.20 (s, 3H); 13C NMR (75 MHz, CDC13) d 168.5, 134.1,

132.3, 123.3, 68.3, 61.5, 44.0, 43.7, 39.7, 32.3, 26.9, 26.0, 20.8, 18.1, —4.3, —4.4; IR (Neat
film NaCl) 3473.5, 2955.4, 2857.3, 1774.2, 1714.5, 1660.3 cm™1; HRMS [M+H]* m/z calc'd

for [C N,O_Si+H]*: 449.2472, found 449.2470; o, -29.7° (c=1, CDCL,).

23H36

o H o]
_——
SN N EtOH/ H,0 TBSO
OMe (o) (81% yield)
215 215a

Caprolactam 215a. To a solution of 215 (2.848 g, 6.55 mmol) in absolute ethanol was
added hydrazine monohydrate (1.75 mL, 32.77 mmol) and deionized water (0.39 mL).
The solution was heated to 90 °C for 4 h. The reaction was then cooled in an ice bath
and the thick cottony solids were filtered. The filtrate was then concentrated to a solid.
The crude solid was taken up in EtOAc (50 mL), cooled in an ice bath, and filtered over a

pad of Celite, rinsing with portions of EtOAc (2 x 20 mL). The organics were then dried
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over sodium sulfate, and concentrated. @ The crude solid was subjected to
chromatography over silica gel (30% EtOAc:hexane eluent) to yield the unprotected
caprolactam 215a (1.633g, 81% yield) as a white solid: m.p. 79—81 °C; Ry 0.22 (50%
EtOAc:hexane) *H NMR (300 MHz, CDCl;) 6 6.27 (bs, 1H), 3.56—3.65 (m, 1H), 3.18—3.28
(m, 1H), 3.01—-3.10 (m, 1H), 2.38 (dd, J = 13.7, 11.0 Hz, 1H), 2.25 (dd, J = 12.1, 1.7 Hz,
1H), 1.96—2.04 (m, 1H), 1.83-1.93 (m, 1H), 1.36 (q, J = 11.8 Hz, 1H), 1.04 (d, J = 6.9 Hz,
3H), 0.86 (s, 9H), 0.05 (s, 6H); 3C NMR (75 MHz, CDCl,) 6 177.3, 71.0, 49.7, 48.9, 44.2,
28.6, 26.1, 24.8, 18.4, —4.2, —4.4; IR (Neat film NaCl) 3239.9, 2929.8, 2857.6, 1673.1 cm™
1. HRMS (EI*) [M+H]* m/z calc'd for [CisHNOLSi+H]*: 242.1576, found 242.1576;

ap20 -15.0° (c=1, CDClS).

Boc

H ,0 \ (0]
N N
MeCN, DMAP
—_——
TBSO Boc,0, 30 °C TBSO
(95% yield)

215a 203
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N-Boc-caprolactam 203. To a solution of 215a (853 mg, 3.313 mmol) in acetonitrile
(40 ml) was added t-butyl carbonate anhydride (1.81 g, 8.28 mmol). After the t-butyl
carbonate anhydride had completely dissolved, N,N-dimethylamino pyridine (1.01 g,
8.28 mmol) was added in several small portions. The resulting dark-brown solution was
stirred for 10 min at ambient temperature, then warmed to 35 °C. After 5 hours, the
reaction was quenched by addition of water (20 mL). The mixture was transferred to a
separatory funnel and extracted with EtOAc (4 x 30 mL). The combined organics were
washed with brine (1 x 30 mL), dried over sodium sulfate, and concentrated to give a
brown waxy solid, which was purified by flash chromatography over silica (10%
EtOAc:hexanes) to provide N-Boc-caprolactam 203 (1.314 g, 95% yield) as a waxy solid:
m.p. 77—-78°% Ry 0.22 (10% EtOAc:hexanes); 'H NMR (300 MHz, CDCl;) 8 4.11 (dt, J =
14.8, 1.8 Hz, 1H), 3.63 (tdd, J = 22.0, 4.9, 2.2 Hz, 1H), 3.33 (dd, J = 15.0, 9.5 Hz, 1H),
2.56 (dd, J = 14.1, 10.9 Hz, 1H), 2.41 (d, J = 14.3 Hz, 1H), 1.96—2.03 (mm, 1H), 1.87-1.94
(m, 1H), 1.51 (s, 9H), 1.27-1.39 (m, 1H), 1.04 (d, J = 6.6 Hz, 3H), 0.87 (s, 9H), 0.09 (s,
3H), 0.07 (s, 3H); 8C NMR (75 MHz, CDCl;) 8 174.1, 152.5, 83.4, 70.4, 52.4, 47.7, 47.0,
28.4, 28.1, 26.1, 24.5, 18.4, 4.3, 4.4; IR (Neat film NaCl) 2932.4, 1710.2, 1645.1 cm;
HRMS [M+H]* m/z calc’d for [C;sH3sNO,Si+H]*: 358.2414, found 358.2426;

ap2® —48.0° (c=1, CDCl;).

t-BuO O

)@
THF, —78 °c N_ O CHCl;, 30 h 0 oTBS
(«? > N NHB
oC
TBSO /\MgBr TBSO (76% yield)
216 168

Enone 166. To a stirred solution of N-Boc-caprolactam 203 (1.0 g, 2.79 mmol, 1.00
equiv) in THF (10 mL) at -78 °C was added a 1.0 M solution of vinyl magnesium bromide

(3.35 mL, 3.35 mmol, 1.2 equiv) dropwise. The solution was stirred at -78 °C for 1 h then
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quenched with saturated NH,Cl (5 mL) at -78 °C. The mixture was allowed to warm to
ambient temperature then diluted with H.O (10 mL) and Et.O (20 mL). The layers were
separated, and the aqueous layer was extracted with Et.O. The combined organic layers
were washed with water then brine and dried over Na.SO, and concentrated to give a
crude oil, which was purified by flash chromatography (10% EtOAc/Hexanes) to provide
a mixture of 216 and 166. A solution of the purified product in CHCl; (0.15 M) was
prepared and allowed to stand at ambient temperature for 30 h before concentrating to
afford enone 166 (818 mg, 2.121 mmol, 76% yield) as a clear oil: 'H NMR (300 MHz,
CDCly) 6 6.35 (dd, J = 17.6, 10.2 Hz, 1H), 6.20 (dd, J = 17.6, 1.5 Hz, 1H), 5.80 (dd, J =
10.2, 1.5 Hz, 1H), 4.78 (bm, 1H), 3.81 (m, 1H), 3.29 (bm, 1H), 3.01 (dt, J = 13.8, 6.1 Hz,
1H), 2.57 (dd, J = 15.8, 5.6 Hz, 1H), 2.39 (dd, J = 15.8, 7.9 Hz, 1H), 2.13 (m, 1H), 1.52—
1.28 (m, 2H), 1.44 (s, 9H), 0.94 (d, J = 6.7 Hz, 3H), 0.87 (s, 9H), 0.06 (d, J = 3.2 Hz,
6H); 3C NMR (125 MHz, CDCl;) 6 200.1, 156.0, 136.7, 128.0, 69.5, 47.3, 45.8, 42.3, 28.4,
26.0, 25.8, 20.3, 18.0, —4.6 Hz; IR (Neat film NaCl) 3379, 2957, 2930, 2858, 1714, 1705,
1505, 1366, 1253, 1173, 836, 776 cm; HRMS (FAB+) [M+H]* m/z calc'd for

[CaoH3oNO,Si+H]*: 386.2727, found 286.2713.
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methyltrioxorhenium and hydrogen peroxide gave oxidation at the benzylic C(19)
position or no reaction. Hydroboration was also unsuccessful.
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Under other kinetic enolate trapping conditions, fragmentation of ketoester 192
occurred to give the extended enone iii.

OMe OMe
Og 1. LDA, THF, -78 °C Og
o >
‘ OMe 2. HCO,CH,CF, ‘
(o} [0}

192 iii

The ability to selectively deprotonate at C(11) led us to pursue a strategy to “protect”
C(11). Ketoester 192 was condensed with methyl formate at C(11) to provide iv and
then successfully methylated at C(9) to give v. Unfortunately, despite extensive
experimentation, no reagents could be found that were capable of removing the
hydroxymethylene from methyl ketone vi in greater than ~ 20% yield.

OMe OMe

LDA, HMPA
NaH, HCO,Me THF, -25 °C

‘ Et,0 ‘ then Mel
1 s OMe (30-60% yield) = OMe (84% yield)

(o} OH O
192 iv
OMe OMe

20% aq Na,CO3
0 0
‘ 80°C,24 h ‘
= OMe (~15-20% yield) OMe

OH O (o]

\j

v vi
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Known ketone vii was treated with Dean—Stark dehydration conditions in the
presence of benzyl amine, but afforded only trace amounts of what appeared to be

desired imine viii.
BnNH,, Dean-Stark
....................... >
benzene, reflux, 10 h

(o] trace conversion B _N
n

vii viii

a) Sugano, N.; Koizumi, Y.; Oguri, H.; Kobayashi, S.; Yamashita, S.; Hirama, M.
Chem. Asian J. 2008, 3, 1549—1557.

b) Since selective enolization had proved difficult, we hoped to separate the isomers
and cyclopropanate the C(9)—C(10) enol ether. To that end, cyclopropanation of
steric model methyl enol ether ix was attempted with diethyl zinc and
diiodomethane. Treatment with p—toluenesulfonic acid in benzene opened the
cyclopropane x to the desired methyl ketone xi. However, in our hands it was
difficult to drive the reaction to more than ~ 60% conversion under optimized

conditions.
\‘:;/ Et,Zn, ICH,I \Q/ TsOH-H,0 \t;t
—_—
—_—
o DCE, 0to 22 °C PhH, 90 °C

o} 0
/ ix:x 1:1.67 /

ix X Xi

We were delighted to find that pentamethyl p-ketoester xi underwent alkylation
selectively at the more substituted o-site with Tsuji’s conditions to provide xii. We
envisioned this method as a late-stage means to install the C(9) quaternary
stereocenter in the presence of the other C ring quaternary stereocenters. In this
case, chiral ligands may have been used to override the inherent diastereoselectivity
of the alkylation. These alkylation methods have the additional advantage of forming
quaternary centers at room temperature in a few hours or less under neutral

conditions.
Pd,(dba)s, PhsP
mo\/\ 2! 3, Phgl N
o 0 THF

(o]

Xi Xii

21. To minimize cost, initial synthetic investigations were conducted using (p)-glucal.

[o] 0 [o]
1. excess Zn dust
Z "0 PCC, celite | o AcOH, 120 °C | (o) 1. 2N HCI | (o]
R — —_— —_—
Aco™ K3 DCE, 80 °C 2. cat. DBU "0, 2. cat. TFA “,
| | THF, 23 °C | NH |
OAc OAc (849 yield) OAc OAc OAc . OBn
(73% yield, 2 steps) BnO”~ ~CCl,

(77% yield,
2 steps)
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22. Synthetic route from glycidol.

1. BnBr, NaH HO
DME, 23 °C . o
(o] 2. THF, BF5-OEt, 1. Lindlar, H, .
° EtOAc Me,CuLi
-78 °C BnO \\ o o
—_—— _—m-—— —_——
0
R 3 Et,0,0°C
HO L.qu o 2 TeOH.PhH I ogn 2 . 0Bn
Et
58% yield, 2 st EtO 84% yield
(58% yield, 2 steps) (90% yield, 2 steps) (84% yield)
o 0
o 1. Me(MeO)NH-HCI
1. Pd/C, H,, THF 0 Me;Al, DCM, -5 °C o Me OTBS
> - N
2. phthalimide, PPh; W N 2. TBSOTI, 2,6-lutidine \N
DEAD, THF Me DCM, 0 °C om
(o] e (o]
(90% yield, 2 steps) (72% vyield, 2 steps)

23. Dossetter, A. G.; Jamison, T. F.; Jacobsen, E. N. Angew. Chem. Int. Ed. 1999, 38,
2398-2400.
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SYNTHETIC SUMMARY

Early Efforts Toward the Synthesis of Zoanthenol

Discovery of an Unusual Acid-Catalyzed Cyclization and
Development of an Enantioselective Route to a Synthon for the DEFG Rings

Scheme S2.1 Retrosynthetic Analysis of Zoanthenol

Zoanthenol (21)
OMe
TBSO (o}
‘ ° = +
Ot-Bu
o o
167
enantioselective
decarboxylative
alkylation product
Scheme S2.2 Synthesis of the A Ring Synthon
OMe 1. H,NNH,-H,0 OMe OMe O OMe O
KOH, triethylene glycol n-BuLi, TMEDA
HO 150 °C TBSO hexanes, 0 to 22 °C HO H TBSO H
: > +
H 2. TBSCI, imidazole, DMAP then DMF, 0 °C
CH,Cl,, DMF (79% combined yield)
(o] (84% yield, 2 steps) 172 173 174
o-Vanillin (171) (20% yield) (59% yield)
TBSCI, DMAP
imidazole
CH,Cl,, DMF
(92% yield)
OMe OMe
10% Pd/C, H, (1 atm) TBSO PBr3, pyridine, CH,Cl, TBSO
> OH > Br
EtOAc 0to22°C
(96% yield) (92% yield)
175 168
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Scheme S2.3 Racemic Synthesis of the C Ring Synthon
o LiHMDS, HMPA, THF
- 0
then e K oya, 0 KHMDS, THF, —30 °C
0-22°C,2d Ot-Bu then PhNTf,
o o (97% yield) o~ Yo (73% yield)
-/
176 177
oTf H°
o (o-Hex)zP/\/\/p(o-Hex)2 o
Pd(OAc),, CO (1 atm), DMA, LiCl
OtBu  Ei N, TES-H (2 equiv over 10 h), 35 °C Ot-Bu
oo (76% yield) o o
178 169

Scheme S2.4 Enantioselective Synthesis of C Ring Methyl Ketone 177

( o
(o] (o] Ph,P N\J

o/\/

4 1. KMnO,, NalO, o
“tBu choa, +BuOH O LDA,THF
(3.75 mol%) —78 >0°C
ﬁ
1.5 mol% Pd,(dba), 2. B0020 DMAP OtBU “then Mel Ot-Bu
o o THF, 25 °C 0 —78 = 0°C

/ (94% vyield, 86% ee) \_/ (51% vyield, 2 steps) \_/

179, 25 mmol (-)-170

(69% yield)

(+)-180 177

Scheme S2.5 Fragment Coupling and Acid-Mediated Cyclization of the A and C Rings

OMe ]
H_ _O TBSO 0+ OtBuU
MgBr
ﬁ XaMgZOTH
(o] 181
—» _>
Ot-Bu Et,0-CH,Cl, (2.7:1)
0°C

(89% yield) ArCH,-MgBr
>15:1 dr

|<)/°

169 182

6-endo
TFA, 50 °C

then TBAF
THF, 22 °C

5:1dr
(57% total yield)
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Scheme S2.6 Deoxygenation of the A Ring and Refunctionalization of C(20)

Me
HO: i ‘
187

1. 10% NaOH, MeOH, 40 °C
2. PPTS, ethylene glycol
PhH, Dean-Stark

3. K, I, NaHCO,
CH,CN, H,0

(85% vyield, 3 steps)

OMe
20_0
SO
‘ OMe
o o
/

195

TsOH: H20

acetone
(71% vyield)

e
TiO
1. CH,N,
CHZCIZ,O °C
2, szo Py, -12°C

(84% vyield, 2 steps)

OMe

PdClI,(PPh;),
HCOOH

OMe (n-Bu)N, DMF
dppb, 90 °C, 72 h

(92% yield) 0
191 192
OMe
o
Cs,CO; MgCl,, PhCH
—>
MeOH, 37 °C OMe ~go<c, 65h
(84% vield) P (73% yield)
194

Scheme S2.7 Enantioselective Synthesis of DEFG Synthon

CH,

N\ /0
OMe o) cr,
@‘5 ¢ 209 PDC, AcOH
=z + (o} BT —— o
H
] CH,CI
~ OTBS neat, 3A M.S. | OTBS 2v2 | oTBS
. (49% yield)
207 208 (72% yield) (-)-210 (-)-211
o]
Dowex fo)
MeZCuLl 5oxa-1oo phthalimide, PPh; o
(o] _—
DEAD, THF N
EtZO 0°c oOTBS MeOH OH e
(84% yield) (96% yield) (86% yield) 0
(-)-212 (-)-213 214
Boc
1. Me(MeO)NH-HCI 1. H,NNH,-H,0 10
Me;Al, CH,Cl,, -5 °C 0 Me OTBS EtOH, H20 N
2. TBSOTY, 2,6-lutidine \N 2. Boczo DMAP
DCM, 0 °C o CH4CN, 30 °C TBSO
Me
(72% yield, 2 steps) 215 (77% yield, 2 steps) 203
+BuO._ 0.
vy
THF, -78 °C N_ O CHCl;, 30 h O OTBS
- (o [ —— . NHB
oC
A mgBr TBSO (76% yield)
216 168
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APPENDIX A

Spectra and X-Ray Crystrallographic Data:
Early Efforts Toward the Synthesis of Zoanthenol
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Figure A.2 Infrared spectrum (thin film/NaCl) of compound 172.
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Figure A.3 C NMR (75 MHz, CDCl;) of compound 172.
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Figure A.5 Infrared spectrum (thin film/NaCl) of compound 174.

|

T

i

o

o Bl

T T T [T T T T[T T T T T T [ T [T [T [T [ T T[T T [T T [T T [ T T T[T T[T [T [T T[T T[T T TTT[TT1T1T]

200

180 160 140 120 100

Figure A.6 3C NMR (75 MHz, CDCl;) of compound 174.
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Figure A.8 Infrared spectrum (thin film/NaCl) of compound 173.
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Figure A.11 Infrared spectrum (thin film/NaCl) of compound 175.
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Figure A.12 BC NMR (75 MHz, CDCl;) of compound 175.
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Figure A.14 Infrared spectrum (thin film/NaCl) of compound 168.
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Figure A.15 3C NMR (75 MHz, CDCl;) of compound 168.
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Figure A.17 Infrared spectrum (thin film/NaCl) of compound (+)-
177.
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Figure A.18 3C NMR (75 MHz, CDCl;) of compound (+)-177.
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Figure A.20 Infrared spectrum (thin film/NaCl) of compound (-)-
177.
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Figure A.21 3C NMR (75 MHz, CDCl;) of compound (-)-177.
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Figure A.23 Infrared spectrum (thin film/NaCl) of compound 178.
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Figure A.24 3C NMR (75 MHz, CDCl;) of compound 178.
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Figure A.26 Infrared spectrum (thin film/NaCl) of compound 169.
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Figure A.27 3C NMR (75 MHz, CDCl;) of compound 169.
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Figure A.29 Infrared spectrum (thin film/NaCl) of compound (-)-
170.
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Figure A.30 3C NMR (75 MHz, XX) of compound (-)-170.
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Figure A.32 Infrared spectrum (thin film/NaCl) of compound (+)-
180.
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Figure A.33 3C NMR (75 MHz, CDCl;) of compound (+)-180.
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Figure A.35 Infrared spectrum (thin film/NaCl) of compound 183.
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Figure A.36 3C NMR (75 MHz, CDCl;) of compound 183.
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Figure A.38 Infrared spectrum (thin film/NaCl) of compound 184.
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Figure A.39 3C NMR (75 MHz, CDCl;) of compound 184.
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Figure A.41 Infrared spectrum (thin film/NaCl) of compound 187.
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Figure A.42 3C NMR (75 MHz, CD.Cl.) of compound 187.
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Figure A.44 Infrared spectrum (thin film/NaCl) of compound 188.
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Figure A.45 3C NMR (125 MHz, CDCl;) of compound 188.
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Figure A.47 Infrared spectrum (thin film/NaCl) of compound 189.

T T T T [T T T T[T T T T T [ T [T [T [T T [ T T[T T [T T [T T [ T T[T T[T [T [T T[T T[T T[T T [TT1T1T]

200 180 160 140 120 100 80 60 40 20 ppm

Figure A.48 3C NMR (775 MHz, CDCl;) of compound 189.
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Figure A.50 Infrared spectrum (thin film/NaCl) of compound 191.
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Figure A.51 3C NMR (75 MHz, CDCl;) of compound 191.
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Figure A.53 Infrared spectrum (thin film/NaCl) of compound 192.

T T T T [T T T T[T T T T T T [ T [T [T [T T T[T T[T T [T T [T T [ T T[T T[T [T [T T[T T[T T[T T [TT1T1T]

200 180 160 140 120 100 80 60 40 20 ppm

Figure A.54 3C NMR (75 MHz, CDCl;) of compound 192.
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Figure A.56 Infrared spectrum (thin film/NaCl) of compound 193.
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Figure A.57 BC NMR (125 MHz, CsD¢) of compound 193.
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Figure A.59 Infrared spectrum (thin film/NaCl) of compound 194.
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Figure A.60 3C NMR (125 MHz, CDCl;) of compound 194.
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Figure A.62 Infrared spectrum (thin film/NaCl) of compound 195.
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Figure A.63 3C NMR (125 MHz, CDCl;) of compound 195.
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Figure A.65 Infrared spectrum (thin film/NaCl) of compound 196.
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Figure A.66 3C NMR (125 MHz, CDCl;) of compound 196.
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Figure A.68 Infrared spectrum (thin film/NaCl) of compound (-)-
210.
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Figure A.69 3C NMR (75 MHz, CDCl;) of compound (—)-210.
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Figure A.71 Infrared spectrum (thin film/NaCl) of compound (-)-
211.
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Figure A.72 3C NMR (75 MHz, CDCl;) of compound (—)-211.
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Figure A.74 Infrared spectrum (thin film/NaCl) of compound (-)-
212,
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Figure A.75 3C NMR (75 MHz, CDCl;) of compound (-)-212.
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Figure A.77 Infrared spectrum (thin film/NaCl) of compound (-)-
213.
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Figure A.78 3C NMR (75 MHz, CDCl;) of compound (-)-213.
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Figure A.80 Infrared spectrum (thin film/NaCl) of compound 214.
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Figure A.83 Infrared spectrum (thin film/NaCl) of compound 215.
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Figure A.84 3C NMR (75 MHz, CDCl;) of compound 215.
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Figure A.86 Infrared spectrum (thin film/NaCl) of compound 215a.
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Figure A.87 3C NMR (75 MHz, CDCl;) of compound 215a.
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Figure A.89 Infrared spectrum (thin film/NaCl) of compound 203.
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Figure A.90 3C NMR (75 MHz, CDCl;) of compound 203.
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Figure A.92 Infrared spectrum (thin film/NaCl) of compound 168.
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Figure A.93 BC NMR (125 MHz, CDCl;) of compound 168.
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Figure A.94 Representation of Lactone 184
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Table 1. Crystal data and structure refinement for DCBo6_(CCDC_175859).

Empirical formula
Formula weight
Crystallization Solvent
Crystal Habit

Crystal size

Crystal color

Type of diffractometer
Wavelength

Data Collection Temperature

0 range for 8201 reflections used

in lattice determination

Unit cell dimensions

Volume

Z

Crystal system

Space group

Density (calculated)
F(000)

Data collection program

6 range for data collection
Completeness to 6 = 28.38°
Index ranges

Data collection scan type
Data reduction program
Reflections collected
Independent reflections
Absorption coefficient
Absorption correction

Max. and min. transmission

C.8H 420651

502.71

Hexanes

Block

0.33 X 0.17 X 0.14 mm3

Colorless

Data Collection

Bruker P4
0.71073 A MoKo.

96(2) K

2.79 t0 26.49°

a=29.220(3) A
b = 6.7215(8) A

¢ =14.4249(17) A
2833.0(6) A3

4

Monoclinic

P2;/c

1.179 Mg/m3

1088

Bruker SMART v5.054
1.39t0 28.38°

93.9 %

f=90.035(2)°

-37=h=<38,-8<k=<8,-19=<1=<19

 scans at 5 ¢ settings
Bruker SAINT v6.22
38935

6656 [R; ;= 0.0985]
0.120 mm™

None

0.9829 and 0.9610



Table 1 (cont.)
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Structure solution and Refinement

Structure solution program
Primary solution method
Secondary solution method
Hydrogen placement

Structure refinement program
Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F2

Final R indices [I>20(I), 3988 reflections]
R indices (all data)

Type of weighting scheme used
Weighting scheme used

Max shift/error

Average shift/error

Largest diff. peak and hole

Bruker SHELXTL

Direct methods

Difference Fourier map
Difference Fourier map
Bruker SHELXTL

Full matrix least-squares on F?
6656 / 0 / 484
Unrestrained

1.403

R1 =0.0584, wR2 = 0.0804
R1 = 0.1062, wR2 = 0.0844
Sigma

w=1/02(Fo02)

0.001

0.000

0.333 and -0.349 e.A3

Special Refinement Details

Refinement of F2 against ALL reflections. The weighted R-factor (wR) and goodness of fit
(S) are based on F2, conventional R-factors (R) are based on F, with F set to zero for negative F2.
The threshold expression of F2 > 20( F2) is used only for calculating R-factors(gt) etc. and is not
relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about
twice as large as those based on F, and R-factors based on ALL data will be even larger.

All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using
the full covariance matrix. The cell esds are taken into account individually in the estimation of
esds in distances, angles and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell
esds is used for estimating esds involving L.s. planes.
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
(A2x 103) for DCB06_(CCDC_175859). U(eq) the trace of the orthogonalized

Ul tensor.

X y zZ Ueq
Si(1) 6142(1) 3545(1) 4087(1) 25(1)
0(1) 6571(1) 5169(2) 4135(1) 23(1)
0(2) 7293(1) 2606(2) 3725(1) 23(1)
0(3) 8211(1) 1108(2) 6169(1) 28(1)
0@4) 8640(1) 2202(2) 7317(1) 44(1)
0(5) 9414(1) -4435(2) 4438(1) 30(1)
0(6) 9725(1) -2363(2) 3364(1) 45(1)
C(1) 5665(1) 5006(3) 3527(1) 27(1)
C(2) 5841(1) 5905(4) 2608(2) 35(1)
C(3) 5260(1) 3633(5) 3329(2) 43(1)
C(4) 5503(1) 6694(4) 4154(2) 36(1)
C(5) 6282(1) 1358(4) 3362(2) 34(1)
C(6) 5995(1) 2734(5) 5291(2) 39(1)
C(7) 6962(1) 5171(3) 4672(1) 21(1)
C(8) 6990(1) 6481(3) 5429(1) 24(1)
C(9) 6595(1) 7823(4) 5660(2) 37(1)
C(10) 7397(1) 6526(4) 5928(1) 27(1)
C(11) 7762(1) 5352(3) 5700(1) 26(1)
C12) 7740(1) 4049(3) 4942(1) 22(1)
C(13) 7334(1) 3973(3) 4446(1) 20(1)
C(14) 7349(1) 3475(4) 2815(1) 32(1)
C(15) 8145(1) 2785(3) 4670(1) 22(1)
C@16) 8169(1) 761(3) 5164(1) 22(1)
C@17) 8623(1) 1598(3) 6522(1) 28(1)
C(18) 9030(1) 1238(4) 5922(2) 26(1)
C(19) 8979(1) -684(3) 5354(1) 19(1)
C(20) 8948(1) -2437(4) 6036(1) 24(1)
C(21) 9394(1) -899(3) 4715(1) 24(1)
C(22) 9349(1) -2544(3) 4006(1) 28(1)
C(23) 9638(1) -5668(3) 3767(2) 29(1)
C(24) 9927(1) -4215(4) 3241(2) 39(1)
C(25) 8901(1) -2427(4) 3480(2) 33(1)
C(26) 8502(1) -1441(3) 3960(1) 24(1)
C(27) 8074(1) -1401(5) 3388(2) 35(1)

C(28) 8545(1) -548(3) 4787(1) 19(1)




Table 3. Bond lengths [A] and angles [°] for DCBo6_(CCDC_175859).

Si(1)-0(1)
Si(1)-C(5)
Si(1)-C(6)
Si(1)-C(1)
0(1)-C(7)
0(2)-C(13)
0(2)-C(14)
0(3)-C(17)
0(3)-C(16)
0(4)-C(17)
0(5)-C(22)
0(5)-C(23)
0(6)-C(24)
0(6)-C(22)
C(1)-C(4)
C(1)-C(3)
C(1)-C(2)
C(2)-H(2A)
C(2)-H(2B)
C(2)-H(20)
C(3)-H(3A)
C(3)-H(3B)
C(3)-H(30)
C(4)-H(4A)
C(4)-H(4B)
C(4)-H(4C)
C(5)-H(5A)
C(5)-H(5B)
C(5)-H(5C)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-C(13)
C(7)-C(8)
C(8)-C(10)
C(8)-C(9)
C(9)-H(9A)
C(9)-H(9B)
C(9)-H(9C)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-C(13)
C(12)-C(15)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(15)-C(16)
C(15)-H(15A)
C(15)-H(15B)

1.6629(15)
1.849(3)
1.872(2)
1.887(2)
1.379(2)
1.392(2)
1.446(2)
1.350(2)
1.473(2)
1.218(2)
1.428(2)
1.433(2)
1.389(3)
1.443(2)
1.527(3)
1.528(3)
1.545(3)
1.05(2)
0.99(2)
1.00(2)
0.98(2)
0.95(2)
1.04(2)
0.99(2)
0.99(2)
0.99(2)
0.97(2)
1.01(2)
0.98(2)
1.03(3)
0.98(3)
0.98(2)
1.392(3)
1.405(3)
1.389(3)
1.503(3)
1.02(2)
0.92(2)
0.95(2)
1.369(3)
0.98(2)
1.403(3)
0.965(19)
1.388(3)
1.508(3)
0.99(2)
1.00(2)
1.05(2)
1.538(3)
1.047(18)
0.950(18)

C(16)-C(28)
C(16)-H(16)
C(17)-C(18)
C(18)-C(19)
C(18)-H(18A)
C(18)-H(18B)
C(19)-C(28)
C(19)-C(21)
C(19)-C(20)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-C(22)
C(21)-H(21A)
C(21)-H(21B)
C(22)-C(25)
C(23)-C(24)
C(23)-H(23A)
C(23)-H(23B)
C(24)-H(24A)
C(24)-H(24B)
C(25)-C(26)
C(25)-H(25A)
C(25)-H(25B)
C(26)-C(28)
C(26)-C(27)
C(27)-H(27A)
C(27)-H(27B)
C(27)-H(27C)

0(1)-Si(1)-C(5)
0(1)-Si(1)-C(6)
C(5)-Si(1)-C(6)
0(1)-Si(1)-C(1)
C(5)-Si(1)-C(1)
C(6)-Si(1)-C(1)
C(7)-0(1)-Si(2)

C(13)-0(2)-C(14)
C(17)-0(3)-C(16)
C(22)-0(5)-C(23)
C(24)-0(6)-C(22)

C(4)-C(1)-C(3)
C(4)-C(1)-C(2)
C(3)-C(1)-C(2)
C(4)-C(1)-Si(1)
C(3)-C(1)-Si(1)
C(2)-C(1)-Si(1)

C(1)-C(2)-H(2A)
C(1)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(1)-C(2)-H(2C)

1.510(3)
0.995(16)
1.490(3)
1.538(3)
0.96(2)
0.96(2)
1.512(3)
1.531(3)
1.538(3)
0.987(19)
1.016(18)
1.003(19)
1.512(3)
0.99(2)
0.99(2)
1.516(3)
1.498(3)
0.98(2)
0.940(19)
0.86(3)
0.97(3)
1.509(3)
0.99(2)
0.98(2)
1.340(2)
1.498(3)
0.95(2)
0.97(2)
1.06(2)

112.26(10)
109.05(11)
110.16(13)
103.44(9)
109.60(11)
112.21(11)
130.34(12)
113.73(17)
118.89(15)
106.28(14)
109.25(17)
108.6(2)
108.7(2)
109.5(2)
111.25(15)
109.77(18)
108.96(15)
113.2(11)
109.5(13)
106.4(17)
108.6(12)



H(2A)-C(2)-H(2C)
H(2B)-C(2)-H(2C)
C(1)-C(3)-H(3A)
C(1)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(1)-C(3)-H(30)
H(3A)-C(3)-H(3C)
H(3B)-C(3)-H(3C)
C(1)-C(4)-H(4A)
C(1)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
C(1)-C(4)-H(4C)
H(4A)-C(4)-H(4C)
H(4B)-C(4)-H(4C)
Si(1)-C(5)-H(5A)
Si(1)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
Si(1)-C(5)-H(5C)
H(5A)-C(5)-H(5C)
H(5B)-C(5)-H(5C)
Si(1)-C(6)-H(6A)
Si(1)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
Si(1)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
0(1)-C(7)-C(13)
0(1)-C(7)-C(8)
C(13)-C(7)-C(8)
C(10)-C(8)-C(7)
C(10)-C(8)-C(9)
C(7)-C(8)-C(9)
C(8)-C(9)-H(9A)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(8)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
C(11)-C(10)-C(8)
C(11)-C(10)-H(10)
C(8)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(13)-C(12)-C(11)
C(13)-C(12)-C(15)
C(11)-C(12)-C(15)
C(12)-C(13)-C(7)
C(12)-C(13)-0(2)
C(7)-C(13)-0(2)
0(2)-C(14)-H(14A)
0(2)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
0(2)-C(14)-H(14C)

108.2(18)
110.9(18)
110.1(14)
110.8(14)
108.4(19)
113.7(12)
108.5(18)
105.0(19)
109.9(14)
112.8(12)
110.7(17)
115.2(12)
104.1(17)
103.8(18)
113.1(14)
112.4(13)
108(2)
110.5(14)
106.6(19)
106.0(18)
110.3(13)
114.0(13)
107(2)
107.1(13)
111.0(19)
108(2)
120.97(17)
119.01(17)
119.93(18)
117.79(19)
121.9(2)
120.24(19)
109.2(13)
112.5(13)
111.6(18)
112.0(13)
106.5(18)
104.8(19)
122.0(2)
120.2(12)
117.8(12)
120.8(2)
120.4(11)
118.8(11)
117.63(19)
121.07(18)
121.30(19)
121.79(18)
118.78(17)
119.39(17)
107.7(11)
103.7(13)
111.7(17)
109.9(11)

H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(12)-C(15)-C(16)
C(12)-C(15)-H(15A)
C(16)-C(15)-H(15A)
C(12)-C(15)-H(15B)
C(16)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
0(3)-C(16)-C(28)
0(3)-C(16)-C(15)
C(28)-C(16)-C(15)
0(3)-C(16)-H(16)
C(28)-C(16)-H(16)
C(15)-C(16)-H(16)
0(4)-C(17)-0(3)
0(4)-C(17)-C(18)
0(3)-C(17)-C(18)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18A)
C(19)-C(18)-H(18A)
C(17)-C(18)-H(18B)
C(19)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(28)-C(19)-C(21)
C(28)-C(19)-C(18)
C(21)-C(19)-C(18)
C(28)-C(19)-C(20)
C(21)-C(19)-C(20)
C(18)-C(19)-C(20)
C(19)-C(20)-H(20A)
C(19)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(19)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(22)-C(21)-C(19)
C(22)-C(21)-H(21A)
C(19)-C(21)-H(21A)
C(22)-C(21)-H(21B)
C(19)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
0(5)-C(22)-0(6)
0(5)-C(22)-C(21)
0(6)-C(22)-C(21)
0(5)-C(22)-C(25)
0(6)-C(22)-C(25)
C(21)-C(22)-C(25)
0(5)-C(23)-C(24)
0(5)-C(23)-H(23A)
C(24)-C(23)-H(23A)
0(5)-C(23)-H(23B)
C(24)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
0(6)-C(24)-C(23)

160

108.8(17)
114.6(17)
114.35(16)
112.3(10)
104.7(10)
109.6(11)
108.4(11)
107.1(14)
112.77(15)
108.69(16)
112.34(16)
101.4(9)
113.5(10)
107.4(10)
118.11(19)
124.7(2)
117.06(17)
111.65(18)
109.4(12)
112.2(12)
111.5(11)
111.1(12)
100.5(16)
110.20(15)
108.56(17)
108.89(16)
110.06(16)
111.11(17)
107.94(16)
111.0(10)
108.3(10)
107.8(14)
110.5(11)
104.4(15)
114.8(14)
113.99(17)
107.4(12)
112.5(11)
107.6(10)
110.2(10)
104.7(16)
104.75(15)
110.15(16)
107.79(17)
112.29(19)
109.41(17)
112.09(19)
102.91(18)
110.8(11)
113.5(12)
109.3(12)
112.7(12)
107.6(17)
106.3(2)



0(6)-C(24)-H(24A)
C(23)-C(24)-H(24A)
0(6)-C(24)-H(24B)
C(23)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
C(26)-C(25)-C(22)
C(26)-C(25)-H(25A)
C(22)-C(25)-H(25A)
C(26)-C(25)-H(25B)
C(22)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
C(28)-C(26)-C(27)
C(28)-C(26)-C(25)
C(27)-C(26)-C(25)
C(26)-C(27)-H(27A)
C(26)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(26)-C(27)-H(27C)
H(27A)-C(27)-H(27C)
H(27B)-C(27)-H(27C)
C(26)-C(28)-C(16)
C(26)-C(28)-C(19)
C(16)-C(28)-C(19)

111(2)
121(2)
107.4(15)
109.6(15)
101(2)
117.35(18)
105.2(13)
103.6(13)
109.0(12)
108.3(12)
113.4(18)
124.0(2)
122.27(19)
113.50(18)
111.8(14)
110.0(13)
108.2(19)
118.2(11)
102.5(18)
105.5(18)
120.96(18)
122.09(18)
116.83(16)
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Table 4. Anisotropic displacement parameters (A2x 104 ) for DCBo6_(CCDC_175859).
The anisotropic displacement factor exponent takes the form:
-on2 [ h2a*2Ut +...+2hka*b* U]

Uu U22 Uss3 U23 U U2
Si(1) 252(3) 279(4) 224(3) 4(3) 10(3) -5(3)
0(1) 223(8) 280(9) 195(7) -17(6) -35(6) 7(6)
0(2) 277(8) 286(9) 134(7) -31(6) -19(6) -16(7)
0(3) 292(9) 444(10) 110(7) 15(7) 31(6) 67(7)
0@4) 623(12) 535(12) 148(8) -121(7) -86(7) 211(9)
0(5) 483(10) 221(9) 186(7) 34(7) 67(7) 24(7)
0(6) 607(11) 324(10) 426(9) 130(8) 373(8) 165(8)
C(1) 206(12) 327(14) 273(12) 19(10) -8(10) -14(10)
C(2) 339(16) 452(18) 257(13) 51(12) -44(12) 55(14)
C(3) 243(15) 500(19) 547(18) -31(17) -58(13) -29(14)
C(4) 287(15) 436(17) 370(15) 43(13) 11(12) 69(14)
C(5) 344(16) 311(15) 366(15) -48(12) 17(12) -74(14)
C(6) 465(18) 396(17) 313(14) 73(13) 77(13) 51(15)
C(7) 190(12) 250(13) 199(11) 50(9) -14(9) -7(10)
C(8) 254(12) 283(13) 190(10) 6(10) -4(9) 29(10)
C(9) 400(17) 389(17) 309(15) -133(14) -63(12) 122(14)
C(10) 315(14) 336(14) 170(11) -59(11) -37(10) -4(11)
C(11) 274(14) 329(14) 165(11) 3(10) -41(10) -10(11)
C(12) 225(12) 279(13) 143(10) 36(9) 23(9) 1(9)
C(13) 237(12) 217(13) 151(10) 13(9) 9(9) -59(10)
C(14)  336(16) 453(16) 160(11) -4(12) -1(10) -19(14)
C(a5)  208(13) 273(13) 170(11) 13(10) -15(9) -33(10)
C@16) 202(12) 323(14) 128(10) 10(9) -18(9) -19(10)
CQx7)  328(14) 308(14) 207(11) 3(10) -45(10) 114(11)
C(18) 266(14) 297(15) 202(11) -55(11) -68(10) 5(11)
C(19) 191(11) 245(12) 126(10) -11(9) 3(8) -18(9)
C(20) 228(14) 356(15) 125(11) 21(11) -11(10) 15(11)
C(21) 253(13) 218(14) 240(12) 33(10) 54(10) -15(10)
C(22) 378(14) 250(13) 209(11) 52(10) 128(10) 45(11)
C(23)  364(15) 201(13) 292(13) -18(11) 14(12) 51(12)
C(24)  351(17) 247(15) 576(18) -68(13) 127(15) -24(12)
C(25)  501(16) 330(16) 164(12) 6(12) 1(11) 53(13)
C(26)  318(13) 239(12) 150(10) 21(10) -44(9) -16(10)
C(27)  458(17) 310(16) 269(13) -22(13) -157(12) -2(13)

C(28)  208(12) 244(13) 125(10) 42(9) 2(9) -23(9)




Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters
(A2x 10 3) for DCB06_(CCDC_175859).
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X y Uiso
H(24) 6133(7) 6800(30) 2693(13) 38(6)
H(2B) 5928(7) 4820(40) 2180(15) 49(7)
H(20) 5594(8) 6750(40) 2334(15) 49(7)
H(3A) 5005(8) 4400(40) 3059(15) 54(8)
H(3B) 5343(7) 2620(40) 2906(15) 47(8)
H(3C) 5141(7) 2890(30) 3909(15) 48(7)
H(4A) 5371(7) 6140(40) 4734(15) 53(7)
H(4B) 5749(7) 7660(30) 4298(13) 29(6)
H(4C) 5256(7) 7520(30) 3897(14) 38(6)
H(5A) 6544(8) 620(40) 3588(15) 55(8)
H(5B) 6018(8) 410(40) 3306(15) 53(7)
H(5C) 6356(8) 1770(40) 2728(16) 53(7)
H(6A) 5864(8) 3910(40) 5662(16) 68(8)
H(6B) 5767(8) 1660(40) 5317(15) 60(8)
H(6C) 6278(8) 2230(30) 5577(15) 50(7)
H(9A) 6319(8) 6970(30) 5851(14) 47(7)
H(9B) 6667(7) 8740(30) 6106(14) 36(7)
H(9C) 6499(7) 8590(30) 5140(16) 48(7)
H(10) 7416(7) 7440(30) 6454(14) 36(6)
H(11) 8045(6) 5450(30) 6044(12) 27(6)
H(14A) 7663(7) 4000(30) 2774(12) 28(6)
H(14B) 7302(7) 2330(40) 2385(15) 49(7)
H(140) 7118(7) 4650(30) 2727(13) 39(6)
H(154) 8144(6) 2430(30) 3962(13) 27(5)
H(15B) 8421(6) 3490(30) 4792(11) 16(5)
H(16) 7859(6) 150(20) 5125(10) 8(4)
H(18A) 9081(6) 2380(30) 5535(13) 31(6)
H(18B) 9308(7) 1230(30) 6276(13) 31(6)
H(20A) 8897(6) -3700(30) 5704(12) 18(5)
H(20B) 9252(6) -2550(30) 6377(12) 21(5)
H(20C) 8673(7) -2290(30) 6446(12) 26(5)
H(21A) 9683(7) -1130(30) 5063(13) 34(6)
H(21B) 9448(6) 360(30) 4373(12) 24(5)
H(23A) 9815(7) -6710(30) 4072(13) 34(6)
H(23B) 9417(6) -6290(30) 3393(13) 24(6)
H(24A) 9995(11) -4420(50) 2670(20) 112(14)
H(24B) 10229(9) -4160(40) 3514(16) 64(9)
H(25A) 8972(7) -1560(30) 2948(15) 51(7)
H(25B) 8812(7) -3770(30) 3298(14) 39(7)
H(27A) 8088(8) -420(40) 2917(16) 56(8)
H(27B) 8027(7) -2690(40) 3096(15) 48(7)
H(27C) 7762(7) -1060(30) 3722(13) 43(7)
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Table 1. Crystal data and structure refinement for DCBos (CCDC 175588).

Empirical formula
Formula weight
Crystallization Solvent
Crystal Habit

Crystal size

Crystal color

Preliminary Photos
Type of diffractometer
Wavelength

Data Collection Temperature

0 range for 4336 reflections used

in lattice determination

Unit cell dimensions

Volume

Z

Crystal system

Space group

Density (calculated)
F(000)

Data collection program

6 range for data collection
Completeness to 6 = 28.36°
Index ranges

Data collection scan type
Data reduction program
Reflections collected
Independent reflections
Absorption coefficient
Absorption correction

Max. and min. transmission

C20H2405 - CHCl,
463.76

Chloroform

Fragment

0.22 X 0.15 X 0.15 mm3

Colorless

Data Collection

Rotation

Bruker SMART 1000
0.71073 A MoKo.
98(2) K

2.47 to 25.80°

a=11.137(3) A
b =13.282(3) A

¢ =15.008(4) A
2194.3(10) A3

4

Monoclinic

P2;/n

1.404 Mg/m3

968

Bruker SMART v5.054
2.06 t0 28.36°

93.7 %

p=98.762(4)°

-14<h<14,-177<k<17,-19<1 <19

 scans at 5 ¢ settings
Bruker SAINT v6.22
32070

5144 [R; = 0.1503]
0.447 mm™

None

0.9368 and 0.9072



Table 1 (cont.)
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Structure solution and Refinement

Structure solution program
Primary solution method
Secondary solution method
Hydrogen placement

Structure refinement program
Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F2

Final R indices [I>20(I), 2718 reflections]
R indices (all data)

Type of weighting scheme used
Weighting scheme used

Max shift/error

Average shift/error

Largest diff. peak and hole

SHELXS-97 (Sheldrick, 1990)
Direct methods

Difference Fourier map
Difference Fourier map
SHELXL-97 (Sheldrick, 1997)
Full matrix least-squares on F?
5144 / 0 / 362

Unrestrained

1.064

R1 =0.0468, wR2 = 0.0744
R1 =0.1218, wR2 = 0.0862
Sigma

w=1/02(Fo02)

0.000

0.000

0.402 and -0.348 e.A3

Special Refinement Details

Refinement of F2 against ALL reflections. The weighted R-factor (wR) and goodness of fit
(S) are based on F2, conventional R-factors (R) are based on F, with F set to zero for negative F2.
The threshold expression of F2 > 20( F2) is used only for calculating R-factors(gt) etc. and is not
relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about
twice as large as those based on F, and R-factors based on ALL data will be even larger.

All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using
the full covariance matrix. The cell esds are taken into account individually in the estimation of
esds in distances, angles and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell
esds is used for estimating esds involving L.s. planes.
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (A2x 103) for DCBos (CCDC 175588). U(eq) is defined as the trace of the
orthogonalized U tensor.

X y Z Ueq
0(1) 2996(2) 1246(2) 424(1) 23(1)
0(2) 3667(2) 289(1) 2011(1) 23(1)
0(3) 10816(2) 767(1) 809(1) 24(1)
0(4) 10340(2) 21(1) 3988(1) 28(1)
0(5) 9289(2) -1153(1) 4583(1) 27(1)
C() 4196(2) 1102(2) 735(2) 20(1)
C(2) 4579(2) 649(2) 1547(2) 19(1)
C(3) 5789(2) 489(2) 1874(2) 19(1)
C(4) 6178(2) -65(2) 2727(2) 22(1)
C(5) 7352(2) -608(2) 2734(2) 20(1)
C(6) 8184(2) -314(2) 2243(2) 18(1)
C(7) 9343(2) -929(2) 2231(2) 20(1)
C(8) 9093(3) -1750(2) 1504(2) 25(1)
C(9) 9748(3) -1452(2) 3131(2) 22(1)
C(10) 9824(2) -789(2) 3926(2) 21(1)
C(11) 10377(2) -254(2) 2003(2) 23(1)
C(12) 10036(2) 410(2) 1214(2) 21(1)
C(13) 8738(2) 652(2) 926(2) 19(1)
C(14) 7993(2) 658(2) 1710(2) 18(1)
C(15) 8424(3) 1530(2) 2337(2) 22(1)
C(16) 6654(2) 805(2) 1345(2) 18(1)
C(17) 6244(2) 1260(2) 531(2) 19(1)
C(18) 5037(2) 1421(2) 199(2) 19(1)
C(19) 4615(3) 1892(3) -688(2) 24(1)
C(20) 3502(3) 888(3) 2774(2) 28(1)
C(21) 1118(3) 3109(2) 603(2) 31(1)
Cl(1) 1475(1) 3147(1) 1778(1) 41(1)
Cl(2) 2089(1) 3910(1) 117(1) 45(1)

Cl(3) -397(1) 3458(1) 263(1) 39(1)




Table 3. Bond lengths [A] and angles [°] for DCBo5 (CCDC 175588).
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0(1)-C(1)
O(1)-H(1)
0(2)-C(2)
0(2)-C(20)
0(3)-C(12)
0(4)-C(10)
0(5)-C(10)
0(5)-H(5A)
C(1)-C(2)
C(1)-C(18)
C(2)-C(3)
C(3)-C(16)
C(3)-C(4)
C(4)-C(5)
C(4)-H(4A)
C(4)-H(4B)
C(5)-C(6)
C(5)-H(5)
C(6)-C(14)
C(6)-C(7)
C(7)-C(9)
C(7)-C(8)
C(7)-C(a1)
C(8)-H(8A)
C(8)-H(8B)
C(8)-H(8C)
C(9)-C(10)
C(9)-H(9A)
C(9)-H(9B)
C(11)-C(12)
C(11)-H(11A)
C(11)-H(11B)
C(12)-C(13)
C(13)-C(14)
C(13)-H(13A)
C(13)-H(13B)
C(14)-C(16)
C(14)-C(15)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(@15C)
C(16)-C(17)
C(17)-C(18)
C(17)-H(17)
C(18)-C(19)
C(19)-H(19A)
C(19)-H(19B)
C(19)-H(19C)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)

1.361(3)
0.72(3)
1.401(3)
1.428(3)
1.230(3)
1.216(3)
1.319(3)
0.97(4)
1.368(4)
1.390(3)
1.378(3)
1.403(3)
1.483(4)
1.492(4)
0.94(3)
0.96(3)
1.328(3)
0.97(3)
1.516(4)
1.529(3)
1.525(4)
1.538(4)
1.539(3)
0.95(3)
1.02(3)
1.03(3)
1.475(4)
0.92(3)
0.93(2)
1.478(4)
0.99(3)
1.00(3)
1.480(4)
1.541(3)
0.94(2)
1.00(2)
1.520(4)
1.523(4)
1.00(2)
1.00(2)
1.01(3)
1.378(4)
1.377(4)
0.97(2)
1.481(4)
0.94(3)
0.92(3)
1.03(2)
1.00(3)
0.95(2)
0.99(3)

C(21)-CI(3)
C(21)-ClI(1)
C(21)-Cl(2)
C(21)-H(21)

C(1)-0(1)-H(1)
C(2)-0O(2)-C(20)
C(10)-0O(5)-H(5A)
0(1)-C(1)-C(2)
0(1)-C(1)-C(18)
C(2)-C(1)-C(18)
C(1)-C(2)-C(3)
C(1)-C(2)-0(2)
C(3)-C(2)-0(2)
C(2)-C(3)-C(16)
C(2)-C(3)-C(4)
C(16)-C(3)-C(4)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4A)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4B)
C(5)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-C(14)
C(5)-C(6)-C(7)
C(14)-C(6)-C(7)
C(9)-C(7)-C(6)
C(9)-C(7)-C(8)
C(6)-C(7)-C(8)
C(9)-C(7)-C(11)
C(6)-C(7)-C(11)
C(8)-C(7)-C(11)
C(7)-C(8)-H(8A)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(7)-C(8)-H(8C)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
C(10)-C(9)-C(7)
C(10)-C(9)-H(9A)
C(7)-C(9)-H(9A)
C(10)-C(9)-H(9B)
C(7)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
0(4)-C(10)-0(5)
0(4)-C(10)-C(9)
0(5)-C(10)-C(9)
C(12)-C(11)-C(7)

1.749(3)
1.749(3)
1.753(3)
0.91(3)

107(3)
113.6(2)
111.0(18)
121.6(2)
118.2(2)
120.3(2)
122.7(2)
116.2(2)
120.9(2)
118.1(2)
121.7(2)
120.1(2)
112.8(2)
108.3(16)
109.2(15)
108.8(16)
107.1(16)
111(2)
122.6(3)
119.0(14)
118.4(14)
119.3(2)
120.7(2)
119.97(19)
111.69(19)
107.6(2)
109.0(2)
109.4(2)
110.7(2)
108.4(2)
108.3(15)
107.9(16)
109(2)
113.1(14)
106(2)
113(2)
114.7(2)
111.5(15)
114.9(16)
105.6(15)
111.0(15)
97(2)
122.0(2)
123.9(2)
114.2(2)
114.6(2)



C(12)-C(11)-H(11A)
C(7)-C(11)-H(11A)
C(12)-C(11)-H(11B)
C(7)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
0(3)-C(12)-C(11)
0(3)-C(12)-C(13)
C(11)-C(12)-C(13)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13A)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13B)
C(14)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(6)-C(14)-C(16)
C(6)-C(14)-C(15)
C(16)-C(14)-C(15)
C(6)-C(14)-C(13)
C(16)-C(14)-C(13)
C(15)-C(14)-C(13)
C(14)-C(15)-H(15A)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(14)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(17)-C(16)-C(3)
C(17)-C(16)-C(14)
C(3)-C(16)-C(14)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17)
C(16)-C(17)-H(17)
C(17)-C(18)-C(1)
C(17)-C(18)-C(19)
C(1)-C(18)-C(19)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(18)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
0(2)-C(20)-H(20A)
0(2)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
0(2)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
Cl(3)-C(21)-Cl(1)
Cl(3)-C(21)-Cl(2)
Cl(1)-C(21)-Cl(2)
Cl(3)-C(21)-H(21)
Cl(1)-C(21)-H(21)
Cl(2)-C(21)-H(21)

106.0(16)
112.5(15)
113.7(14)
108.6(15)
101(2)
120.7(2)
120.3(2)
119.0(2)
113.2(2)
109.8(13)
108.8(12)
110.1(13)
109.3(12)
105.3(19)
110.5(2)
108.5(2)
108.9(2)
110.5(2)
109.8(2)
108.6(2)
109.5(14)
111.6(14)
107.9(18)
116.1(16)
111(2)
100(2)
118.0(2)
123.4(2)
118.6(2)
124.3(2)
117.2(15)
118.6(15)
116.7(2)
123.3(2)
120.0(2)
114.1(17)
111.4(17)
109(2)
109.9(15)
104(2)
107(2)
111.9(14)
104.7(14)
108(2)
112.1(16)
108(2)
111(2)
110.32(16)
110.32(17)
109.98(17)
109.2(19)
105.5(19)
111.4(16)
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Table 4. Anisotropic displacement parameters (A2x 104 ) for DCBos (CCDC 175588).
The anisotropic displacement factor exponent takes the form:
-om2[ hza*2Uu +...+2hka*b* U2]

Ull U22 U33 U23 U13 U12

0(1) 149(10) 334(13) 235(11) 33(9) 80(9) -25(9)

0(2) 182(10) 311(11) 210(10) 7(9) 113(8) -10(8)

0(3) 154(10) 348(11) 253(11) 24(9) 102(8) -2(8)

0(4) 324(11) 318(12) 214(10) -30(9) 98(9) -60(9)

O(5) 325(11) 325(12) 182(11) -13(10) 95(9) -42(9)

C() 142(14) 230(15) 221(15) -30(12) 23(11) 8(12)
C(2) 142(14) 248(15) 205(15) -29(12) 82(11) -27(11)
C(3) 174(15) 228(15) 167(14) -8(12) 58(11) 4(11)
C(4) 183(15) 279(17) 222(16) 16(14) 92(12) -9(13)
C(5) 223(15) 228(16) 165(15) 17(13) 41(12) 4(12)
C(6) 155(14) 222(15) 159(14) -23(11) 31(11) -4(11)
C(7) 164(14) 230(15) 198(15) 8(12) 36(11) 1(11)
C(8) 240(17) 298(18) 208(16) -20(14) 47(13) 18(14)
C(9) 190(16) 242(16) 242(16) 20(13) 49(12) 24(14)
C(10) 148(14) 267(17) 208(15) 27(13) -21(12) 41(12)
C(11) 150(15) 294(17) 243(16) -13(14) 53(12) 15(13)
C(12) 216(15) 196(15) 230(16) -72(12) 56(12) -7(12)
C(13) 175(15) 235(16) 172(15) 24(13) 71(12) 9(12)
C(14) 158(14) 222(15) 186(14) -19(12) 92(11) -10(11)
C(15) 192(15) 254(16) 217(16) -18(13) 85(12) -7(13)
C(16) 169(14) 203(14) 180(14) -3(11) 79(11) 13(11)
C(17) 176(14) 229(15) 194(15) -22(12) 92(12) -2(12)
C(18) 184(14) 216(15) 191(14) -5(12) 67(11) 22(11)
C(19) 181(16) 298(18) 228(16) 44(15) 29(13) -2(14)
C(20)  237(18) 400(20) 250(17) -48(15) 140(15) -19(15)
C(21)  345(18) 274(18) 296(17) -15(15) 10(14) 23(15)
Cl(1) 443(5) 519(5) 245(4) -55(4) 17(3) 122(4)

Cl(2) 415(5) 447(5) 491(5) 63(4) 117(4) -38(4)

Cl(3) 331(4) 475(5) 339(4) -10(4) 21(3) 69(4)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters
(A2x 10 3) for DCBo5 (CCDC 175588).

X y Z Uiso
H(1) 2670(30) 960(20) 710(20) 37(11)
H(4A) 6260(20) 400(20) 3203(17) 23(7)
H(4B) 5570(20) -560(20) 2799(17) 29(7)
H(5) 7500(20) -1210(20) 3098(17) 29(8)
H(5A) 9470(30) -750(30) 5120(20) 60(10)
H(8A) 8480(20) -2180(20) 1656(18) 30(8)
H(8B) 9870(30) -2160(20) 1514(18) 40(8)
H(8C) 8770(20) -1467(19) 875(19) 30(7)
H(9A) 9340(20) -2040(20) 3214(16) 19(7)
H(9B) 10520(20) -1729(19) 3152(16) 22(7)
H(11A) 10710(20) 190(20) 2508(19) 39(8)
H(11B) 11100(20) -680(20) 1959(16) 29(7)
H(13A) 8666(18) 1287(17) 642(14) 3(6)
H(13B) 8370(20) 165(18) 456(16) 16(7)
H(15A) 8294(19) 2176(18) 1999(15) 11(6)
H(15B) 7970(20) 1565(18) 2856(17) 22(7)
H(15C) 9280(30) 1480(20) 2670(19) 39(8)
H(17) 6830(20) 1466(18) 154(16) 23(7)
H(19A) 4240(20) 2520(20) -652(18) 31(8)
H(19B) 4110(20) 1470(20) -1056(19) 33(8)
H(19C) 5350(20) 2042(19) -1011(17) 32(7)
H(20A) 4260(30) 910(20) 3234(18) 29(8)
H(20B) 2880(20) 553(17) 3031(15) 14(6)
H(20C) 3270(20) 1590(20) 2602(19) 38(9)

H(21) 1220(20) 2450(20) 447(19) 39(9)




Table 6. Hydrogen bonds for DCBos (CCDC 175588) [A and °].

172

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
O(1)-H(1)...0(3)#1 0.72(3) 2.10(3) 2.656(2) 135(3)
O(1)-H(1)...0(2) 0.72(3) 2.28(3) 2.703(3) 119(3)
0(5)-H(5A)...0(4)#2 0.97(4) 1.64(4) 2.600(3) 175(3)

Symmetry transformations used to generate equivalent atoms:

#1X-1,y,Z #2 -X+2,-y,-2+1
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Table 1. Crystal data and structure refinement for DCB11 (CCDC 201187).

Empirical formula Ca:Ho605

Formula weight 358.42

Crystallization Solvent Acetone/heptane
Crystal Habit Fragment

Crystal size 0.26 X 0.22 X 0.17 mm3
Crystal color Colorless

Data Collection

Preliminary Photos Rotation
Type of diffractometer Bruker SMART 1000
Wavelength 0.71073 A MoKo.
Data Collection Temperature 98(2) K
0 range for 11980 reflections used
in lattice determination 2.28 t0 28.32°
Unit cell dimensions a=9.0211(6) A
b =11.3617(7) & B=97.5510(10)°
¢ =17.9596(12) A
Volume 1824.8(2) A3
Z 4
Crystal system Monoclinic
Space group P2,/n
Density (calculated) 1.305 Mg/m3
F(000) 768
Data collection program Bruker SMART v5.054
6 range for data collection 2.13 to 28.32°
Completeness to 6 = 28.32° 93.0%
Index ranges -i1<hs<11,-14<k<14,-23<1<23
Data collection scan type  scans at 5 ¢ settings
Data reduction program Bruker SAINT v6.022
Reflections collected 25862
Independent reflections 4226 [R, = 0.0517]
Absorption coefficient 0.092 mm™!
Absorption correction None

Max. and min. transmission 0.9845 and 0.9764
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Table 1 (cont.)
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Structure solution and Refinement

Structure solution program
Primary solution method
Secondary solution method
Hydrogen placement

Structure refinement program
Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F2

Final R indices [I>20(I), 3426 reflections]
R indices (all data)

Type of weighting scheme used
Weighting scheme used

Max shift/error

Average shift/error

Largest diff. peak and hole

SHELXS-97 (Sheldrick, 1990)
Direct methods

Difference Fourier map
Difference Fourier map
SHELXL-97 (Sheldrick, 1997)
Full matrix least-squares on F?
4226 /0/339

Unrestrained

2.153

R1 = 0.0404, wR2 = 0.0704
R1 = 0.0511, wR2 = 0.0715
Sigma

w=1/02(Fo02)

0.001

0.000

0.326 and -0.254 e.A3

Special Refinement Details

Refinement of F2 against ALL reflections. The weighted R-factor (wR) and goodness of fit
(S) are based on F2, conventional R-factors (R) are based on F, with F set to zero for negative F2.
The threshold expression of F2 > 20( F2) is used only for calculating R-factors(gt) etc. and is not
relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about
twice as large as those based on F, and R-factors based on ALL data will be even larger.

All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using
the full covariance matrix. The cell esds are taken into account individually in the estimation of
esds in distances, angles and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell
esds is used for estimating esds involving L.s. planes.
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
(A2x 103) for DCB11 (CCDC 201187). U(eq) is defined as the trace of the
orthogonalized U tensor.

X y Z U

€q
0(1) 7731(1) 4507(1) 529(1) 19(1)
0(2) 4749(1) 8200(1) 472(1) 21(1)
0(3) 9216(1) 11345(1) 2166(1) 25(1)
0(4) 3377(1) 11397(1) 1288(1) 24(1)
0(5) 5418(1) 12446(1) 1710(1) 29(1)
C(1) 10631(1) 7158(1) 1330(1) 16(1)
C(2) 11220(1) 6047(1) 1256(1) 16(1)
C(3) 12869(2) 5814(1) 1455(1) 23(1)
C(4) 10262(1) 5133(1) 986(1) 16(1)
C(5) 8757(1) 5346(1) 789(1) 15(1)
C(6) 8217(2) 3305(1) 562(1) 20(1)
C(7) 8162(1) 6478(1) 851(1) 14(1)
C(8) 6510(1) 6650(1) 623(1) 18(1)
C(9) 5914(1) 7834(1) 811(1) 15(1)
C(10) 6851(1) 8484(1) 1442(1) 14(1)
C(11) 6098(1) 9579(1) 1751(1) 15(1)
C12) 4682(1) 9175(1) 2071(1) 19(1)
C(13) 5708(1) 10548(1) 1148(1) 17(1)
C(14) 4865(1) 11569(1) 1417(1) 18(1)
C(15) 2478(2) 12330(1) 1540(1) 31(1)
C@16) 7204(1) 10084(1) 2400(1) 18(1)
C(17) 8678(1) 10359(1) 2139(1) 18(1)
C(18) 9450(1) 9319(1) 1844(1) 18(1)
C(19) 8466(1) 8626(1) 1220(1) 14(1)
C(20) 8500(2) 9259(1) 463(1) 19(1)

C(21) 9104(1) 7387(1) 1138(1) 14(1)




Table 3. Bond lengths [A] and angles [°] for DCB11 (CCDC 201187).
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0(1)-C(5)
0(1)-C(6)
0(2)-C(9)
0(3)-C(17)
0(4)-C(14)
0(4)-C(15)
0(5)-C(14)
C(1)-C(2)
C(1)-C(21)
C(1)-H(1)
C(2)-C(4)
C(2)-C(3)
C(3)-H(3A)
C(3)-H(3B)
C(3)-H(30)
C(4)-C(5)
C(4)-H(4)
C(5)-C(7)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-C(21)
C(7)-C(8)
C(8)-C(9)
C(8)-H(8A)
C(8)-H(8B)
C(9)-C(10)
C(10)-C(11)
C(10)-C(19)
C(10)-H(10)
C(11)-C(12)
C(11)-C(13)
C(11)-C(16)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-C(14)
C(13)-H(13A)
C(13)-H(13B)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)
C(16)-C(17)
C(16)-H(16A)
C(16)-H(16B)
C(17)-C(18)
C(18)-C(19)
C(18)-H(18A)
C(18)-H(18B)
C(19)-C(21)
C(19)-C(20)

1.3673(13)
1.4332(14)
1.2162(13)
1.2186(13)
1.3457(14)
1.4438(16)
1.2036(14)
1.3828(16)
1.3997(16)
1.006(12)
1.3963(16)
1.5069(17)
0.967(14)
0.963(16)
0.980(15)
1.3783(16)
0.958(11)
1.4037(15)
0.978(12)
0.973(12)
0.999(13)
1.3926(16)
1.5051(16)
1.5034(16)
0.993(13)
0.996(13)
1.5144(16)
1.5546(16)
1.5679(16)
0.982(11)
1.5377(16)
1.5525(16)
1.5420(16)
0.986(12)
1.025(12)
0.993(12)
1.5018(16)
0.986(12)
0.957(11)
0.969(14)
0.980(15)
0.989(15)
1.4999(17)
0.980(12)
0.982(12)
1.5039(17)
1.5492(16)
0.966(12)
0.996(12)
1.5357(15)
1.5424(16)

C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)

C(5)-0(1)-C(6)
C(14)-0(4)-C(15)
C(2)-C(1)-C(21)
C(2)-C(1)-H(2)
C(21)-C(1)-H(2)
C(1)-C(2)-C(4)
C(1)-C(2)-C(3)
C(4)-C(2)-C(3)
C(2)-C(3)-H(3A)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(2)-C(3)-H(30)
H(3A)-C(3)-H(30)
H(3B)-C(3)-H(3C)
C(5)-C(4)-C(2)
C(5)-C(4)-H(4)
C(2)-C(4)-H(4)
0(1)-C(5)-C(4)
0(1)-C(5)-C(7)
C(4)-C(5)-C(7)
0(1)-C(6)-H(6A)
0(1)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
0(1)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(5)-C(7)-C(21)
C(5)-C(7)-C(8)
C(21)-C(7)-C(8)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8B)
C(9)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
0(2)-C(9)-C(10)
0(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
C(9)-C(10)-C(19)
C(11)-C(10)-C(19)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(19)-C(10)-H(10)
C(12)-C(11)-C(10)
C(12)-C(11)-C(13)
C(10)-C(11)-C(13)

0.996(14)
0.987(13)
0.985(13)

117.41(9)
115.32(10)
121.54(11)
118.7(7)
119.8(7)
118.97(11)
121.17(11)
119.86(11)
109.9(8)
111.4(9)
109.7(12)
111.9(9)
108.7(12)
105.1(12)
120.19(11)
119.0(7)
120.8(7)
124.44(10)
114.64(10)
120.92(11)
105.1(7)
110.4(7)
110.7(10)

111.8(7)
110.0(10)
108.8(10)
119.20(11)
118.20(10)
122.58(10)
115.21(10)
112.9(8)
106.4(7)
109.6(8)
105.9(8)
106.3(11)
124.61(11)
120.35(11)
115.03(10)
115.52(10)
107.82(9)
118.21(9)
104.1(6)
105.7(6)
103.8(6)
108.53(9)
110.46(10)
112.81(9)



C(12)-C(11)-C(16)
C(10)-C(11)-C(16)
C(13)-C(11)-C(16)
C(11)-C(12)-H(12A)
C(11)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(11)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
C(14)-C(13)-C(11)
C(14)-C(13)-H(13A)
C(11)-C(13)-H(13A)
C(14)-C(13)-H(13B)
C(11)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
0(5)-C(14)-0(4)
0(5)-C(14)-C(13)
0(4)-C(14)-C(13)
0(4)-C(15)-H(15A)
0(4)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
0(4)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(17)-C(16)-C(11)
C(17)-C(16)-H(16A)
C(11)-C(16)-H(16A)
C(17)-C(16)-H(16B)
C(11)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
0(3)-C(17)-C(18)
0(3)-C(17)-C(16)
C(18)-C(17)-C(16)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18A)
C(19)-C(18)-H(18A)
C(17)-C(18)-H(18B)
C(19)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(21)-C(19)-C(20)
C(21)-C(19)-C(18)
C(20)-C(19)-C(18)
C(21)-C(19)-C(10)
C(20)-C(19)-C(10)
C(18)-C(19)-C(10)
C(19)-C(20)-H(20A)
C(19)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(19)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(1)-C(21)-C(7)
C(1)-C(21)-C(19)
C(7)-C(21)-C(19)

108.40(10)
107.36(9)
109.15(10)
109.5(7)
110.2(7)
109.2(9)
109.5(7)
108.7(10)
109.7(9)
113.64(10)
104.7(7)
110.9(7)
108.1(7)
109.4(7)
110.0(10)
122.87(11)
125.55(12)
111.58(10)
107.3(8)
109.3(9)
110.0(12)
110.6(8)
111.5(12)
108.1(12)
110.67(10)
108.5(7)
111.5(7)
108.4(7)
107.5(7)
110.2(9)
122.40(11)
122.92(11)
114.67(11)
113.93(10)
109.0(7)
110.2(7)
105.8(7)
109.9(7)
107.8(9)
106.90(9)
110.43(9)
108.92(10)
107.65(9)
113.48(10)
109.42(9)
108.7(7)
111.1(7)
107.8(10)
112.4(7)
107.0(10)
109.7(10)
119.14(11)
121.02(10)
119.82(10)
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Table 4. Anisotropic displacement parameters (A2x 104 ) for DCB11 (CCDC 201187).
The anisotropic displacement factor exponent takes the form:
-om2[ hza*2Uu +...+2hka*b* U]

Uu U22 Uss3 U23 U U2
0(1) 179(5) 129(4) 246(5) -34(4) 5(4) -8(3)
0(2) 175(5) 198(5) 252(5) -10(4) -23(4) 19(4)
0(3) 239(5) 164(5) 340(5) -50(4) -12(4) -28(4)
0@4) 181(5) 202(5) 316(5) -22(4) 1(4) 57(4)
O(5) 270(5) 197(5) 396(6) -85(4) 44(4) -6(4)
C(1) 170(6) 162(6) 152(6) -5(5) 26(5) -28(5)
C(2) 160(6) 188(7) 140(6) 12(5) 29(5) 5(5)
C(3) 165(7) 220(8) 302(8) -28(7) 7(6) 13(6)
C(4) 189(7) 140(6) 158(6) 10(5) 43(5) 31(5)
C(5) 176(6) 159(6) 118(6) -7(5) 29(5) -31(5)
C(6) 223(8) 142(7) 237(7) -9(6) 13(6) -2(6)
C(7) 145(6) 157(6) 123(6) 7(5) 31(5) 4(5)
C(8) 162(7) 168(7) 209(7) -33(6) 8(5) o(5)
C(9) 142(6) 161(6) 161(6) 30(5) 48(5) -18(5)
C(10) 151(6) 128(6) 143(6) 26(5) 21(5) 7(5)
C(11) 173(6) 128(6) 153(6) 1(5) 32(5) 14(5)
C(x2)  202(7) 167(7) 216(7) 13(6) 73(6) 27(6)
C(13) 185(7) 159(7) 171(7) 4(5) 29(5) 13(5)
C(a4)  209(7) 164(7) 163(6) 30(5) 19(5) 19(5)
C(15) 218(8) 287(9) 419(10) -13(7) 64(7) 94(7)
C(16) 241(7) 145(7) 153(7) -7(5) 26(5) 29(5)
C@a7)  203(7) 172(7) 130(6) -11(5) -53(5) 9(5)
C(18) 158(7) 159(7) 206(7) -1(5) 4(5) -17(5)
C(19) 139(6) 125(6) 166(6) o(5) 15(5) -6(5)
C(20)  196(7) 182(7) 201(7) 18(5) 58(6) 0(6)

C(21) 162(6) 150(6) 114(6) 8(5) 37(5) 3(5)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters
(A2x 10 3) for DCB11 (CCDC 201187).

X y Z Uiso
H(1) 11324(13) 7813(10) 1530(6) 16(3)
H(3A) 13385(15) 6538(12) 1604(7) 35(4)
H(3B) 13289(17) 5469(13) 1039(9) 50(5)
H(3C) 13068(16) 5243(13) 1865(9) 48(5)
H(4) 10635(12) 4351(10) 941(6) 13(3)
H(6A) 7338(14) 2849(10) 357(7) 21(3)
H(6B) 8556(13) 3077(10) 1078(7) 18(3)
H(6C) 9048(14) 3171(10) 254(7) 19(3)
H(8A) 6202(14) 6529(11) 77(8) 29(4)
H(8B) 5944(15) 6062(11) 886(7) 33(4)
H(10) 6980(11) 7914(9) 1856(6) 9(3)
H(12A) 4310(12) 9821(10) 2363(6) 17(3)
H(12B) 3867(14) 8942(10) 1643(7) 22(3)
H(12C) 4927(13) 8491(11) 2410(7) 20(3)
H(13A) 6623(14) 10898(10) 997(6) 18(3)
H(13B) 5112(12) 10214(10) 719(6) 12(3)
H(15A) 1440(17) 12099(12) 1419(8) 38(4)
H(15B) 2664(16) 13060(13) 1277(8) 43(4)
H(15C) 2744(16) 12466(12) 2086(9) 44(4)
H(16A) 6816(13) 10804(10) 2604(6) 16(3)
H(16B) 7366(13) 9478(10) 2792(7) 18(3)
H(18A) 10357(14) 9583(10) 1663(6) 16(3)
H(18B) 9741(13) 8799(10) 2285(7) 22(3)
H(20A) 9509(15) 9153(10) 304(7) 26(3)
H(20B) 7759(14) 8917(10) 69(7) 22(3)

H(20C) 8331(13) 10112(11) 498(6) 21(3)
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CHAPTER THREE

Acid-Mediated Cyclization Approaches to the
Densely Substituted Carbocyclic Core of Zoanthenol®

3.1.1 Revised Retrosynthetic Analysis

Chapter 2 described an interesting acid-mediated Sx'-type cyclization to construct
the carbocyclic core of zoanthenol. Efforts to elaborate the product of this route were
unsuccessful, thus the retrosynthetic analysis was altered to include the all-carbon
quaternary stereocenter at C(9) prior to our key cyclization step. Disconnection of side-
chain-appended intermediate 164 at the C(8)—C(9) bond, revealed tricyclic alkyne 217
and lactam 203 (Scheme 3.1.1). The alkyne was envisioned to arise from aldehyde 218,
which would be accessed via an acid-mediated cyclization of an allylic alcohol such as
218. This tethered A—C ring system would in turn be derived from aryl bromide 168
and enal 220. Enal 220 would be available from a ketone such as 221 by means of a

reductive carbonylation as described in Chapter 2.

* This work was conducted in close collaboration with Dr. Douglas C. Behenna, a former
graduate student in the Stoltz Group.
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(o]
Og OMe
OH

hemiaminal alkyne ‘
formation addition
0o —— p—
(o)
Zoanthenol (21)
OMe

) HO o acid-mediated
deoxygenation cyclization
— OMe —>
Gilbert-Seyferth ‘ o
homologation |
(o}

0o
218 H o
Grignard OMe reductive
addition R carbonylation
TBSO
— Br +
esterification i
OR OR
168 220

Scheme 3.1.1 Revised retrosynthesis of zoanthenol.

3.2 Toward a Vicinal Quaternary Center-Containing C Ring Synthon
3.2.1 Synthesis and Desymmetrization of a meso-Anhydride

Given our previous difficulties installing the all-carbon quaternary stereocenter at
C(9), we chose to tackle the synthesis of the vicinal quaternary centers first. Fortunately,
an effective approach to a similar problem had recently been published.! In their total
synthesis of merrilactone A, Danishefsky and coworkers treated electron-rich diene 222
and dimethyl maleic anhydride (223) with mesitylene, collidine, and methylene blue at
165 °C for 3 days to form cycloadduct 224 in 74% yield (Scheme 3.2.1).! The scalable
nature of this reaction allowed access to quantities as large as 75.7 g (66% yield) of endo
adduct 224 and 10.5 g of exo adduct 225 (9% yield) from a single large-scale reaction. It
was envisioned that this Diels-Alder adduct could be advanced to a meso-symmetric

compound, which could be treated with a chiral reagent to allow entry into an
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enantioselective synthesis. We anticipated that employing a strong acid would induce
desilylation followed by in situ dehydration. Gratifyingly, treatment of either the endo
(224) or exo (225) Diels-Alder adduct with 0.5 equivalents of sulfuric acid in 0.1 M 1,2-

dichloroethane produced anhydride 226 in excellent yield.>

OTBS OTBS
OTBS 2 mesitylene, collidine H o o
methylene blue
=z + | o} EEETEEEEE— [0} + (o]
165 °C, 2.5 days
A
o (o] (o]
222 223 224, (66% yield) 225, (9% yield)
oTBS ¢ oTBS o
g H,S0, (0.5 equiv) H,S0, (0.5 equiv)
> - [o]
DCE, reflux, 3 d DCE, reflux, 3 d
o) (94% yield) (83% yield) 0
224 225

Scheme 3.2.1 Synthesis of vicinal all-carbon quaternary centers.

Several reports indicated the feasibility of a meso-anhydride desymmetrization as a
viable entry into an enantioselective synthesis.3 These reactions involve alcoholysis of an
anhydride, catalyzed or mediated by a cinchona alkaloid or derivative. The alkaloid
activates the alcohol by a hydrogen bond, forming a noncovalent adduct such as 227
(Scheme 3.2.2).32 This adduct preferentially activates one of the anhydride carbonyls,
serving as both a Breonsted acid catalyst and a nucleophile. Thus, the carbonyl is
activated via a developing hydrogen bond, while methoxide is delivered selectively to the

same carbonyl. Collapse of tetrahedral intermediate 228 leads to half ester 229.

[NAJ
o
ro:--H H o
H O‘J/\&OMe H OJOM H
- e
O O
H H H
o o} o
227 228 229

Scheme 3.2.2 Mechanism of meso-anhydride desymmetrization by cinchona alkaloids.



184

The desymmetrization of meso-anhydrides is known for a number of bicyclic and
tricyclic systems (232-238, Figure 3.2.1).4 Interestingly, Bolm and coworkers found
that compounds 239—-241 were completely unreactive. The authors hypothesize that
steric interactions prevent reactivity, though these effects appear to be quite subtle.4
This presumed steric constraint cast doubt on the likelihood of success in our own
system because both of the carbonyls in anhydride 226 are neopentyl in nature.

Nevertheless, we proceeded with our efforts to desymmetrize meso anhydride 226.

quinine
o (1.1 equiv)
o +
o MeOH, -55 °C COOH COOMe

d PhMe, CClj, 60 h COOMe COOH
230 231a 231b
Good Substrates: 75-98% ee
Ph Ph
T™MS

w o u o H O W o

y o / o / o o} o} o} o
(o] (o] (o] H
o I I H o H o H o o
232 233 234 235 236 237 238
92% yield 98% yield 96% yield 97% yield 99% yield 93% yield 96% yield
99% ee 98% ee 92% ee 94% ee 93% ee 87% ee 84% ee

Poor Substrates: No Reactivity

oo @&;fo ﬁ%ﬁo

(o}
239

241
Figure 3.2.1 Known meso-anhydride desymmetrization substrates.

At this point, we were poised to attempt the key desymmetrization step. To our
delight, desymmetrization of anhydride 226 was accomplished at ambient temperature
upon treatment with quinine and methanol in toluene to form half-ester 242 in > 99%
yield and 50% ee (Entry 1, Table 3.2.1). Cooling the reaction to -50 °C increased the ee
to 74% (Entry 2), and treatment of 226 with catalytic quinine (243), 1 equiv

pentamethylpiperidine (pempidine) and methanol for 18 days at —-50 °C provided half-

ester 242 in 88% yield and 70% ee (Entry 3). The use of quinidine (244) resulted in the
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formation of the opposite enantiomer of the half-ester in 70% ee (Entry 4). Quinine
derivative 245 allowed access to the desymmetrized product in 72% ee at —25 °C (Entry
5). The best enantioselectivities were observed upon treatment with menthyl-acetate-
substituted quinidine derivative 246.5 In this case, subjecting anhydride 226 to 246,
MeOH, and PhMe at -50 °C provided half-ester 242 in 85% ee (Entry 6). A number of
alternative alcohols were also screened, but they did not show improved
enantioselectivity in the reaction.® Interestingly, significant rate acceleration was
observed for the menthyl acetate derivatives 245 and 246. Although this effect has not
been studied in detail, it is feasible that the alcohol moiety in the parent structures could
intramolecularly hydrogen bond to the tertiary amine and compete with hydrogen
bonding to methanol. Such competition would be prevented by use of menthyl acetate
derivatives 245 and 246. Importantly, this work represents the first example of a
desymmetrization of a meso anhydride that simultaneously sets the absolute
stereochemistry of vicinal all-carbon quaternary centers. Additionally, the ability to
access either enantiomer of half-ester 242 has enabled important flexibility in our

synthetic efforts.
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chiral catalyst
——

PhMe, MeOH, temp

O-(menthylacetate)- O-((-)-menthylacetate)-
quinine (243) quinidine (244) quinine (245) quinidine (246)
Chiral
Controller Other Temperature Sign of
Entry (mol%) Conditions (°C) Time (d) Rotation %ee (% yield)
1 243 (105) MeOH (5 equiv) 22 0.3 - 50 (>99)
2 243 (105) MeOH (5 equiv) -50 0.3 - 74
MeOH (3 equiv)
3 243 (10) pempidine (1 equiv) -50 18 - 70 (88)
50% CCly4 v/iv
4 244 (100) MeOH (3 equiv) -50 6 + 70
5 245 (105) MeOH (10 equiv) -25 3 - 72
6 246 (101) MeOH (3 equiv) -50 10 + 85

Table 3.2.1 Optimized synthesis and desymmetrization of a C ring meso-anhydride.

3.2.2 Elaboration of the Half-Ester

With our desymmetrized diene in hand, we sought to relay the stereochemical
information into the C ring. We investigated several approaches toward this goal,
including an Arndt-Eistert homologation,” a homologation/n-allyl sequence,® and a
selenolactonization/oxidative rearrangement sequence.® Ultimately, we found that
iodolactonization could be affected with good positional selectivity and yield (Scheme
3.2.3). Treatment of the iodolactone with silver acetate led to syn-periplanar attack of
the incoming acetate nucleophile to provide, after methanolysis, allylic alcohol 248. The
connectivity and relative stereochemistry were proven by X-ray analysis of a single

crystal.
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0 i
o (75% yield from 226) (76% yield, 2 steps)

242 247 248

o OH |
oH KI, I, NaHCO, O  1.AgOAc, Py, 32 °C ~ a
_ OMe ——M 3 (o] =
OMe  ACN/H,0, dark ! “ng 2. K,CO3, MeOH L _ove AN
®
o

Scheme 3.2.3 C ring functionalization: iodolactonization and displacement.

3.3.1 Toward a Lactone-Derived C Ring Synthon

Allylic alcohol 248 served as an ideal branch point for our synthetic investigations,
ultimately allowing access to a variety of C ring synthons. Initially, it was advanced to a
lactone-derived synthon, enabling quick access to cyclization substrates. Along these
lines, a simple two-step protocol involving allylic oxidation with MnO.* followed by
hydrogenation with Adams’ catalyst" was employed to provide ketone 249 (Scheme
3.3.1). Methylation of this substrate using simple LDA/Mel conditions afforded almost
exclusively bis-alkylated products as a mixture with starting ketone. Thus, we chose to
employ a 2-step protocol for the installation of the methyl group. Methylenation was
accomplished with N,N-tetramethylmethylenediamine and acetic anhydride.®
Hydrogenation once again occurred cleanly upon treatment with Adams’ catalyst under a
balloon of H., providing methyl ketone 250 as a mixture of diastereomers. Enolization
and trapping with N-phenyl bis(trifluoromethanesulfonamide) provided enol triflate
251. Stille coupling proceeded smoothly to provide a diene, which was oxidatively

cleaved to provide enal 252.
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1. MnO,, acetone

Y

2. H,, PtO,, EtOAc

(71% yield, 2 steps)

|
1. Ac,0, NN
—_—
2. H,, PtO,, EtOAC

(62% yield, 2 steps)

oTf 1. Pd(PPhj),, LiCl, NMP
BuzSn” >
KHMDS, THF, -25 °C (94% yield)
then Tf,NPh 2. 0s0,4, NalO,
acetone, H,0, 0 °C
(82% yield) (70% yield)

Scheme 3.3.1 Synthesis of a lactone-derived C ring synthon.
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In previous C ring synthons, we were able to increase the selectivity during our

fragment coupling step by conducting the Grignard addition in a mixture of CH.Cl. and

Et.O. Unfortunately, enal 252 was insoluble in this mixture of solvents (Scheme 3.3.2).

Thus, we turned to use of a combination of THF and Et,O. Under these conditions, the

reaction proceeded smoothly to provide allylic alcohol 253. However, we observed

complete selectivity for addition in the opposite sense from that of our previous

substrate.13:14.15

Y

Et,0:THF 1:1,0°C
(70% yield)

Scheme 3.3.2 Grignard addition to synthon 252.

3.3.2 Acid-Mediated Cyclizations of Lactone-Derived A—-C Ring Systems

Owing to our success with allylic alcohol substrates in our early work, we subjected

allylic alcohol 253 to neat trifluoroacetic acid at 65 °C (Scheme 3.3.3). From these
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conditions, we observed almost exclusive desilylation of the A ring, and only a trace
amount of a cyclized product was observed. Treatment with a mixture of formic acid and
85% phosphoric acid led to substantial decomposition as well as a trace amount of a
compound that appeared to be cyclized. Overall, we found that this system could not be
efficiently cyclized.

With the goal of increasing the reactivity of the system, we oxidized allylic alcohol
253 to the corresponding enone using Dess-Martin periodinane. Upon treatment with
TFA at temperatures as high as 110 °C, with AICl; in toluene at 100 °C, or with
polyphosphoric acid at 100 °C, we only observed A-ring desilylation or decomposition.
Interestingly, treatment with a 3:1 (v/v) ratio of formic acid and 85% phosphoric acid
induced cyclization of enone 255 to afford the unusual caged bisacetoxyacetal 256 in
47% yield. Unfortunately, X-ray crystallographic analysis of a single crystal revealed that
pentacycle 256 did not possess the desired relative stereochemistry between the newly

formed C(12) stereocenter and the C(9) and C(22) centers.

OMe

TFA (neat) or trace amounts of unidentified
.................... > products displaying features
HCOOH/H;PO, characteristic of cyclization

(91% yield)

l DMP, CH,Cl,, 0 °C

HCOOH:H,PO, 3:1

\

117°C,22 h
(47% yield)

255

Scheme 3.3.3 Lactone-derived A—C ring system cyclizations.
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3.4.1 Functionalization of Allylic Alcohol 248
During the above investigations, we were also working to functionalize allylic alcohol
248 toward alternative C ring precursors. Accordingly, allylic alcohol 248 was smoothly
silylated upon treatment with TBSOTf and pyridine to provide silyl ether 257 (Scheme
3.4.1).1° At this point, we sought to differentiate the oxidation states of the lactone and
methyl ester carbonyl carbons and selectively homologate C(23). Though several options
were pursued, the most facile manner to accomplish this goal was to conduct a global
reduction with lithium aluminum hydride, and then selectively constrain the 1,3-diol as a
cyclic acetal. In the event, LAH reduction proceeded in good yield to provide triol 258.
Subsequent treatment of the triol with anhydrous copper(II) sulfate in acetone” afforded
a mixture of acetal products 259 and 260. Although we targeted selectivity for the 6-
membered ring, we were aware of the competition that could exist between the 6 and 7-
membered ring products.’® The energy gained by formation of the more stable 6-
membered ring is partially counteracted by the 1,3-diaxial interactions (Haxial/ CHsaxia1)
developed in the process. The greater conformational flexibility of the 7-membered ring
avoids the diaxial interaction, but such a ring system is inherently less stable.®® Although
this mixture of products seemed like an obstacle at first, we were able to utilize it as
another branching point for our synthetic efforts. Thus, we simply split our material to

generate two different C ring synthons.»

OTBS
OH TBSO OTBS OTBS
o TBSOTf, Py o LAH, THF OH CuSO,

) OMe CH,Cl,, 0 — 23 °C 5 OMe 0o-s23°C acetone
0 "y H 1

° 0 ° 0 (83% yield OH OH  (88% yield) OH

2 steps) 1:1.5 ratio
248 257 258 259 260

Scheme 3.4.1 Lactone reduction and triol differentiation.
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3.5.1 Toward a 7-Membered Acetal-Derived C Ring
Because our desymmetrization strategy provided access to either enantiomer of all of
our intermediates (see Section 3.1.1), we were able to utilize the 7-membered ring acetal
product to access a C ring synthon with inverted stereochemistry at C(10) (Scheme 3.5.1).
C ring synthons 252 (Scheme 3.3.1), 278 (Scheme 3.6.1), and 280 (Scheme 3.7.1) all
feature an o-disposed secondary alcohol at C(10). Access to a C ring synthon with a f-
disposed alcohol derivative was of interest because we were uncertain about the role this
stereocenter might play in both the acid-mediated cyclizations and radical conjugate
addition reactions (see Chapter 4). Thus, oxidation of allylic alcohol 259 followed by
hydrogenation with Adams’ catalyst afforded ketone 261 in excellent yield over the two
steps. The ketone was then methylated under standard conditions to provide methyl
ketone 262 as a mixture of diastereomers. Enolization with KHMDS and trapping with
N-phenyl bis(trifluoromethanesulfonamide) afforded enol triflate 263 in 92% yield.
Treatment of enol triflate 263 under the reductive carbonylation conditions developed
during our early work® led to formation of enal 264 in 65% yield with quantitative

recovery of enol triflate 263.

OTBS OH
B LDA, -78 °C, 2h
°>< _ u °>< 1) MnO,, acetone >< then HMPA, 0 °C, 1h
, o o 2) PtO,, H,, EtOAC then Mel, =30 °C
OH oTBS (93% yield, 2 steps) 0TBS (72% yield, 10 % yield 267)
(2)-259 (£)-259 261
H (o]
[o] (cH ex)zp/\/\/P(c'Hex)z
°>< KHMDS, THF >< Pd(OAc),, CO, DMA, LiCl o
o PhNTf,, —25 C TEA, TES-H (2 equiv, slow add'n), 35 °C 0><
OTBS (92% yield) oTBS (65% yield, 35% recovered 263) OTBS
262 263 264

Scheme 3.5.1 Synthesis of a 7-membered acetal-derived C ring.
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3.5.2 Acid-Mediated Cyclization of the 7-Membered Acetal Substrate
With enal 264 in hand, we employed our mixed-solvent Grignard conditions for
fragment coupling, which gratifyingly afforded the desired stereochemistry of the C(20)
alcohol in 87% yield with a 10:1 diastereomeric ratio (265, Scheme 3.5.2). Subsequent
oxidation of this alcohol with Dess-Martin periodinane2° provided the corresponding

enone (266) in 89% yield.

OMe

TBSO TBSO o

o >< 181 DMP, DCM O o
> —_—
d Et,0:DCM 1.2:1 °c ><
S2¢c 0
oTBS _ (89% yield)
(87% yield) oTBS oTBS
264 265 266

(10:1 Mixture at C(20))
(Major diastereomer shown)

Scheme 3.5.2 Grignard addition and oxidation to access cyclization substrates.

At this point, we were well poised to begin testing cyclization conditions for this
system. Accordingly, allylic alcohol 265 was treated with neat trifluoroacetic acid, but
provided only trace amounts of products that appeared to be cyclized (Scheme 3.5.3).
The methylene coupling constants in the 'H NMR for 268 indicated the presence of a
tetrahydrofuran-type ring, and a methine signal in the 'H NMR spectra indicated the
presence of the C(10) alcohol functionality. Analysis of the 9F NMR spectra for 268
indicated that in one case, the alcohol was substituted by a trifluoroacetate group.
Tetracycle 269 was only isolated in trace amounts, but it was successfully assigned after

it was isolated unexpectedly in a later reaction (see Section 3.7.2).

Me Me
HO HO
TFA 65°C,5h
Trace ylelds

OMe

OTBS
265, R, =H 268, Ry =H or TFA
(from 265, Ry = H)
267, Ry = Ac tentative assignment minor

Scheme 3.5.3 Cyclization of allylic alcohol 265.
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When enone 266 was subjected to TFA at 60 °C (Scheme 3.5.4), we were able to
isolate 4 compounds that showed evidence of cyclization, with the major cyclized product
having an intriguing set of spectral properties. We found that this compound possessed
two olefinic resonances in its 'H NMR spectrum, and it did not display a carbonyl
stretching frequency in the IR spectrum, nor could a carbonyl carbon be seen in its 3C
NMR spectrum. Ultimately, by comparing the spectra with those observed for
cyclization product 256, we were able to determine that the product observed in this
case must be 270. The methylene coupling constants are also consistent with this
assignment, and the C(12) and C(21) stereochemistry was initially assigned by analogy to
256 as well as by geometrical constraints. Ultimately, we were able to confirm this
assignment by 2D NMR spectroscopy. Strong NOESY correlations were observed
between the methine H at C(21) and the methyl groups at the C(12) and C(22)
quaternary centers as well as the psuedoaxial Hs at C(19) and C(23). Furthermore, a

substantial 3-bond coupling was observed between the equatorial H at C(19) and C(21).

OMe OMe

OTBS
266 270 271
(16% yield) (trace yield)
assigned by 2D NMR tentative assignment
analysis
NOESY correlations

observed for acetal 270

Scheme 3.5.4 Cyclization of 7-membered acetal-derived enone substrate.
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3.6.1 Synthesis of a Homologated C Ring Synthon
Concomitant with our investigations of the 7-membered acetal C ring, we were also
exploring further functionalization of the 6-membered acetonide substrate. Our first
goal in this system was to homologate the primary alcohol by one carbon. Although
alcohol 260 could be readily oxidized to the corresponding aldehyde, we were unable to
homologate this position using the methoxy methylene Wittig reagent.>* Thus, we chose
to hydrogenate the double bond (272), activate the primary alcohol by mesylation, and
conduct a KCN displacement to form nitrile 273 (Scheme 3.6.1). Given the challenging
nature of Sx2 chemistry at neopentyl centers,>> we were delighted to observe good yields
over the homologation sequence. Desilylation was accomplished upon treatment with
TBAF in THF at 40 °C to reveal a secondary alcohol, which was quantitatively converted
to ketone 273 under Swern oxidation conditions. Ketone a-methylation again resulted
in formation of significant amounts of bis-methylation products. Presumably, the first
methylation occurs with good selectivity for the equatorial product, owing to the bicyclic
nature and conformational rigidity of the system. Thus, the remaining proton is likely
the more acidic axial proton. We found it highly challenging to overcome the preference
for the double methylation product. Ultimately, we found that reverse dropwise addition
of the enolate solution into methyl iodide at —35 °C allowed formation of the mono-
methyl product as the major product. In order to obtain this selectivity, the reaction was
quenched before it reached complete conversion, and starting material was readily re-
isolated. In the event, the desired methyl ketone 275 was obtained in 78% yield with
10% yield of recovered ketone 274 and only 5% over-alkylation. Methyl ketone 275 was
then enolized and trapped with Tf.NPh to give enol triflate 2776 in 97% yield. Stille
coupling with vinyl tributylstannane proceeded smoothly and was followed by oxidative

cleavage of the terminal olefin to provide enal 2778 in good yield for the two steps.
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oTBS oTBS QTBS
1) MsCl, TEA, CH,Cl
PtO,, H, 0-23°c "
EtOAc 2) DMSO, KCN, 85 °C
0.0 .
< (96% yield) (76% yield, 2 steps)
260 272

LDA, 78 °C, 2h

1) TBAF, THF, 40 °C CN  then HMPA, 0 °C KHMDS, THF

2) (COCI),, DMSO
CH,Cls, TEA,

then Mel, —25 °C PhNTf,, —25 °C

—-78°C - 23°C (78% yield, x (98% yield)
- 10% recovered 274,
(>99% vyield, 2 steps) 5% bis-alkylation) 275
OTf
A snBu,
CN pd(PPhy), CN  0s0, NalO,
NMP, LiCl Y acetone/H,0, 0 °C
oxo (71% yield, 2 steps) Oxo
276 277 278

Scheme 3.6.1 Synthesis of a homologated C ring synthon.
3.6.2 Acid-Mediated Cyclizations of the Homologated A—C Ring System

With our homologated C ring synthon in hand, we were excited to investigate the
cyclization of the corresponding fragment-coupled product. We anticipated that the
nitrile functionality in this substrate would prevent acetal formation in our enone
cyclization. Addition of Grignard 181 occurred smoothly in a mixture of Et.O and THF
to afford a 4.8:1 ratio of diastereomers (Scheme 3.6.2). This mixture was oxidized to
enone 279 in 85% yield over the two steps. Much to our surprise, treatment of 2779 with
neat TFA again led to acetal 270 in 42% yield. The loss of the nitrile functionality was
unexpected,?3 and a mechanism for this transformation will be discussed in Section

3.8.1.

CN TFA,60°C,5h
_—
(42% yield)

Et,O:THF 4.8:1,-12°C

Y o

2) DMP, CH,Cl,, 0 °C

(85% yield, 2 steps)
278 279 270

Scheme 3.6.2 Fragment coupling and cyclization of the nitrile-derived A—C system.
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3.7.1 Modification of the Homologated A—-C Ring System.

In order to access a system more similar to 183 (Scheme 2.2.4), nitrile 277 was
hydrolyzed to the corresponding acid and oxidatively cleaved the terminal olefin to
provide enal 280 (Scheme 3.7.1). Addition of Grignard 181 to a solution of enal 280 in
Et.O and CH.Cl. provided allylic alcohol 281 in 94% yield and > 10:1 diastereomeric

ratio.24 The allylic alcohol could then be oxidized readily to provide enone 282.

OMe

TBSO.

CN 1. KOH, EtOH, 90 °C 181

f

2. 0s0O,, NalO, Et,0, CH,Cl,, 0 °C
acetone/H,0, 0 °C
(94% yield)
(81% yield, 2 steps) >10:1 dr

DMP, CH,Cl,
0-»22°C

(78% yield)

281 282

Scheme 3.7.1 Synthesis of an acid-derived A—C ring system.

3.7.2 Acid-Mediated Cyclizations of Carboxylic Acid-Derived A—C Ring Systems
Cyclization precursors 281 and 282 held great promise for the acid-mediated
cyclization because they represented the most similar substrates prepared to date when
compared with our successful acid-cyclization system. Specifically, they possessed a
homologated acid functionality on the C ring, as was present in allylic alcohol 183.13
Upon subjecting enone 282 to neat TFA, we were astounded to find that we had again
formed acetal (270, Scheme 3.7.2). The repeated formation of this compound from
significantly different substrates was perplexing. We were excited, however, about the
prospects for allylic alcohol 281, which was not expected to form such an acetal given the

lower oxidation state at C(20). Indeed, upon treatment with neat TFA, now at ambient
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temperature instead of 55-65 °C we observed the formation of a new compound
displaying the desired relative stereochemistry at C(12). Unfortunately, upon
examination of the BC NMR and IR spectra, we found that there were no signals
corresponding to the carboxylic acid or lactone functionalities that we would have
anticipated. Thus, we assigned the observed product as 269. X-Ray diffraction data
obtained from a single crystal confirmed both the desired relative stereochemistry and

our assignment of the fourth ring as a tetrahydrofuran-type ring.

OMe

TFA,60°C,5h

OMe é\\f\ \ —~ {

TFA, 22°C,21 h HO O@ AN — ]
> 0 \ " ~— /
then TBAF, THF 12 P / \
0
269

Il
v
Q
AN
<
I

(70% yield of desired
diastereomer from
high Rsalcohol

281 55% from low R; alcohol)
OMe
TBSO
CH,N,
Et,0 OMe  TFA
(97% yield) 22°C,15h

Scheme 3.7.2 Cyclization of carboxylic acid-derived tethered A—C ring systems.

3.8.1 Mechanistic Hypotheses

Before discussing general mechanistic insights, we outline the proposed mechanism
and potential interactions governing the stereoselectivity for each substrate type
employed in the acid-mediated cyclization. In the lactone-derived C ring system, enone

255 (Scheme 3.3.3) may be activated by protonation, providing extended enol 285



198
(Scheme 3.8.1). Regeneration of the enone and elimination of the lactone moiety would
give carboxylic acid 286. Subsequent enone protonation leads to resonance-stabilized
cation 287. Formation of hemi-acetal 288 leaves only the concave face of the olefin
available for nucleophilic attack by the electron-rich A ring, thus yielding bis-lactone

256 after tautomerization and condensation.

287 288 256

Scheme 3.8.1 Proposed mechanism for formation of bis-lactone 256.

Cyclization of the enone versions of the 7-membered ring acetal (266), nitrile (279),
and carboxylic acid (282) substrates led to the formation of acetal 270 (Scheme 3.8.2).
In the latter two cases, we were surprised to observe loss of C(24). We propose that
these substrates begin with a mechanism similar to that described above, wherein enone
activation leads to deprotonation of 289 to form 290. Subsequent reformation of the
ketone again leads to elimination of the alcohol functionality at C(10) and formation of a
C(10)—C(11) olefin. Protonation leads to a similar resonance stabilized cation 292,
which proceeds through hemiacetal 293, ultimately providing acetal 270. Attack by the
A ring will occur from the concave face of hemiacetal 293 because the convex face is
inaccessible. Intermediates 294 and 295 represent two potential mechanisms by which
C(24) could be lost. In the case of the acid-derived substrate (282), a bifurcated

hydrogen bond could be formed (294), which would activate C(23) for attack by the
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C(20) hemi-acetal. Concomitant liberation of CO and loss of TFA would provide the
observed acetal. Alternatively, intermediate 294 could eliminate TFA directly to form
acylium 295. Attack by the C(20) hemi-acetal would then afford acetal 270. Either of
these intermediates could be accessed upon hydrolysis of the nitrile to form a carboxylic
acid. Alternatively, protonation of the nitrile on N would form a nitrilium, resulting in

elimination to form HCN and the acetal product.

OMe H OMe OMe

294 295, X =0, NH

Scheme 3.8.2 Proposed mechanism for formation of acetal 270.

For allylic alcohol substrate 281, the a-diastereomer likely forms lactone 297 very
quickly (Scheme 3.8.3). Subsequent elimination of the C(10) acetal would then result in
intermediate 300. The p-diastereomer could undergo dehydration, forming diene 299.
Carboxylic acid attack would then lead to lactone 300. Protonation of the lactone
carbonyl would induce an equilibrium between highly stabilized carbocation 301 and
302. We anticipate that protonated lactone 300 is the intermediate that actually

undergoes cyclization, given the extraordinary selectivity observed for this system.
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Furthermore, the stability of this intermediate likely aids in the formation of the product
in the relatively high yields observed. Once again, we were surprised to observe loss of
the C(24) carbonyl during the cyclization. We believe that the cyclization occurs much
more quickly than the C(23)-C(24) bond cleavage. Thus, we propose similar
intermediates to those described above, with the exception that it is the C(8) alcohol that
attacks activated anhydride 303 or acylium 304 to release CO and form

tetrahydrofuran-type product 269.

Scheme 3.8.3 Proposed mechanism for formation of tetracycle 269.
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3.8.2 Mechanistic Summary and Substrate Requirements

Taken together, these results provide a general outline for the development of new
substrates for future investigations. In all cases where cyclized products were observed
from an enone precursor, elimination of the C(10) alcohol occurred. We hypothesize
that the elimination to form the C(10)—C(11) olefin stabilized the developing carbocation
and lowered the energy of the transition state sufficiently to allow cyclization.
Additionally, these substrates led to the formation of an acetal at C(20). The equilibrium
between the ketone and the acetal states may be sufficiently deactivating to slow
cyclization until the C(10)—C(11) olefin is formed. The structural rigidity of the system is
such that the equilibrium between the acetal and ketone intermediates likely predisposes
these substrates toward formation of the undesired stereochemistry at C(12). In all of
the enone substrates, protonation occurs from the f face, leading to syn stereochemistry
at the newly formed stereocenters. In fact, the desired stereochemistry at C(12) has only
been observed for substrates possessing an allylic alcohol as the electrophile. The
highest selectivities and yields are observed for substrates where the alcohol is already in
the o orientation (as depicted), allowing direct anti-periplanar attack via an Sx2'-type
pathway. Additionally, the presence of a tethered carboxylic acid substantially improves
both the selectivity and the yield of the cyclization. In the best case, the key directing
lactone may be formed without initial loss of water, thus preventing decomposition
pathways that may occur during intermediate steps.

Thus, any future substrates should display the following design elements. First, the
electrophilic component of the substrate should be a secondary allylic alcohol, preferably
with an a-disposed alcohol (Figure 3.8.1). The substrate should incorporate a carboxylic
acid group pendant from the C(22) quaternary center. It may be necessary to have
already installed C(23) before the cyclization, although it remains unclear at this point

whether y-lactone formation is required or whether a d-lactone would direct the
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cyclization equally well. If C(24) is present in the substrate, the R group at the C(9)
quaternary center should not contain a nucleophilic moiety that can induce expulsion of
CO from the carboxylic acid moiety. Furthermore, both C(8) and C(23) cannot be in the
alcohol oxidation state, or a furan will be formed. Finally, in order to avoid excessive
late-stage reinstallation of oxygenation, C(10) should be in the ketone oxidation state. In
this way, the more activated intermediates with C(10)-C(11) olefination can be accessed

(in the form of the enol tautomer) without loss of oxygenation.

2° Alcohol, ao-stereochemistry

24 OH <:I Homologated with carboxylic acid

Ketone oxidation state %
R should not be nucleophilic

Figure 3.8.1 Requirements for future acid cyclization substrates.

3.9.1 Summary of Brensted Acid Cyclization Efforts.

In summary, we have synthesized and tested a host of different cyclization precursors
for the acid-mediated cyclization of tethered A—C ring systems to form the carbocyclic
core of zoanthenol. Despite the harsh nature of this system, we have been able to access
highly complex systems in very good yields when the multi-step nature of the reaction is
considered. =~ For example, in the case of allylic alcohol 281, a desilylation,
alcohol/lactone elimination, acetone elimination, and CO elimination all occur in
addition to the cyclization. In total, 6 reactions occur in one reaction flask, with one
reagent, to form the desired diastereomer of a tetracyclic compound possessing three all-
carbon quaternary centers in 70% yield (corresponding to an average 94% yield per

reaction). Clearly, this method has presented a number of challenges. However, the
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range of substrates that we have employed has helped us to develop a detailed grasp of
the requirements of the system. Thus, we remain confident that this method is the most
powerful of our current methods to form the C(12) quaternary center from a tethered A—

Cring system.

3.10.1 Materials and Methods

Unless otherwise stated, reactions were performed at ambient temperature (typically
19—24 °C) in flame-dried glassware under an argon or nitrogen atmosphere using dry,
deoxygenated solvents. Solvents were dried by passage through an activated alumina
column under argon. HMPA, TEA, DIPA, and pyridine were freshly distilled from CaH..
KHMDS (95%) was purchased from Aldrich and stored in a glovebox until use.
Trifluoroacetic acid (99%) was purchased from Aldrich. LiCl was flame-dried under
vacuum prior to use. Magnesium turnings were of 99.98% purity and purchased from
Aldrich. TBSCI was purchased from Gelest. TBSOTf was freshly prepared as described
by Corey.?5 All other commercially obtained reagents were used as received. Reaction
temperatures were controlled by an IKAmag temperature modulator. Thin-layer
chromatography (TLC) was performed using E. Merck silica gel 60 F254 precoated plates
(0.25 mm) and visualized by UV fluorescence quenching, anisaldehyde, KMnO,, or CAM
staining. ICN silica gel (particle size 0.032—0.063 mm) was used for flash

chromatography. Optical rotations were measured with a Jasco P-1010 polarimeter at
589 nm. 'H and C NMR spectra were recorded on a Varian Mercury 300 (at 300 MHz
and 75 MHz respectively), or a Varian Inova 500 (at 500 MHz and 125 MHz respectively)
and are reported relative to Me,Si (8 0.0). Data for 'H NMR spectra are reported as
follows: chemical shift (6 ppm) (multiplicity, coupling constant (Hz), integration).

Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet,

sept. = septet, m = multiplet, comp. m = complex multiplet, app. = apparent, bs = broad



204
singlet. IR spectra were recorded on a Perkin Elmer Paragon 1000 spectrometer and are
reported in frequency of absorption (cm™). High-resolution mass spectra were obtained
from the Caltech Mass Spectral Facility. Crystallographic analyses were performed at the
California Institute of Technology Beckman Institute X-Ray Crystallography Laboratory.
Crystallographic data have been deposited at the CCDC, 12 Union Road, Cambridge CB2
1EZ, UK and copies can be obtained on request, free of charge, from the CCDC by
quoting the publication citation and the deposition number (see Appendix B for

deposition numbers).
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3.10.2 Preparation of Compounds

fres o collidine ?TBS o oTBS
=z methylene blue
* |0 > o + o
X mesitylene, 167 °C
(o] ° S
222 223 224 225
(66% yield) (9% yield)

Endo-Diels-Alder Adduct 224 and Exo-Diels-Alder Adduct 225. A mixture of
diene 222 (67.3 g, 367.2 mmol, 1.00 equiv), 2,3-dimethylmaleic anhydride (223, 46.3 g,
367.2 mmol, 1.00 equiv), collidine (2.91 mL, 22.0 mmol, 0.06 equiv), methylene blue
(68.0 mg, 0.213 mmol, 0.000579 equiv), and mesitylene (80 mL) in a flamed-dried Ar
filled Schlenk was sparged with Ar for 10 min, sealed, and heated to 167 °C for 3 d. Upon
cooling, the reaction mixture was concentrated at 80 °C to give an oil, which was purified
by flash chromatography on silica gel (1 to 10% EtOAc in hexanes) to give known endo-
Diels-Alder adduct 224 (75.7 g, 66% yield) which solidified on standing: Ry 0.42 (15%
EtOAc in hexanes) and exo-Diels-Alder adduct 225 (10.5 g, 9% yield) as an amorphous
solid: Ry 0.58 (15% EtOAc in hexanes); 'H NMR (500 MHz, CDCl;) 6 6.11 (m, 1H), 5.99
(m, 1H), 4.35 (d, J = 5.5 Hz, 1H), 2.61 (dd, J = 6.3, 16.3 Hz, 1H), 2.42 (app. dt, J = 3.3,
16.5 Hz, 1H), 1.42 (s, 3H), 1.39 (s, 3H), 0.88 (s, 9H), 0.10 (s, 3H), 0.04 (s, 3H); 3C NMR
(125 MHz, CDCl,) 8 177.4, 175.1, 132.2, 129.8, 69.1, 53.8, 46.5, 34.2, 25.6, 21.6, 18.0, 17.6,
—4.4, —5.2; IR (Neat film NaCl) 2952, 2930, 1774, 1250, 986, 1091, 986, 958, 914, 838,
778 cm?; HRMS (FAB+) [M+H]* m/z calc'd for [C,eH26SiO4+H]*: 311.1679, found

311.1671.
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oTBS ¢ o]
H,S0, (0.5 equiv)
[0} > [0}
DCE, reflux, 3d
o (94% yield) 0
224 226

Diene 226. To a solution of endo-Diels-Alder adduct 224 (19.0 g, 61.4 mmol, 1.0
equiv) in DCE (614 mL) was added H.SO, (1.71 mL, 30.7 mmol, 0.50 equiv) and the
resulting solution was refluxed for 3 d. Upon cooling the reaction mixture was washed
with sat. aq. NaHCO; (2 x 300 mL) [Caution: gas evolution!] and extracted with CH.Cl.
(2 x 120 mL). The combined organics from two such reactions were concentrated to give
an oil and purified by flash chromatography on silica gel (1 to 10% EtOAc in hexanes) to
give diene 226 (20.7 g, 94% yield) as a white solid: mp 61.5-62.5 °C; R 0.33 (15%
EtOAc in hexanes); 'H NMR (500 MHz, CDCl,) 6 6.18—-6.13 (m, 2H), 5.66—5.61 (m, 2H),
1.37 (s, 6H); 3C NMR (125 MHz, CDCl;) 8 175.1, 126.3, 124.5, 49.9, 18.6; IR (Neat film
NaCl) 2984, 2940, 2848, 1856, 1785, 1233, 1196, 962, 912 cm™*; HRMS (FAB+) [M+H]*

m/z calc'd for [Ci6H26Si04+H]*: 311.1679, found 311.1671.

0 (o}
o quinine, DBU OH Kl, I, NaHCO4 o
PhMe, MeOH, 22 °C OMe ACN, H,0 oM
[o) fo) (75% yield, 2 steps) 0 0
226 242 247

Iodolactone 247. To a solution of diene 226 (17.2 g, 96.6 mmol, 1.00 equiv), quinine
(3.48 g, 9.66 mmol, 0.10 equiv), and DBU (15.9 mL, 106 mmol, 1.1 equiv) in toluene (483
mL) was added MeOH (39.1mL, 966 mmol, 10.0 equiv). After 5 h, the reaction mixture
was concentrated and the residue was diluted with EtOAc (1.00 L), washed with 2 M HCI
(3 x 200 mL) and brine (1 x 200 mL), dried (MgSO,), and concentrated. Upon standing
under vacuum, carboxylic acid 242 solidified and was typically used immediately in the
next step without purification: Ry 0.19 (30% acetone in hexanes); 'H NMR (500 MHz,

CDCl;) 6 5.80—5.45 (m, 4H), 3.66 (s, 3H), 1.46 (s, 3H), 1.45 (s, 3H); 3C NMR (125 MHz,



207
CDCly) 6 180.5, 175.1, 131.6, 131.5, 121.9, 121.8, 52.1, 48.4, 48.1, 20.2 (2C); IR (Neat film
NaCl) 2985, 2954, 1731, 1700, 1258, 1240, 1132, 1102, 702 cm'; HRMS (EI) [M]* m/z
calc'd for [C1;H14,0,]*: 210.0892, found 210.0898; [a.]p2¢® —10.94 (¢ 1.03, CHCl;, 50% ee)
from reaction with stoichiometric quinine. HPLC analysis (Chirapak AD 4.6 x 25 mm,
5.0% IPA in 95% hexane with 0.1% TFA, 1.0 mL/min, A = 254 nm) of the asymmetric
reaction performed with a catalytic amount of menthol derivative 246 showed carboxylic
acid 242 to be of 85% ee (tfast = 10.11 min, major; tsow = 12.13 min, minor).

The above residue containing carboxylic acid 242 (theoretical yield: 96.6 mmol, 1.00
equiv) was dissolved in ACN (380 mL) and H.O (380 mL) and treated with NaHCO,
(24.3 g, 290 mmol, 3.00 equiv), KI (43.3 g, 261 mmol, 2.70 equiv), and L (66.2 g, 261
mmol, 2.70 equiv) and the flask was wrapped in foil to exclude light. After 10 h, the
reaction mixture was quenched in the dark with sat. aq. Na.S.O; until colorless, diluted
with EtOAc (650 mL), extracted with EtOAc (2 x 300 mL), washed with brine (200 mL),
dried (MgS0O,), and concentrated to an oil, which was purified by flash chromatography
on silica gel (10 to 20% EtOAc in hexanes) to provide iodolactone 247 (24.4 g, 75% yield,
2 steps) as an unstable solid (typically used immediately in the next step): Ry 0.35 (50%
EtOAc in hexanes); *H NMR (300 MHz, CsDs) & 5.33 (ddd, J = 1.5, 3.0, 9.3 Hz, 1H), 4.86
(dd, J = 1.5, 9.3 Hz, 1H), 4.63 (app. t, J = 2.1 Hz, 1H), 4.29 (m, 1H), 3.13 (s, 3H), 1.34 (s,
3H), 1.27 (s, 3H); 3C NMR (75 MHz, CsDs) & 175.3, 173.0, 133.0, 130.1, 80.4, 53.6, 52.5,
47.0, 16.9, 16.0, 15.0; IR (Neat film NaCl) 2953, 1795, 1732, 1450, 1293, 1247, 1141, 1107,

1062, 969 cm*; HRMS (EI) [M]* m/z calc'd for [C,;H1,0,11+: 336.9937, found 336.9930.
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(o] AgOAc o
é
1 ""O/ OMe pyridine, 35 °C ""0/ Ole
(o}

(o] (82% yield)

247 247a

Allylic Acetate 247a. To a solution of iodolactone 247 (23.0 g, 68.5 mmol, 1.00 equiv)
in pyridine (140 mL) was added AgOAc (34.3 g, 206 mmol, 3.00 equiv). The reaction
mixture was wrapped in foil to exclude light and heated to 35 °C. After 3.5 d, the
reaction mixture was concentrated (~ 5 torr at 50 °C), diluted with H.O (500 mL) and
CH.Cl. (300 mL), and extracted with CH>Cl. (7 x 150 mL). The combined organics were
dried (MgSO,), filtered, concentrated, and purified by flash chromatography on silica gel
(15 to 35% EtOAc in hexanes) to provide allylic acetate 247a (15.2 g, 82% yield) as an oil:
Ry 0.57 (50% EtOAc in hexanes); 'H NMR (500 MHz, CDCl,) ¢ 6.33 (ddd, J = 1.0, 5.6,
9.1 Hz, 1H), 5.98 (ddd, J = 1.0, 3.5, 9.0 Hz, 1H), 5.35 (dd, J = 1.5, 3.5 Hz, 1H), 4.85 (dd, J
= 1.0, 6.0 Hz, 1H), 3.75 (s, 3H), 2.11 (s, 3H), 1.46 (s, 3H), 1.34 (s, 3H); 3C NMR (125
MHz, CDCl;) 8 177.2, 173.0, 169.6, 131.1, 129.5, 76.8, 69.9, 54.7, 52.7, 50.0, 20.7, 15.6,
13.6; IR (Neat film NaCl) 2986, 2953, 1788, 1735, 1373, 1257, 1219, 1024, 962 cm;

HRMS (FAB+) [M+H]* m/z calc'd for [C;sH1606+H]*: 269.1025, found 269.1014.

OAc OH

o K,CO3, MeOH o
> OMe —_— % OMe
"0 S (93% yield) "0 S
247a 248

Allylic Alcohol 211. To a solution of allylic acetate 210 (15.2 g, 56.2, 1.00 equiv) in
MeOH (275 mL) was added K.CO; (1.55 g, 11.3 mmol, 0.20 equiv) and the reaction was
vigorously stirred. After 10 min, TLC analysis indicated consumption of the starting
material, and the reaction mixture was quenched with H.O (200 mL), brine (300 mL),

and CH:Cl. (200 mL). The pH of the aqueous layer was adjusted to pH 7 with 3 M HCl
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(~ 8 mL) [Caution: gas evolution!] and extracted with CH.Cl. (10 x 50 mL). The
combined organics were washed with brine (100 mL), concentrated, and purified by
flash chromatography on silica gel (25 to 35% EtOAc in hexanes) to provide allylic
alcohol 211 (11.9 g, 93% yield) as a white solid. Crystals suitable for X-ray analysis were
obtained by crystallization from Et.O/heptanes at ambient temperature: mp 94.5-95.5
°C (Et.O/heptane); Rr 0.38 (50% EtOAc in hexanes); 'H NMR (500 MHz, CDCl;) 6 6.22
(ddd, J = 1.5, 5.8, 9.3 Hz, 1H), 6.04 (ddd, J = 1.0, 3.3, 9.3 Hz, 1H), 4.79 (dd, J = 1.0, 5.5
Hz, 1H), 4.15 (dd, J = 1.0, 3.5 Hz, 1H), 3.72 (s, 3H), 1.43 (s, 3H), 1.41 (s, 3H); 3C NMR
(125 MHz, CDCl;) 6 179.3, 173.6, 134.8, 127.3, 77.4, 69.8, 54.7, 52.6, 50.8, 15.5, 13.7; IR
(Neat film NaCl) 3484, 2954, 1773, 1731, 1454, 1259, 1137, 1110, 1049, 1031, 983, 955 cm"

1. HRMS (FAB+) [M+H]* m/z calc'd for [C,;H.,O5+H]*: 227.0919, found 227.0924.

OH (o}
o 1. MnO,, acetone . o
5 OMe 2. PtO,, EtOAc, H, (1 atm) > OMe
K K
0 fo) (71% vyield, 2 steps) o o
248 249

Ketone 249. To a solution of allylic alcohol 248 (2.23 g, 9.86 mmol, 1.00 equiv) in
acetone (100 mL) was added activated MnO. (17.1 g, 197 mmol, 20.0 equiv) and the
reaction mixture was stirred at ambient temperature for 1.25 h. The reaction mixture
was filtered, washed with acetone, and concentrated to an oil.

To a solution of this crude material in EtOAc (60 mL) was added PtO. (67.1 mg,
0.296 mmol, 0.03 equiv), and the reaction mixture was sparged with H. (5 min) and
stirred vigorously under an atmosphere of H. (balloon) for 1.5 h. The reaction mixture
was flushed with N. and concentrated to an oil, which was purified by flash
chromatography on silica gel (30 to 50% EtOAc in hexanes) to provide ketone 249 (1.59

g, 71% yield) as an amorphous solid: Ry 0.38 (50% EtOAc in hexanes); 'H NMR (300
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MHz, CDCl;) 6 4.89 (dd, J = 1.2, 3.9 Hz, 1H), 3.75 (s, 3H), 2.62—2.56 (m, 2H), 2.47-2.37
(m, 1H), 2.15—2.01 (m, 1H), 1.23 (s, 3H), 1.20 (s, 3H); 3C NMR (75 MHz, CDCl;) 6 200.0,
173.4, 171.3, 79.4, 62.4, 56.5, 53.0, 33.9, 24.9, 14.3, 9.3; IR (Neat film NaCl) 2989, 2955,
1790, 1732, 1343, 1267, 1227, 1152, 1089, 1018, 966 cm; HRMS (EI) [M]+* m/z calc'd for

[Ci:H1405]*: 226.0841, found 226.0847.

[
o 1. Ac0, _ N _N_ .~ o
7 OMe 2. PtO,, EtOAc, H, (1 atm) - OMe
o o
o o

(62% yield, 2 steps)

Methyl ketone 250. To a cooled (15 °C) solution of ketone 249 (1.31 g, 5.77 mmol,
1.00 equiv) and Ac.O (6.55 mL, 69.3 mmol, 12.0 equiv) was added N,N,N’,N-
tetramethyldiaminomethane (4.73 mL, 34.6 mmol, 6.00 equiv) in a dropwise manner
over 30 min. At the end of the addition, the reaction was allowed to come to ambient
temperature. After 4 h, additional Ac.O (6.00 mL, 63.5 mmol, 11.0 equiv) and
N,N,N’,N-tetramethyldiaminomethane (7.00 mL, 51.3 mmol, 8.89 equiv) were added
and the reaction was warmed to 32 °C for 12 h. The reaction mixture was then cooled,
concentrated in vacuo, quenched into water (40 mL), sat. aq. NaHCO; (20 mL), and ice
(40 g), and extracted with CH.Cl. (4 x 40 mL). The combined organics were dried
(Na.SO,) and concentrated to give a crude solid which was used immediately in the next
step.

To a solution of the crude material in EtOAc (100 mL) was added PtO. (131 mg, 0.577
mmol, 0.10 equiv), and the reaction mixture was sparged with H. (5 min) and stirred
vigorously under an atmosphere of H. (balloon) for 5.5 h. The reaction mixture was
flushed with N. and concentrated to an oil, which was purified by flash chromatography
on silica gel (20 to 40% EtOAc in hexanes) to provide a single diastereomer of methyl

ketone 250 (854 mg, 62% yield) as an amorphous solid: Ry 0.57, 0.29 (50% EtOAc in
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hexanes, 50% Et.O in hexanes developed twice); '"H NMR (300 MHz, CDCl;) 6 4.87 (m,
1H), 3.75 (s, 3H), 2.75—-2.56 (m, 2H), 1.82—-1.66 (m, 1H), 1.27 (s, 3H), 1.14 (d, J = 6.3 Hz,
3H), 1.11 (s, 3H); 3C NMR (75 MHz, CDCl,) 6 202.3, 174.1, 171.3, 79.4, 62.0, 57.3, 53.0,
38.9, 34.0, 14.7, 13.9, 9.6; IR (Neat film NaCl) 2987, 2954, 1788, 1726, 1259, 1154, 1077,

1038 cm; HRMS (EI) [M]* m/z calc'd for [C,oH1605]*: 240.0998, found 240.0996.

0 oTf
KHMDS, THF, -25 °C
o > o
OMe then PhNTf, OMe
“or : -.,,o/
o o (82% yield) o
250 251

Triflate 251. To a cooled (-25 °C) solution of KHMDS (339 mg, 1.70 mmol, 1.20 equiv)
in THF (12 mL) was added methyl ketone 250 (340 mg, 1.42 mmol, 1.00 equiv) in THF
(10 mL) in a dropwise manner over 10 min. After 1.5 h at -25 °C, PhNTf, (708 mg, 1.98
mmol, 1.40 equiv) in THF (5 mL) was added, and the reaction was maintained for an
additional 30 min at -25°C. The reaction mixture quenched into half-saturated brine
(40 mL) and EtOAc (40 mL), and extracted with EtOAc (4 x 15 mL). The combined
organics were washed with brine (2 x 20 mL), dried (MgS0O,), and concentrated to an oil,
which was purified by flash chromatography on silica gel (15 to 40% EtOAc in hexanes)
to provide triflate 251 (435 mg, 82% yield) as an oil: Ry 0.20 (50% Et.O in hexanes
developed twice); '"H NMR (300 MHz, CDCl) 6 4.59 (app. t, J = 2.7 Hz, 1H), 3.75 (s, 3H),
2.63—-2.47 (m, 2H), 1.86 (s, 3H), 1.42 (s, 3H), 1.33 (s, 3H); 3C NMR (75 MHz, CDCl;) &
174.1, 172.1, 138.2, 128.2, 118.4 (app. d, Jc-r = 319 Hz), 77.2, 54.6, 53.0, 50.4, 35.0, 17.2,
12.6, 10.0; IR (Neat film NaCl) 2956, 1790, 1727, 1408, 1208, 1138, 824 cm™*; HRMS (EI)

[M+H]* m/z calc'd for [CisHi50,F;S+H]*: 373.0569, found 373.0550.
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oTt
Pd(PPhs)s, 27 “SnBu;,

OMe LiCl, NMP, 65 °C

“0 5 (94% yield)

251
Diene 251a. To a solution of triflate 251 (865 mg, 2.32 mmol, 1.00 equiv), Pd(PPhy),
(134.2 mg, 0.116 mmol, 0.05 equiv), and LiCl (295 mg, 6.97 mmol, 3.00 equiv) in NMP
(18 mL) was added tributyl(vinyDtin (1.02 mL, 3.48 equiv, 1.50 equiv), and the mixture
was heated to 65 °C for 9.5 h. The reaction mixture was cooled to ambient temperature,
quenched with H.O (50 mL) and Et.O (50 mL), and extracted with Et.O (5 x 30 mL).
The combined organics were washed with brine (2 x 20 mL), dried (MgSO,), and
concentrated to an oil, which was purified by flash chromatography on silica gel (5 to
25% EtOAc in hexanes) to provide diene 251a (545 mg, 94% yield) as an oil: Ry 0.63,
0.80 (50% Et.O in hexanes developed thrice, 50% EtOAc in hexanes developed twice);
'H NMR (300 MHz, CDCl;) 6 6.01 (ddd, J = 1.2, 11.3, 17.6 Hz, 1H), 5.34 (dd, J = 2.0, 11.3
Hz, 1H), 5.02 (dd, J = 2.3, 17.6 Hz, 1H), 4.53 (app. t, J = 2.7 Hz, 1H), 3.70 (s, 3H), 2.37 (s,
2H), 1.72 (s, 3H), 1.23 (s, 3H), 1.20 (s, 3H); 3C NMR (75 MHz, CDCl;) 6[1176.7, 173.7,
132.3, 131.5, 130.2, 120.6, 77.7, 53.6, 52.5, 49.3, 35.3, 20.0, 12.9, 12.5; IR (Neat film
NaCl) 2985, 2951, 2911, 1782, 1730, 1267, 1198, 1144, 1089, 1035, 972 cm; HRMS (EI)

[M]+* m/z calc'd for [C,H180,4]*: 250.1205, found 250.1204.

0s0,, NalO,
~ >
OMe acetone, H,0, 0 °C
o (70% yield)
251a 252

Enal 252. To a cooled (0 °C) solution of diene 251a (271 mg, 1.08 mmol, 1.00 equiv) in
acetone (8.00 mL) and H.O (8.00 mL) was added OsO, (27.5 mg, 0.108 mmol, 0.10

equiv) and NalO, (511 mg, 2.38 mmol, 2.20 equiv). After 8.5 h at 0°C, the reaction
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mixture was quenched with brine (30 mL) and EtOAc (30 mL), and extracted with
EtOAc (5 x 30 mL). The combined organics were dried (Na.SO,) and concentrated to an
oil, which was purified by flash chromatography on silica gel (25 to 50% EtOAc in
hexanes) to provide enal 252 (191 mg, 70% yield) as a solid: Ry 0.48 (50% EtOAc in
hexanes developed twice); 'H NMR (300 MHz, CDCls;) 6 9.88 (s, 1H), 4.54 (app. t,J = 2.4
Hz, 1H), 3.72 (s, 3H), 2.57 (d, J = 1.8 Hz, 2H), 2.07 (s, 3H), 1.49 (s, 2H), 1.21 (s, 3H); 3C
NMR (75 MHz, CDCl,) 6 189.9, 176.0, 172.8, 151.0, 131.6, 76.7, 53.9, 52.7, 48.2, 37.5,
19.2, 12.5, 12.3; IR (Neat film NaCl) 2952, 1786, 1729, 1681, 1333, 1273, 1250, 1201, 1136,
1082, 1034, 969 cm?; HRMS (EI) [M]* m/z calc'd for [CisHi605]*: 252.0998, found

252.0984.

\/

Et,0:THF 1:1,0°C

(70% yield)

253

Allylic alcohol 252. A flame-dried two-neck round bottom flask equipped with a
reflux condenser and septum was charged with magnesium turnings (1.03 g, 42.4 mmol,
32.4 equiv) and Et.O (12 mL) under an N, atmosphere and heated to reflux. To this
mixture was added 1,2-dibromoethane (150 uL, 1.74 mmol, 1.33 equiv) in a dropwise
manner [Caution: gas evolution!]. When gas evolution ceased, a solution of benzyl
bromide 151 (677 mg, 1.96 mmol, 1.50 equiv) in Et.O (7.0 mL) was added in a dropwise
manner over 30 min and heating was continued for an additional 30 min. The Grignard
reagent was then cooled (0 °C) and added to a cooled (0 °C) solution of enal 252 (330
mg, 1.31 mmol, 1.00 equiv) in Et.O (10 mL) and THF (30 mL). After 1 h at o °C, the
reaction mixture was allowed to come to ambient temperature, and after an additional

30 min, the reaction was quenched with ice-cold H.O (50 mL), 2 M HCI (2.0 mL), and
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Et.O (20 mL), and extracted with Et.O (4 x 40 mL). The combined organics were
washed with brine (2 x 30 mL), dried (MgSO,), and concentrated to an oil, which was
purified by flash chromatography on silica gel (15 to 50% EtOAc in hexanes) to give
allylic alcohol 253 (477 mg, 70% yield) as a white solid. Crystals suitable for X-ray
analysis were obtained by crystallization from EtOAc/heptanes at ambient temperature:
mp 154—155 °C (EtOAc/heptane); R 0.50 (35% EtOAc in hexanes developed twice); 'H
NMR (300 MHz, CDCl,) 6 6.83 (d, J = 7.7 Hz, 1H), 6.71 (d, J = 7.5 Hz, 1H), 4.75 (bs, 1H),
4.52 (app. t, J = 2.6 Hz, 1H), 3.74 (s, 3H), 3.72 (s, 3H), 3.00—2.80 (m, 2H), 2.76—2.54
(bs, 1H), 2.36 (m, 2H), 2.20 (s, 3H), 1.78 (s, 3H), 1.50 (s, 3H), 1.29 (s, 3H), 1.02 (s, 9H),
0.15 (m, 6H); 3C NMR (75 MHz, CDCl;) 8 177.7, 173.8, 149.4, 147.1, 132.5, 131.8, 129.8,
129.6, 126.3, 123.5, 123.3, 72.0, 60.1, 54.4, 52.6, 50.0, 37.4, 37.0, 26.0, 19.4, 18.6, 17.1,
13.1, 12.9, —4.1; IR (Neat film NaCl) 3519, 2953, 2930, 2858, 1777, 1731, 1462, 1419, 1259,
1073, 840 cm?; HRMS (FAB+) [M+Na]* m/z calc'd for [C.sH,.SiO,+Nal*: 541.2598,

found 541.2571.

DMP, DCM
0°C
(91% yield)

253 255
Enone 255. To a cooled (0 °C) solution of allylic alcohol 253 (129 mg, 0.248 mmol,
1.00 equiv) in CH.Cl. (20 mL) was added Dess-Martin periodinane (210 mg, 0.496
mmol, 2.00 equiv) and the resulting mixture was stirred for 1 h. The reaction mixture
was diluted with Et.O (75 mL), filtered, and concentrated to an oil, which was purified by
gradient flash chromatography on silica gel (15 to 40% EtOAc in hexanes) to give enone
255 (117 mg, 91% yield) as a foam: Ry 0.57 (35% EtOAc in hexanes developed twice); 'H

NMR (300 MHz, CDCl;) 6 6.83 (d, J = 7.8 Hz, 1H), 6.64 (d, J = 8.1 Hz, 1H), 4.61 (app. t,
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J = 2.4 Hz, 1H), 3.94 (d, J = 17.7 Hz, 1H), 3.76 (d, J = 17.7 Hz, 1H), 3.75 (s, 3H), 3.65 (s,
3H), 2.46 (dd, J = 2.7, 18.9 Hz, 1H), 2.35 (dd, J = 1.5, 18.9 Hz, 1H), 2.20 (s, 3H), 1.66 (s,
3H), 1.29 (s, 3H), 1.28 (s, 3H), 1.02 (s, 9H), 0.15 (s, 6H); 3C NMR (75 MHz, CDCl;) 6
203.3, 176.2, 173.1, 150.0, 146.9, 135.4, 130.6, 130.0, 125.7, 124.4, 123.3, 77.8, 59.8, 53.5,
52.7, 47.8, 46.2, 34.3, 26.0, 18.8, 18.4, 17.0, 12.5, 11.7, —4.3; IR (Neat film NaCl) 2953,
2930, 2858, 1785, 1732, 1463, 1421, 1286, 1252, 1236, 840 cm™*; HRMS (FAB+) [M+H]*

m/z calc'd for [CosH40Si0,+H]*: 517.2622, found 517.2631.

117°C,22 h

(47% yield)

255 256

Bisacetoxyacetal 256. A solution of enone 255 (58.5 mg, 0.113 mmol, 1.00 equiv) in
formic acid (2.40 mL) and 85% H3;PO, (800 uL) was fitted with a reflux condenser and
heated at 117 °C for 22 h. The reaction mixture was cooled to ambient temperature,
diluted with ice cold H,O (60 mL) and extracted with Et,O (5 x 15 mL). The combined
organics were dried (MgSO,) and concentrated to an oil, which was purified by flash
chromatography on silica gel (10 to 40% EtOAc in hexanes) to give bisacetoxyacetal 256
(19.6 mg, 47% yield) as a white solid. Crystals suitable for X-ray analysis were obtained
by crystallization from Et.O/hexanes at ambient temperature: mp 185-190 °C decomp.
(EtoO/hexanes); Ry 0.32 (35% EtOAc in hexanes); 'H NMR (300 MHz, CDCl;) 8 6.92 (s,
1H), 6.14 (dd, J = 0.9, 9.3 Hz, 1H), 5.62 (bs, 1H), 5.42 (d, J = 9.3 Hz, 1H), 3.77 (s, 3H),
3.61 (d, J = 15.9 Hz, 1H), 3.02 (dd, J = 0.9, 15.9 Hz, 1H), 2.48 (s, 1H), 2.52 (s, 3H), 1.47
(s, 3H), 1.43 (s, 3H), 1.41 (s, 3H); 3C NMR (75 MHz, CDCl;) 6 175.6, 169.5, 145.9, 144.4,

137.4, 130.8, 126.0, 124.9, 124.7, 121.8, 105.7, 60.9, 53.0, 45.9, 38.0, 32.2, 31.5, 16.3,
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16.2, 15.8; IR (Neat film NaCl) 3468, 2978, 2942, 1801, 1757, 1360, 1213, 1057, 937, 914,

732 cmt; HRMS (EI) [M]* m/z calc'd for [C.;H2206]*: 370.1416, found 370.1410.

OH oTBS oTBS
o TBSOTH, pyridine o LAH, THF OH
> OMe DCM, 0 to 22 °C > OMe 0to22°C OH
4y, oy, H
°5 °95 (83% yield 2, steps)  GH
248 257 258

Triol 258. To cooled (0 °C) solution of allylic alcohol 248 (4.37 g, 19.3 mmol, 1.00
equiv) and pyridine (3.12 mL, 38.7 mmol, 2.00 equiv) in CH.Cl, (19 mL) was added
TBSOTf (6.66 mL, 29.0 mmol, 1.50 equiv) in a dropwise manner. At the end of the
addition, the reaction was allowed to warm to ambient temperature and stirred for 15 h.
The reaction mixture was diluted with CH>Cl. (200 mL), quenched with sat. aq. NH,CI
(75 mL), and extracted with CH.Cl. (4 x 50 mL). The combined organics were dried
(MgS0,) and concentrated to give crude silyl ether 257, which was typically used without
purification in the next step: Rr 0.69 (50% EtOAc in hexanes); 'H NMR (500 MHz,
CDCly) 6 6.19 (ddd, J = 1.0, 6.0, 9.0 Hz, 1H), 5.89 (ddd, J = 1.0, 3.5, 9.0 Hz, 1H), 4.78 (d,
J = 5.5 Hz, 1H), 4.08 (dd, J = 1.0, 3.5 Hz, 1H), 3.72 (s, 3H), 1.44 (s, 3H), 1.35 (s, 3H),
0.88 (s, 9H), 0.11 (s, 3H), 0.09 (s, 3H); 3C NMR (125 MHz, CDCl;) 6 178.9, 173.7, 134.8,
126.9, 77.3, 70.5, 54.9, 52.5, 51.3, 25.6, 17.9, 15.7, 14.7, —4.5, —5.1; IR (Neat film NaCl)
2952, 2933, 2857, 1779, 1737, 1725, 1454, 1374, 1254, 1095, 1065, 957, 841, 780 cm™;
HRMS (FAB+) [M+H]* m/z calc'd for [C,;H1sSiO5;+H]*: 341.1784, found 341.1781.

The above residue containing silyl ether 257 (theoretical yield: 19.3 mmol, 1.00
equiv) was dissolved in THF (193 mL), cooled (0 °C), and treated with LAH (2.20 g, 58.0
mmol, 3.00 equiv) in portions. At the end of the addition, the reaction was allowed to
come to ambient temperature, and stirred for 18 h. The cooled (0 °C) reaction mixture
was quenched by the careful dropwise addition of EtOAc (66 mL) until out gassing

ceased, addition of Celite (7.0 g), and finally careful addition of sat. aq. Na.SO, (33 mL).
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The resulting slurry was filtered, dried (Na.SO,), and concentrated to give triol 258
(5.05 g, 83% yield, 2 steps) as a white solid of ~ 95% purity. Analytically pure material
could be obtained by recrystallization from 1% EtOAc in benzene: mp 130.5-132.0 °C
(EtOAc/benzene); Ry 0.22 (30% acetone in hexanes); 'H NMR (500 MHz, CDCl;) &
5.68-5.62 (m, 2H), 4.45 (s, 1H), 4.20 (s, 1H), 3.91 (d, J = 11.5 Hz, 1H), 3.76 (d, J = 11.5
Hz, 1H), 3.69 (d, J = 11.5 Hz, 1H), 3.50 (d, J = 12.0 Hz, 1H), 1.15 (s, 3H), 0.89 (s, 9H),
0.84 (s, 3H), 0.11 (s, 3H), 0.10 (s, 3H); 3C NMR (125 MHz, CDCl;) 6 131.3, 129.1, 73.6,
69.3, 65.6, 63.7, 46.1, 45.2, 25.8, 18.0, 16.2, 13.6, —4.0, —5.0; IR (Neat film NaCl) 3255,
2955, 2929, 2886, 2857, 1472, 1253, 1076, 1049, 1026, 880, 835 cm?; HRMS (FAB+)

[M+H]* m/z calc'd for [CicH32S10,+H]*: 317.2148, found 317.2162.

oTBS oTBS OTBS
OH CuSO0,, acetone °>< + OH
————
. OH 22°C ' G '
OH OH 0.__O
258 259 260
(35% yield) (53% yield)

1,3-Dioxepane 259 and Acetonide 260. To a solution of triol 258 (3.75 g, 11.9
mmol, 1.00 equiv) in acetone (120 mL) was added anhydrous CuSO, (9.46 g, 59.3 mmol,
5.00 equiv), and the reaction mixture was stirred for 40 min. An additional portion of
CuSO, (1.89 g, 11.9 mmol, 1.00 equiv) was added to the reaction mixture, and after an
additional 3 h of stirring, a final portion of CuSO, (1.00 g, 6.27 mmol, 0.53 equiv) was
added. After 30 min, the reaction mixture was filtered, concentrated, and purified by
flash chromatography on silica gel (5 to 15% EtOAc in hexanes) to give 1,3-dioxepane
259 (1.48 g, 35% yield) as a waxy solid: Ry 0.66 (35% EtOAc in hexanes); 'H NMR (300
MHz, CDCl;) 6 5.57 (dt, J = 2.1, 10.2 Hz, 1H), 5.49 (dt, J = 2.1, 10.2 Hz, 1H), 4.99 (s, 1H),
4.23 (app. q, J = 2.4 Hz, 1H), 3.73 (d, J = 12.3 Hz, 1H), 3.58 (d, J = 12.6 Hz, 1H), 3.56 (d,

J =12.6 Hz, 1H), 3.19 (d, J = 12.6 Hz, 1H), 1.33 (s, 3H), 1.30 (s, 3H), 0.90 (s, 9H), 0.71 (s,
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3H), o0.10 (s, 3H), 0.09 (s, 3H); 3C NMR (75 MHz, CsD¢) 6 131.7, 129.2, 101.8, 73.5, 68.1,
63.8, 63.0, 46.9, 46.3, 26.5, 25.7, 25.4, 18.8, 18.7, 11.7, -3.7, —4.5; IR (Neat film NaCl)
3446, 2083, 2054, 2858, 1472, 1372, 1253, 1221, 1085, 1070, 1044, 835, 775 cm™'; HRMS
(FAB+) [M-H,+H]* calc'd for [CiH35Si0,4]*: m/z 355.2305, found 355.2317 and
acetonide 260 (2.25 g, 53% yield) as an oil: Rf 0.76 (35% EtOAc in hexanes); 'H NMR
(300 MHz, CDCly) 6 5.93 (dd, J = 4.4, 9.6 Hz, 1H), 5.69 (dd, J = 4.8, 9.9 Hz, 1H), 4.12 (d,
J = 4.5 Hz, 1H), 4.01 (d, J = 12.9 Hz, 1H), 3.91 (s, 1H), 3.76 (d, J = 10.2 Hz, 1H), 3.64 (d, J
=10.2 Hz, 1H), 3.56 (d, J = 12.9 Hz, 1H), 1.49 (s, 3H), 1.43 (s, 3H), 1.04 (s, 3H), 0.98 (s,
3H), 0.88 (s, 9H), 0.09 (s, 3H), 0.08 (s, 3H); 8C NMR (75 MHz, CDCl;) 6 133.5, 124.4,
98.6, 71.7,70.9, 68.9, 65.2, 43.8, 35.1, 28.4, 25.7, 20.9, 20.0 (bs), 17.9, 15.3, 4.1, -5.1; IR
(Neat film NaCl) 3451, 2955, 2931, 2886, 2858, 1379, 1256, 1104, 1056, 836, 775 cm%;

HRMS (FAB+) [M+H]* m/z calc'd for [CioH36Si04+H]*: 357.2461, found 357.2478.

OH o)
- o 1. MnO,, acetone °><
0>< 2. PtO,, EtOAc, H, (1 atm) o
OTBS (93% yield, 2 steps) OTBS
259 261

Ketone 261. To a solution of 1,3-dioxepane 259 (798 mg, 2.24 mmol, 1.00 equiv) in
acetone (23 mL) was added activated MnO. (3.89 g, 44.7 mmol, 20.0 equiv), and the
reaction mixture was stirred at ambient temperature for 1.5 h. The reaction mixture was
filtered, washed with acetone, and concentrated to an oil.

To a solution of this crude material in EtOAc (28 mL) was added PtO. (16.0 mg, 67.2
umol, 0.03 equiv), and the reaction mixture was sparged with H. (5 min) and stirred
vigorously under an atmosphere of H. (balloon) for 1.5 h. The reaction mixture was
flushed with N. and concentrated to an oil, which was purified by flash chromatography

on silica gel (2.5 to 10% EtOAc in hexanes) to provide ketone 261 (744 mg, 93% yield, 2
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steps) as an amorphous solid: Rr 0.52 (20% EtOAc in hexanes); 'H NMR (300 MHz,
CDCly) 6 4.59 (bs, 1H), 4.15 (bs, 1H), 3.40 (bs, 2H), 2.99 (bs, 1H), 2.31 (m, 2H), 2.10-1.70
(m, 2H), 1.33 (s, 3H), 1.32 (s, 3H), 1.09 (s, 3H), 0.89 (s, 9H), 0.64 (bs, 3H), 0.11 (s, 3H),
0.10 (s, 3H); 8C NMR (75 MHz, CDCl;) & 212.7, 101.8, 67.3, 65.1, 64.0, 57.1, 47.2, 37.9,
29.4, 25.8, 24.8, 24.4, 18.0, 15.8, 11.5, —-4.4, -5.1; IR (Neat film NaCl) 2954, 2857, 1709,
1220, 1096, 1073, 884, 836 cm™*; HRMS (FAB+) [M+H]* m/z calc'd for [C,oH360,Si+H]*:

357.2461, found 357.2473.

o LDA, HMPA o
o THF, -78 to 0 °C o
O>< then Mel, =30 °C 0><
0TBS (72% yield) oTBS
(80% yield based on
261 recovered starting material) 262

Methyl Ketones 262. A solution of LDA in THF was prepared by dropwise addition of
2.45 M n-Buli solution in hexanes (1.21 mL, 2.96 mmol, 1.20 equiv) to diisopropylamine
(519 uL, 3.70 mmol, 1.50 equiv) in THF (30.0 mL) at o0 °C, followed by stirring for 1 h.
Upon cooling the solution to -78 °C, a solution of ketone 261 (879 mg, 2.47 mmol, 1.00
equiv) in THF (30.0 mL) was added in a dropwise manner, and the reaction mixture was
stirred at -78 °C for 30 min. HMPA (1.07 mL, 6.17 mmol, 2.50 equiv) was added and the
reaction mixture brought to 0 °C for 1 h. After cooling again to -78 °C, the reaction
mixture was treated with Mel (200 uL, 3.21 mmol, 1.30 equiv), and after 15 min allowed
to warm to -30 °C. The reaction was allowed to warm to 0 °C slowly over 10 h, quenched
with H,O (150 mL) and EtOAc (75 mL), and extracted with EtOAc (4 x 50 mL). The
combined organics were washed with brine (50 mL), dried (Na.SO,), and concentrated
to an oil, which was purified by flash chromatography on silica gel (2.5 to 10% EtOAc in

hexanes) to give recovered ketone 261 (90.9 mg, 10% yield), methyl ketone 262a (219
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mg, 24% yield, high Ry diastereomer), and methyl ketone 262b (436 mg, 48% yield, low
Rrdiastereomer) as an oil.

High Ry diastereomer 262a: Rr 0.65 (10% EtOAc in hexanes developed 2 times); 'H
NMR (300 MHz, CDCl;) 6 4.70 (dd, J = 4.7, 12.2 Hz, 1H), 4.22 (d, J = 12.0 Hz, 1H), 3.49
(d, J = 12.6 Hz, 1H), 3.34 (d, J = 12.3 Hz, 1H), 2.93 (d, J = 11.7 Hz, 1H), 2.41 (dq, J = 6.3,
19.8 Hz, 1H), 1.98 (dt, J = 5.1, 12.9 Hz, 1H), 1.53 (d, J = 13.2 Hz, 1H), 1.34 (s, 3H), 1.10 (s,
3H), 1.01 (d, J = 6.6 Hz, 3H), 0.89 (s, 9H), 0.55 (s, 3H), 0.12 (s, 6H); 3C NMR (75 MHz,
CDCly) 6 213.4, 101.9, 67.0, 65.5, 63.9, 56.8, 48.1, 41.0, 38.6, 25.8, 24.8, 24.5, 18.0, 15.7,
14.7, 11.3, —4.3, —5.1; IR (Neat film NaCl) 2984, 2955, 2935, 2858, 1709, 1220, 1095,
1072, 1044, 868, 837, 776 cm™'; HRMS (FAB+) [M+H]* calc'd for [CooH3s0,Si+H]*: m/z
371.2618, found 371.2607.

High Ry diastereomer 262b: Ry 0.36 (10% EtOAc in hexanes developed 2 times); 'H
NMR (300 MHz, CDCl,) 6 3.80 (d, J = 12.6 Hz, 1H), 3.60 (d, J = 12.0 Hz, 1H), 3.58 (bs,
1H), 3.41 (d, J = 12.6 Hz, 1H), 3.02—2.80 (m, 2H), 1.91 (ddd, J = 4.2, 5.6, 14.0 Hz, 1H),
1.58 (m, 1H), 1.30 (s, 3H), 1.24 (s, 3H), 1.08 (s, 3H), 1.07 (s, 3H), 1.05 (s, 3H), 0.92 (s,
9H), 0.11 (s, 3H), 0.09 (s, 3H); 3C NMR (75 MHz, CDCl,) § 214.6, 101.2, 73.0, 67.8, 64.3,
54.4, 47.0, 37.7, 35.3, 25.8, 25.0, 23.9, 19.4, 18.1, 16.9, 14.7, —4.6, —5.0; IR (Neat film
NaCl) 2933, 2858, 1709, 1255, 1222, 1078, 1046, 838, 775 cm™; HRMS (FAB+) [M+H]*

m/z calc'd for [CooH380,Si+H]*: 371.2618, found 371.2625.

o} oTf
°>< KHMDS, THF, —25 °C °><
d then PhNTf, d
0TBS (92% yield) oTBS
262 263

Triflate 263. To a cooled (-25 °C) solution of KHMDS (668 mg, 3.35 mmol, 1.20

equiv) in THF (40 mL) was added the low R; diastereomer methyl ketone 262b (1.04 g,
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2.79 mmol, 1.00 equiv) in THF (20 mL) in a dropwise manner over 10 min. After 2 h at
-25 °C, PhNTYf. (1.30 g, 3.63 mmol, 1.30 equiv) in THF (20 mL) was added, and the
reaction was maintained for an additional 30 min at -25°C. The reaction mixture was
quenched into half-saturated NaHCO; (50 mL) and EtOAc (50 mL), and extracted with
EtOAc (5 x 50 mL). The combined organics were washed with brine (1 x 50 mL), dried
(Na.S0O,), and concentrated to an oil, which was purified by flash chromatography on
silica gel (0 to 10% EtOAc in hexanes) to provide triflate 263 (1.30 g, 92% yield) as an
oil: Ry 0.69 (10% Et.O in hexanes); 'H NMR (300 MHz, C¢Dg) 6 4.18 (dd, J = 6.3, 9.9
Hz, 1H), 3.79 (d, J = 12.3 Hz, 1H), 3.65 (d, J = 12.9 Hz, 1H), 3.41 (d, J = 12.3 Hz, 1H),
3.33 (d, J = 12.6 Hz, 1H), 2.08 (dd, J = 6.5, 17.6 Hz, 1H), 1.91 (ddd, J = 1.1, 9.9, 17.6 Hz,
1H), 1.61 (s, 3H), 1.20 (s, 3H), 1.17 (s, 3H), 1.16 (s, 3H), 0.98 (s, 9H), 0.49 (s, 3H), 0.15 (s,
3H), 0.05 (s, 3H); 8C NMR (75 MHz, CsDs) 8 145.9, 127.1, 119.7 (q, Jc-r = 318 Hz), 102.0,
65.4, 65.2, 62.7, 47.4, 45.9, 38.2, 26.5, 25.0, 24.9, 18.6, 18.3, 17.0, 11.0, —3.8, —4.6; IR
(Neat film NaCl) 2988, 2954, 2858, 1405, 1213, 1141, 1078, 879 cm; HRMS (FAB+)

[M+H]* m/z calc'd for [C.1H3,SSiO6F5+H]*: 503.2110, found 503.2094.

ort (cHex),p” N\ PN N
o Pd(OAc),, CO (1 atm), DMA, LiCl N 0
0>< TEA, TES-H (2 equiv. slow add'n), 35 °C o O><
OTBS (65% yield) OTBS
(100% yield based on
263 recovered starting material) 264

Enal 264. A solution of flame-dried LiCl (433 mg, 10.2 mmol, 3.0 equiv), Pd(OAc).
(153 mg, 0.680 mmol, 0.20 equiv), and 1,4-bis-(dicyclohexylphosphino)butane (306 mg,
0.680 mmol, 0.20 equiv) in DMA (16 mL) was sparged with CO and warmed to 85 °C
until a color change from red/orange to pale yellow was observed, at which point the
reaction mixture was cooled to 40 °C. To the homogenous reaction mixture was added

TEA (1.89 mL, 13.6 mmol, 4.00 equiv) and enol triflate 263 (1.71 g, 3.40 mmol, 1.00
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equiv) in DMA (20 mL). A solution of Et;SiH (1.09 mL, 6.80 mmol, 2.0 equiv) in DMA
(10.0 mL) was added by syringe pump to the reaction over 10 h. After an additional 14 h
at 40 °C, the reaction mixture was cooled to ambient temperature, poured into H.O (100
mL) and Et.O (100 mL), and extracted with Et.O (5 x 50 mL). The combined organic
layers were washed with H.O (20 mL), brine (2 x 20 mL), dried (Na.SO,), and
concentrated to give an oil, which was purified by flash chromatography on silica gel (2
to 10% EtOAc in hexanes) to give recovered triflate 263 (606 mg, 35% yield) and enal
264 (841 mg, 65% yield) as a pale yellow oil: Rf 0.50, 0.55 (10% EtOAc in hexanes
developed twice, 25% Et.O in hexanes); 'H NMR (300 MHz, CDCl;) § 10.06 (s, 1H), 4.19
(dd, J = 7.1, 9.2 Hz, 1H), 3.73 (d, J = 12.3 Hz, 1H), 3.60 (d, J = 12.0 Hz, 1H), 3.57 (d, J =
12.3 Hz, 1H), 3.34 (d, J = 12.3 Hz, 1H), 2.32—2.22 (m, 2H), 2.09 (s, 3H), 1.31 (s, 3H), 1.24
(s, 6H), 0.89 (s, 9H), 0.53 (s, 3H), 0.08 (s, 6H); 3C NMR (75 MHz, CDCl;) 6 192.7, 154.2,
135.2, 101.0, 65.2, 65.0, 61.4, 45.2, 43.7, 41.3, 25.8, 24.6, 19.6, 18.0, 17.5, 10.7, -4.4, -5.1;
IR (Neat film NaCl) 2986, 2953, 2888, 2857, 1677, 1371, 1221, 1101, 1073, 870, 837, 780

cm; HRMS (FAB+) [M-H,+H]* m/z calc'd for [CooH3,05]*: 385.2410, found 385.2412.

0>< Et,0:CH,Cl, 1.2:1,-12°C
OTBS (87% yield)

264 265

Allylic alcohol 265. A flame-dried two-neck round bottom flask equipped with a reflux
condenser and septum was charged with magnesium turnings (3.00 g, 123 mmol, 56.1
equiv) and Et.O (45 mL) under an N, atmosphere and heated to reflux. To this mixture
was added 1,2-dibromoethane (75.0 uL, 0.870 mmol, 0.40 equiv) in a dropwise manner.
[Caution: gas evolution!] When gas evolution ceased, a solution of benzyl bromide 151

(1.37 g, 3.96 mmol, 1.80 equiv) in Et.O (18.0 mL) was added in a dropwise manner over
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30 min and heating was continued for an additional 30 min. The Grignard reagent was
then cooled (0 °C), and added to a cooled (-12 °C) solution of enal 264 (841 mg, 2.20
mmol, 1.00 equiv) in Et,O (45 mL) and CH.Cl. (90 mL). After 1 h at —12 °C, the reaction
was quenched with H.O (150 mL), 2 M citric acid (20 mL), brine (20 mL), and EtOAc
(50 mL), and extracted with EtOAc (4 x 50 mL). The combined organics were washed
with brine (2 x 50 mL), dried (Na.SO,), and concentrated to an oil, which was purified by
flash chromatography on silica gel (2.5 to 12.5% Et.O in hexanes) to give allylic alcohol
265 (1.24 g, 87% yield) as a foam consisting of a 10:1 mixture diastereomers. Only the
major component (stereochemistry shown above) could be isolated in pure form: Ry
0.41, 0.29 (25% Et,O in hexanes, 10% EtOAc in hexanes); *H NMR (300 MHz, CDCl;) 6
6.84 (d, J = 7.5 Hz, 1H), 6.70 (d, J = 7.5 Hz, 1H), 4.46 (d, J = 10.2 Hz, 1H), 4.16 (dd, J =
7.1, 9.5 Hz, 1H), 3.71 (s, 3H), 3.62 (d, J = 12.6 Hz, 1H), 3.53 (d, J = 12.3 Hz, 1H), 3.39 (d,
J =12.3 Hz, 1H), 3.32 (bs, 1H), 3.27 (dd, J = 10.7, 14.0 Hz, 1H), 2.59 (dd, J = 3.0, 14.1 Hz,
1H), 2.46 (s, 1H), 2.20 (s, 3H), 2.10—2.00 (m, 2H), 1.98 (s, 3H), 1.31 (s, 3H), 1.26 (s, 3H),
1.21 (s, 3H), 1.03 (s, 9H), 0.90 (s, 9H), 0.56 (s, 3H), 0.19 (s, 3H), 0.16 (s, 3H), 0.10 (s,
6H); 3C NMR (75 MHz, CDCl;) 6 149.5, 147.2, 134.6, 132.2, 130.8, 129.4, 126.4, 123.1,
100.8, 72.6, 66.1, 65.7, 62.2, 60.0, 47.1, 43.6, 40.0, 38.4, 26.0, 25.9, 24.7(2C), 20.9, 18.6,
18.1, 17.8, 17.0, 10.9, -4.0, —4.2, —4.3, —5.1; IR (Neat film NaCl) 3479, 2955, 2931, 2858,
1463, 1253, 1221, 1074, 838, 780 cm; HRMS (FAB+) [M-H,+H]* m/z calc'd for

[C36He3S1.06]+: 647.4163, found 647.4156.
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TBSO o)
DMP, CH,Cl,
o
T Tk
(89% yield) o
OTBS

265 266

Enone 266. To a cooled (0 °C) solution of allylic alcohol 265 (1.24 g, 1.91 mmol, 1.00
equiv) in CH.Cl, (120 mL) was added Dess-Martin periodinane (1.21 g, 2.86 mmol, 1.50
equiv) and the resulting mixture was stirred for 2 h. The reaction mixture was
concentrated to ~ 40 mL, diluted with Et,O (250 mL), filtered, and concentrated to an
oil, which was purified by gradient flash chromatography on silica gel (2.5 to 5% EtOAc
in hexanes) to give enone 266 (1.10 g, 89% yield) as a foam: Ry 0.43, 0.69 (10% EtOAc
in hexanes, 10% Et,O in hexanes); 'H NMR (300 MHz, CDCl,) 6 6.83 (d, J = 7.5 Hz, 1H),
6.63 (d, J = 7.8 Hz, 1H), 4.28 (dd, J = 7.1, 9.5 Hz, 1H), 3.92 (d, J = 18.3 Hz, 1H), 3.80 (d,
J =18.0 Hz, 1H), 3.75 (d, J = 11.4 Hz, 1H), 3.64 (s, 3H), 3.52 (d, J = 12.6 Hz, 1H), 3.39 (d,
J =12.3 Hz, 1H), 2.20 (s, 3H), 2.12-1.98 (m, 2H), 1.72 (s, 3H), 1.31 (s, 3H), 1.27 (s, 3H),
1.13 (s, 3H), 1.02 (s, 9H), 0.90 (s, 9H), 0.66 (s, 3H), 0.15 (s, 6H), 0.09 (s, 3H), 0.08 (s,
6H); 8C NMR (75 MHz, CDCl;) 6 208.1, 150.1, 147.0, 138.2, 129.9 (2C), 125.8, 125.3,
123.2, 101.1, 65.9, 65.5, 61.5, 60.0, 47.1, 45.3, 42.9, 37.9, 26.1, 25.9, 24.7 (2C), 20.7, 18.6,
18.1, 17.1, 11.1, —4.2 (2C), —-4.4, -5.1; IR (Neat film NaCl) 2954, 2930, 2858, 1699, 1463,
1252, 1221, 1099, 1073, 864, 836, 780 cm*; HRMS (FAB+) [M+H]+* m/z calc'd for

[C36HesSi.06+H]*: 647.4163, found 647.4140.
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OMe

TBSO 200
O TFA,60°C,4.5h
0 >
12 ><
11 G g (16% yield)

OTBS
266 270

Acetal 270. A solution of enone 266 (67.8 mg, 0.1047 mmol, 1.0 equiv) in TFA (3.5
mL, 0.03 M) was heated to 65 °C for 5 h, then cooled to ambient temperature. The
solvent was removed by rotary evaporation and benzene was added and removed by
rotary evaporation (3x). The crude oil was purified by flash chromatography (5% to 25%
EtOAc/hexanes, slow gradient) to afford acetal 270 (5.9 mg, 0.0172 mmol, 16% yield).
Rr 0.30 (35% EtOAc in hexanes); '"H NMR (500 MHz, CDCl,) 6 6.95 (s, 1H), 5.97 (dd, J =
1.0, 9.5 Hz, 1H), 5.55 (s, 1H), 5.33 (d, J = 9.5 Hz, 1H), 4.18 (d, J = 8.5, 1H), 3.74 (s, 3H),
3.60 (d, J = 8.5 Hz, 1H), 3.55 (d, J = 11.5 Hz, 1H), 3.25 (d, J = 16.0, 1H), 3.09 (d, J = 11.5,
1H), 2.76 (d, J = 15.5, 1H), 2.23 (s, 3H), 1.76 (s, 1H), 1.42 (s, 3H), 1.15 (s, 3H), 0.87 (s,
3H); B3C NMR (125 MHz, CDCl,) & 145.1, 144.1, 135.4, 135.1, 130.0, 124.7, 124.2, 123.1,
105.1, 75.1, 70.1, 60.5, 53.9, 41.7, 39.2, 35.3, 33.8, 31.6, 18.8, 17.7, 15.7; IR (Neat film
NaCl) 3402, 2969, 2931, 2876, 2242, 1485, 1419, 1358, 1209, 1102, 1063, 981, 912, 732

cm'; HRMS (FAB+) [M+H]* m/z calc'd for [C.;H260,4,+H]*: 343.1909, found 343.1922.

oTBS oTBS
OH PtO,, EtOAC OH
Y H, (1 atm) Y
°7<° (96% yield) °7<°
260 272

Alcohol 272. To a solution of acetonide 260 (5.64 g, 15.8 mmol, 1.00 equiv) in EtOAc
(198 mL) was added PtO. (108 mg, 0.475 mmol, 0.03 equiv), and the reaction mixture
was sparged with a stream of H. gas for 4 h. The reaction mixture was concentrated (~

10 mL), filtered through a plug of silica gel, and concentrated to give hydrogenated
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alcohol 272 (5.47 g, 96% yield) as an oil: Ry 0.76 (35% EtOAc in hexanes); 'H NMR
(500 MHz, CDCl,) 6 4.43 (dd, J = 5.5, 12.0 Hz, 1H), 3.98 (dd, J = 5.0, 10.3 Hz, 1H), 3.88
(d, J = 13.0 Hz, 1H), 3.79 (app. t, J = 3.0 Hz, 1H), 3.45 (s, 1H), 3.32 (d, J = 12.0 Hz, 1H),
3.04 (app. t, J = 11.0 Hz, 1H), 2.12 (app. tt, J = 3.8, 14.3 Hz, 1H), 1.86 (app. tt, J = 3.0,
14.0 Hz, 1H), 1.48 (s, 3H), 1.47-1.37 (mm, 1H), 1.42 (s, 3H), 0.97 (s, 3H), 0.93 (s, 3H), 0.90
(s, 9H), 0.05 (s, 3H), 0.04 (s, 3H); 8C NMR (125 MHz, CDCl,) 6 98.5, 75.0, 74.4, 69.5,
66.8, 43.5, 35.0, 29.5, 25.9, 25.1, 21.9, 20.2, 18.8, 18.0, 17.2, —4.6, —5.0; IR (Neat film
NaCl) 3497, 2953, 2936, 2883, 2858, 1472, 1379, 1257, 1196, 1083, 1060, 1034, 1005,
866, 834, 774 cm™; HRMS (FAB+) [M+H]* m/z calc'd for [C,oH3sSiO4+H]*: 359.2618,

found 359.2632.

oTBS OoTBS

OH 1. MsCl, TEA, CH,Cl,, 0 °C CN

f
Y o

2. KCN, DMSO, 80 °C

(o) (0] (o) (o)

7< (76% yield, 2 steps) X

272 273
Nitrile 273. To a cooled (0 °C) solution of alcohol 2772 (880 mg, 2.45 mmol, 1.00) and
TEA (1.02 mL, 7.36 mmol, 3.00 equiv) in CH.Cl, (25 mL) was added methanesulfonyl
chloride (228 uL, 2.95 mmol, 1.20 equiv) in a dropwise manner. After 30 min at 0 °C,
the reaction mixture was diluted with CH.Cl, (40 mL), ice cold H.O (50 mL), and brine
(25 mL), and extracted with CH.Cl, (3 x 35 mL). The combined organics were washed
with brine (30 mL), dried (Na.SO,), and concentrated to a waxy solid that was used in
the next step immediately.

The above residue was dissolved in DMSO (25 mL) and treated with KCN (400 mg,
6.14 mmol, 2.50 equiv) at 80 °C for 4 h. The reaction mixture was cooled to ambient
temperature, diluted with EtOAc (50 mL) and H.O (150 mL), and extracted with EtOAc

(7 x 40 mL). The combined organics were washed with brine (30 mL), dried (Na.SO,),
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concentrated, and purified by flash chromatography on silica gel (2.5 to 10% EtOAc in
hexanes) to provide nitrile 273 (682 mg, 76% yield) as a solid : Ry 0.42 (20% EtOAc in
hexanes); *H NMR (300 MHz, CDCl,) 8 4.07 (d, J = 8.7 Hz, 1H), 3.83 (d, J = 8.4 Hz, 1H),
3.70—3.60 (m, 2H), 3.49 (d, J = 8.1 Hz, 1H), 3.46 (d, J = 8.7 Hz, 1H), 2.18—2.04 (m, 1H),
1.74-1.45 (m, 3H), 1.55 (s, 6H), 1.14 (s, 3H), 0.90 (s, 3H), 0.87 (s, 9H), 0.06 (s, 3H), 0.05
(s, 3H); 8C NMR (75 MHz, CDCl,) 6 121.7, 78.8, 76.1, 74.8, 71.0, 70.1, 50.8, 48.8, 28.8
(20), 27.6 (20), 25.8, 22.6, 18.0, 9.5, —3.9, —5.0; IR (Neat film NaCl) 2956, 2934, 2882,
2860, 1460, 1254, 1183, 1080, 1047, 916, 868, 835, 772 cm*; HRMS (FAB+) [M-H.+H]*

m/z calc'd for [CooH36NO;Si]+: 366.2464, found 366.2459.

0OTBS o)
CN 1. TBAF, THF, 50 °C CN
Y 2. DMSO, (COCI),, TEA Y
6. 0 CH,Cl,, -78 — 22 °C 6 o
X (>99% vyield, 2 steps) X
273 274

Ketone 274. To a solution of nitrile 273 (889.8 mg, 2.421 mmol, 1.00 equiv) in THF
(14.5 mL) was added a 1.0 M solution of TBAF (7.26 uL, 7.262 mmol, 3.00 equiv) in
THF, and the reaction mixture was heated to 50 °C for 12 h. The reaction mixture was
cooled to ambient temperature, quenched with sat. NH,Cl aq. (75 mL) and diluted with
CH.Cl, (125 mL). The aqueous layer was further extracted with CH.Cl. (3 x 20 mL),
dried over MgSO,, and concentrated into an oil, which was used without further
purification.

A solution of DMSO (1.37 mL, 19.4 mmol, 8.0 equiv) in CH.Cl. (100 mL) was cooled
to —78 °C and oxalyl chloride (1.48 mL, 16.9 mmol, 7.00 equiv) was added in a dropwise
manner. After 30 min at -78 °C, a solution of the crude alcohol generated above in
CH.Cl, (10 mL, + 2 x 2 mL rinse) was added in a dropwise manner down the wall of the

flask. After 1.5 h at -78 °C, TEA 6.75 mL, 48.4 mmol, 20.0 equiv) was added and the
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reaction mixture was allowed to warm slowly to ambient temperature, diluted with half-
saturated NH,Cl (100 mL), and extracted with CH.CL. (4 x 50 mL). The combined
organics were washed with saturated NaHCO; (75 mL), dried (MgSO,), concentrated to
an oil, and purified by flash chromatography on silica gel (20 to 35% EtOAc in hexanes)
to provide ketone 274 (617 mg, 2.45 mmol, > 99% yield, 2 steps) as an oil: Rr 0.49 (50%
EtOAc in hexanes); 'H NMR (300 MHz, CDCl,) 6 4.53 (d, J = 8.7 Hz, 1H), 4.01 (dd, J =
4.4, 10.7 Hz, 1H), 3.95 (d, J = 9.3 Hz, 1H), 3.50 (d, J = 9.3 Hz, 1H), 3.41 (d, J = 8.1 Hz,
1H), 2.68—2.41 (m, 2H), 2.41—2.24 (m, 1H), 2.10-1.90 (m, 1H), 1.61 (s, 6H), 1.23 (s, 3H),
1.14 (s, 3H), 0.87 (s, 9H), 0.06 (s, 3H), 0.05 (s, 3H); 3C NMR (75 MHz, CDCl;) 6 210.6,
121.3, 77.5, 75.0, 74.1, 70.7, 58.0, 50.4, 35.6, 28.6, 27.7, 27.5, 21.4, 16.7; IR (Neat film
NaCl) 2983, 2881, 2254, 1714, 1387, 1373, 1171, 1052, 907, 729, 651 cm’; HRMS (EI)

[M]* m/z calc'd for [C,,H2:NO5]*: 251.1521, found 251.1518.

(o} OoTf
1. LDA, THF, HMPA, -78 °C
CN then Mel, 0 °C CN
Y 2. KHMDS, THF, —25 °C Y
o o then, PhNTf, 0 0
7< (76% yield, 2 steps) 7<
274 276

Triflate 2776. A solution of LDA in THF was prepared by dropwise addition of 2.50 M
n-BulLi solution in hexanes (580 uL, 1.45 mmol, 1.05 equiv) to diisopropylamine (252 uL,
1.79 mmol, 1.30 equiv) in THF (15.0 mL) at 0 °C, followed by stirring for 30 min. Upon
cooling the solution to -78 °C, a solution of ketone 274 (347 mg, 1.38 mmol, 1.00 equiv)
in THF (15.0 mL) was added in a dropwise manner, and the reaction mixture was stirred
at —78 °C for 2 h. HMPA (552 uL, 3.18 mmol, 2.30 equiv) was added and the reaction
mixture was brought to o °C for 1 h. After cooling again to -78 °C, the solution
containing the enolate was added to a solution of Mel (258 uL, 4.14 mmol, 3.00 equiv) in

THF (4.00 mL) at —30 °C in a dropwise manner over 25 min. After 6 h at —25 °C, the
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reaction mixture was quenched with H,O (30 mL) and CH.Cl. (30 mL), and extracted
with CH.CL: (5 x 30 mL). The combined organics were washed, dried (MgSO,), and
concentrated to an oil, which was purified by flash chromatography on silica gel (10 to
25% EtOAc in hexanes) to give to an inseparable mixture of diastereomeric methyl
ketones (286 mg, 78% yield).

To a cooled (-25 °C) solution of KHMDS (300 mg, 1.50 mmol, 1.40 equiv) in THF (17
mL) was added the above mixture of methyl ketones (286 mg, 1.07 mmol, 1.00 equiv) in
THF (15 mL) in a dropwise manner over 10 min. After 2.5 h at -25 °C, PhNTf, (614 mg,
1.72 mmol, 1.60 equiv) in THF (10.7 mL) was added, and the reaction maintained for an
additional 30 min at -25°C. The reaction mixture was quenched into half-saturated
NaHCO; (100 mL) and extracted with EtOAc (4 x 70 mL). The combined organics were
dried (Na.SO,) and concentrated to an oil, which was purified by flash chromatography
on silica gel (15 to 25% Et,O in hexanes) to provide triflate 276 (420 mg, 98% yield, 76%
yield for 2 steps) as an oil: Ry 0.41 (50% Et.O in hexanes); 'H NMR (300 MHz, CsDs) 0
4.16 (d, J = 8.7 Hz, 1H), 3.95 (d, J = 9.3 Hz, 1H), 3.52 (dd, J = 6.2, 8.6 Hz, 1H), 3.46 (d, J
= 9.0 Hz, 1H), 3.36 (d, J = 9.0 Hz, 1H), 2.17 (dd, J = 6.0, 18.0 Hz, 1H), 1.95 (dd, J = 8.1,
18.0 Hz, 1H), 1.50 (s, 3H), 1.01 (s, 3H), 0.97 (s, 3H), 0.90 (s, 3H), 0.88 (s, 3H); 3C NMR
(75 MHz, CsDs) 0 145.7, 125.1, 121.5, 119.5 (app. d, Jc-r = 296 Hz), 75.2, 74.7, 74.3, 71.0,
51.2, 50.4, 36.1, 28.2, 27.4, 21.6, 18.1, 16.4; IR (Neat film NaCl) 2988, 2942, 2884, 1403,
1211, 1141, 1053, 990, 874 cm; HRMS (EI) [M]* m/z calc'd for [CicH2oNOsF5S]*:

397.1171, found 397.1179.

1. Pd(PPhy),, 27 “SnBu,
CN LiCl, NMP, 65 °C
2. 0s0y, NalO,, acetone
H H,0, 0°C

7< (71% yield, 2 steps)

\j
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Enal 278. To a solution of triflate 276 (1.41 g, 3.54 mmol, 1.00 equiv), Pd(PPhs), (307
mg, 0.266 mmol, 0.075 equiv), and LiCl (450 mg, 10.6 mmol, 3.00 equiv) in NMP (59
mL) was added tributyl(vinyl)stannane (1.55 mL, 5.31 equiv, 1.50 equiv), and the mixture
was heated to 65 °C for 0.5 h. The reaction mixture was cooled to ambient temperature,
quenched with H.O (300 mL) and Et.O (200 mL), and extracted with Et.O (4 x 125 mL).
The combined organics were washed with brine (170 mL), dried (MgSO,), and
concentrated to an oil, which was purified by flash chromatography on silica gel (2.5 to
10% EtOAc in hexanes) to provide the intermediate diene (1.04 g, quantitative yield) as a
viscous oil containing a small amount of solvent.

To a cooled (0 °C) solution of the intermediate diene (116.7 mg, 0.42 mmol, 1.00
equiv) in acetone (5.30 mL) and H,O (5.30 mL) was added OsO, (10.8 mg, 42.3 umol,
0.10 equiv) and NalO, (227 mg, 1.06 mmol, 2.50 equiv). After 3.5 h at 0°C, the reaction
mixture was diluted with H.O (35 mL) and EtOAc (35 mL), and extracted with EtOAc (5
x 15 mL). The combined organics from four such reactions were washed with brine (200
mL), dried (MgSO,), and concentrated to an oil, which was purified by flash
chromatography on silica gel (20 to 35% EtOAc in hexanes) to provide enal 278 (332
mg, 71% yield, 2 steps) as an oil: Ry 0.28 (35% EtOAc in hexanes); 'H NMR (300 MHz,
CDCly) 6 10.10 (s, 1H), 4.21 (d, J = 9.0 Hz, 1H), 3.87 (d, J = 9.3 Hz, 1H), 3.85 (d, J = 8.4
Hz, 1H), 3.70 (d, J = 9.0 Hz, 1H), 3.51 (d, J = 8.7 Hz, 1H), 2.78 (dd, J = 6.0, 19.8 Hz, 1H),
2.49 (dd, J = 9.0, 19.8 Hz, 1H), 2.16 (s, 3H), 1.60 (s, 3H), 1.59 (s, 3H), 1.20 (s, 3H), 1.16
(s, 3H); 8BC NMR (75 MHz, CDCl,) 6 191.0, 153.2, 136.8, 121.5, 76.0, 74.2, 74.1, 70.4, 48.7,
48.0, 38.7, 28.7, 27.3, 20.7, 19.0, 18.0; IR (Neat film NaCl) 2982, 2938, 2880, 1671,
1628, 1386, 1177, 1050 cm™; HRMS (EI) [M]* m/z calc'd for [CisHo3NOs]*: 277.1678,

found 277.1677.
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TBSO
1. D/\MgBr

Et,0:THF 4.8:1,-12°C

Y

2. DMP, CH,Cl,, 0 °C

(85% yield, 2 steps)

278 279
Enone 279. A flame-dried two-neck round bottom flask equipped with a reflux
condenser and septum was charged with magnesium turnings (1.66 g, 68.4 mmol, 57.0
equiv) and Et.O (27 mL) under an N, atmosphere and heated to reflux. To this mixture
was added 1,2-dibromoethane (120 uL, 1.39 mmol, 1.16 equiv) in a dropwise manner.
[Caution: gas evolution!] When gas evolution ceased, a solution of benzyl bromide 151
(1.24 g, 3.60 mmol, 3.00 equiv) in Et,O (8.0 mL) was added in a dropwise manner over
30 min, and heating was continued for an additional 20 min. The Grignard reagent was
then cooled (0 °C), and added to a cooled (0 °C) solution of enal 278 (332 mg, 1.20
mmol, 1.00 equiv) in THF (12 mL). After 1 h at 0 °C, the reaction was quenched with 0.5
M citric acid (40 mL), and EtOAc (40 mL), and extracted with EtOAc (5 x 25 mL). The
combined organics were dried (Na.SO,) and concentrated to an oil, which was purified
by flash chromatography on silica gel (10 to 25% EtOAc in hexanes) to give a separable
3:1 mixture of diastereomeric allylic alcohols (533.3 mg, 85% yield).

To a cooled (0 °C) solution of the above allylic alcohol (76.0 mg, 0.140 mmol, 1.00
equiv) in CH.Cl. (5.0 mL) was added Dess-Martin periodinane (89.1 mg, 0.211 mmol,
1.50 equiv) and the resulting mixture was stirred for 2 h. The reaction mixture was
diluted with Et.O (35 mL), filtered, concentrated to an oil, and purified by flash
chromatography on silica gel (5 to 20% EtOAc in hexanes) to give enone 279 (75.7 mg,
100% yield, 85% yield 2 steps) as an oil: Ry 0.47 (25% EtOAc in hexanes); 'H NMR (300
MHz, CDCl;) 6 6.85 (d, J = 7.8 Hz, 1H), 6.64 (d, J = 7.8 Hz, 1H), 4.16 (d, J = 8.7 Hz, 1H),

4.08 (d, J = 9.0 Hz, 1H), 3.87 (dd, J = 6.0, 8.4 Hz, 1H), 3.86 (s, 2H), 3.64 (s, 3H), 3.53
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(d, J = 8.7 Hz, 1H), 3.52 (d, J = 9.0 Hz, 1H), 2.54 (dd, J = 6.0, 17.7 Hz, 1H), 2.30 (dd, J =
8.3, 18.2 Hz, 1H), 2.21 (s, 3H), 1.79 (s, 3H), 1.62 (s, 3H), 1.61 (s, 3H), 1.17 (s, 3H), 1.15 (s,
3H), 1.02 (s, 9H), 0.16 (s, 6H); 3C NMR (75 MHz, CDCl;) 6 207.4, 150.0, 147.0, 138.7,
130.0, 128.2, 125.8, 125.2, 123.3, 121.6, 75.5 (20C), 75.2, 70.5, 59.9, 49.7, 47.2, 47.1, 35.5,
28.7, 27.6, 26.0, 21.1, 20.8, 18.5, 18.2, 17.1, —4.2; IR (Neat film NaCl) 2932, 2859, 1699,
1464, 1422, 1286, 1073, 1047, 856, 841 cm*; HRMS (FAB+) [M+H]* m/z calc'd for

[C3:H4NSiOs+H]*: 542.3302, found 542.3296.

270

Acetal 270. A solution of enone 279 (29.9 mg, 55.2 umol, 1.00 equiv) in trifluoroacetic
acid (4.00 mL) was heated to 60 °C for 5 h. The reaction mixture was then cooled to
ambient temperature, concentrated to an oil, and purified by flash chromatography on
silica gel (5 to 50% EtOAc in hexanes) to give acetal 270 (7.9 mg, 23.1 umol, 42% yield)

as an off-white solid.

CN 1. KOH, EtOH, 90 °C

2. 0s0y, NalO,
acetone/H,0, 0 °C

(81% yield, 2 steps)

277 280

Enal 280. To a stirred solution of nitrile 277 (370.3 mg, 1.35 mmol, 1 equiv) in EtOH
(26.9 mL, 0.05 M) was added KOH agq. (26.9 mL, 5 wt% in H.O, 0.05 M). The reaction
was then heated to 80 °C for 44 hours. The reaction was then cooled to ambient

temperature and the EtOH was removed by rotary evaporation. The resulting aqueous
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solution was diluted with 60 mL CH,Cl,, 26.9 mL HCI (2M), and further extracted with
CH.CL: (5 x 40 mL). The organic layers were dried over MgSO, and concentrated to an
oil (406.7 mg, 1.38 mmol, > 99% yield), which was carried on to the next step without
further purification.

To a solution of the carboxylic acid intermediate (133.2 mg, 0.4525 mmol, 1 equiv) in
acetone (5.7 mL, 0.08 M) and water (5.7 mL, 0.08 M) at 0 °C was added OsO, (11.5 mg,
45.25 umol, 0.1 M) and NalO, (241.7 mg, 1.13 mmol, 2.5 equiv). The reaction mixture
was stirred at 0 °C for 1 h then diluted with H,O (25 mL), EtOAc (25 mL), further
extracted with EtOAc (3 x 15 mL), dried over MgSO,, and concentrated to an oil.
Purification by flash chromatography (30% to 60% acetone/hexanes, with 3 drops AcOH
per 100 mL eluent during the last half of the column) afforded enal 280 (111.5 mg,
0.3762 mmol, 83% yield) as a white amorphous solid. Rr0.28 (40% EtOAc in hexanes);
'H NMR (500 MHz, CDCl,) 8 10.14 (s, 1H), 4.06 (d, J = 9.0 Hz, 1H), 4.01 (d, J = 9.0 Hz,
1H), 3.89 (d, J = 9.0 Hz, 1H), 3.88 (t, J = 3.7 Hz, 1H), 3.76 (d, J = 9.3 Hz, 1H), 2.63
(comp. m, 1H), 2.27 (dd, J = 19.3, 4.0 Hz, 1 H), 2.18 (s, 3H), 1.53 (s, 3H), 1.46 (s, 3H),
1.26 (s, 3H), 1.01 (s, 3H); BC NMR (125 MHz, CDCl,) 6 190.6, 175.9 150.1, 138.5, 80.9,
78.2, 76.2, 74.2, 47.4, 45.2, 38.1, 26.8, 23.0, 21.7, 19.3, 18.2; IR (Neat film NaCl) 3600—
2500, 2981, 2939, 2882, 1731, 1668, 1385, 1175, 1154, 1049, 918 cm?; MS (FAB+)

[M+H]* m/z calc'd for [Ci6H2405+H]*: 297.1702, found 297.1697.

OMe

TBSO
MgBr

181
Et,0, CH,Cl,, 0°C

(94% vyield)
>10:1 dr

280

Allylic alcohol 281. A flame-dried two-neck round bottom flask equipped with a

reflux condenser and septum was charged with magnesium turnings (1.03 g, 42.4 mmol,
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32.4 equiv) and Et.O (12 mL) under an N, atmosphere and heated to reflux. To this
mixture was added 1,2-dibromoethane (150 uL, 1.74 mmol, 1.33 equiv) in a dropwise
manner [Caution: gas evolution!]. When gas evolution ceased, a solution of benzyl
bromide 151 (677 mg, 1.96 mmol, 1.50 equiv) in Et.O (7.0 mL) was added in a dropwise
manner over 30 min and heating was continued for an additional 30 min. The Grignard
reagent was then cooled to 0 °C and 3 equivalents were added dropwise to a cooled (0
°C) solution of enal 280 (100 mg, 0.337 mmol, 1.00 equiv) in Et,O (3.8 mL) and CH.Cl.
(7.4 mL) (1:2 ratio, 0.03 M overall). After 15 min at 0 °C, the reaction was quenched
with H,O (5 mL) and 2 M citric acid (2.0 mL) and allowed to come to ambient
temperature. The mixture was diluted with H.O (30 mL) and Et.O (30 mL), and
extracted with Et.O (50 mL then 3 x 10 mL). The combined organics were washed with
brine (30 mL), dried over Na,SO,, and concentrated to an oil. Purification by flash
chromatography on silica gel (15 to 65% EtOAc in hexanes with 3 drops AcOH per 100
mL eluent for last half of column) provided allylic alcohol 281 (178.3 mg, 0.3168 mmol,
94% yield, > 10:1 dr) as a partially separated mixture of two diastereomers 281a and
281b.
High Ry diastereomer 281a: Ry 0.72 (50% acetone in hexanes); 'H NMR (500 MHz,
CDCl,) 6 6.86 (d, J = 7.8 Hz, 1 H), 6.72 (d, J = 7.8 Hz, 1H), 4.56 (d, J = 9.3 Hz, 1H), 4.04
(d, J = 8.5 Hz, 1H), 3.89 (app. t, J = 8.8 Hz, 2H), 3.81 (t, J = 4.2 Hz, 1H), 3.78 (d, J = 8.8
Hz, 1H), 3.72 (s, 3H), 3.09 (dd, J = 13.9, 10.5 Hz, 1 H), 2.79 (dd, J = 13.9, 2.4 Hz, 1H),
2.41 (dd, J = 18.1, 3.9 Hz, 1H), 2.21 (s, 3H), 2.05 (dd, J = 18.1, 4.2 Hz, 1H), 1.52 (s, 3H),
1.03 (s, 9H), 1.01 (s, 3H), 0.19 (s, 3H), 0.17 (s, 3H); 3C NMR (125 MHz, CDCl;) 8 176.5,
149.4, 147.3, 135.9, 130.4, 129.8, 126.4, 123.2, 78.0, 76.4, 75.0, 73.6, 60.0, 47.3, 39.2,
36.7, 26.7, 26.0, 23.1, 20.6, 18.6, 17.0, —-4.0, —-4.1; IR (Neat film NaCl) 3426, 2956, 2932,
2859, 1731, 1464, 1419, 1286, 1253, 1178, 1074, 1046, 918, 840, 782, 733 cm™; MS (FAB+)

[M+H-H,]* calc'd for [C5;H490O,Si]*: m/z 561.3248, found 561.3253.
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Low Ry diastereomer 281b: Ry 0.61 (50% acetone in hexanes); 'H NMR (500 MHz,
CDCl;) 6 6.86 (d, J = 7.8 Hz, 1H), 6.74 (d, J = 7.8 Hz, 1H), 4.27 (dd, J = 10.3, 2.7 Hz, 1H),
4.14 (d, J = 8.3 Hz, 1H), 3.98 (d, J = 9.8 Hz, 1H), 3.81 (app. t,J = 5.9 Hz, 1H), 3.74 (d, J =
8.3 Hz, 1H), 3.71 (d, J = 8.8 Hz, 1H), 3.70 (s, 3H), 3.14 (dd, J = 13.9, 10.3 Hz, 1H), 2.81
(dd, J = 13.9, 2.7 Hz, 1H), 2.38 (dd, J = 18.1, 4.9 Hz, 1H), 2.21 (s, 3H), 2.13 (dd, J = 17.8,
6.1 Hz, 1H), 1.98 (s, 3H), 1.52 (s, 6H), 1.18 (s, 3H), 1.06 (s, 3H), 1.03 (s, 9H), 0.18 (s, 3H),
0.17 (s, 3H); 8C NMR (75 MHz, CDCl;) 6 176.0, 149.5, 147.3, 136.0, 130.4, 129.7, 126.3,
123.2, 78.1, 76.1, 74.1, 73.7, 60.0, 49.9, 47.1, 38.1, 37.4, 26.0, 25.8, 23.7, 21.1, 20.7, 19.9,
18.6, 17.0, —4.0, —-4.1; IR (Neat film NaCl) 3600-2500, 2930, 2859, 1722, 1464, 1419,
1286, 1253, 1178, 1074, 1045, 918, 840, 734 cm™!; MS (FAB+) [M+H-H,]* m/z calc'd for

[C5:H,40,Si]*: 561.3248, found 561.3225.

DMP, CH,Cl,
0—22°C
(78% yield)

Enone 282. To a cooled (0 °C) solution of allylic alcohol 281 (35 mg, 0.062 mmol, 1.0
equiv) was added Dess-Martin periodinane (40.8 mg, 0.093 mmol, 1.5 equiv). The
resulting solution was stirred at o °C for 1.5 h then was diluted with 10 mL Et.O, filtered
thru #2 Whatman paper, concentrated, and purified by flash column chromatography
(10 to 50% EtOAc/hexanes) to provide enone 282 (27.1 mg, 0.048 mmol, 78% yield): Ry
0.42 (30% acetone in hexanes); 'H NMR (300 MHz, CDCl;) 6 6.85 (d, J = 7.6 Hz, 1H),
6.65 (d, J = 7.9 Hz, 1H), 4.32 (d, J = 8.2 Hz, 1H), 3.98-3.62 (m, 6H), 3.65 (s, 3H), 2.43
(dd, J = 18.2, 2.9 Hz, 1H), 2.21 (s, 3H), 2.13 (dd, J = 17.6, 3.5 Hz, 1H), 1.78 (s, 3H), 1.54
(s, 3H), 1.52 (s, 3H), 1.14 (s, 3H), 1.02 (s, 9H), 1.00 (s, 3H), 0.15 (app. d, J = 2.1 Hz, 6H);

3C NMR (75 MHz, CDCl;) 6 206.6, 176.2, 149.9, 147.0, 138.4, 130.1, 126.9, 125.9, 125.0,
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123.3, 80.6, 78.3, 76.5, 74.8, 59.9, 46.8, 35.4, 26.8, 26.1, 23.1, 21.9, 21.2, 18.5, 17.7, 17.1,
-4.19, —4.22; IR (Neat film NaCl) 3695—2398, 2932, 2859, 1735, 1699, 1464, 1421, 1286,
1073, 919, 840, 782, 733 cm; MS (FAB+) [M+H]* m/z calc'd for [Cs;H,s0,Si+H]*:

561.3248, found 561.3220.

OMe

TFA,60°C,5h
—

(low yield)

270

Acetal 270 from enone 282: A solution of enone 282 (20.4 mg, .036 mmol, 1.0
equiv) in TFA (2.0 mL, 0.018 M) was heated to 65 °C for 5 h, then cooled to ambient
temperature. The solvent was removed by rotary evaporation and benzene was added
and removed by rotary evaporation (3x). The crude oil was purified by preparative thin-

layer chromatography (30% EtOAc/hexanes) to afford a small amount of acetal 270.

OMe
TFA,30°C,21h HO Oa
then TBAF, THF -
(76% vyield of desired , °

diastereomer from
high Ralcohol 269
60% yield from low R;alcohol)

Tetracycle 269. A solution of allylic alcohol 281a (30 mg, 0.053 mmol, 1.0 equiv) in
TFA (3 mL, 10 mg/mL) was warmed to 30 °C and stirred for 21 h (reaction times as low
as 30 min provide similar results) before cooling to ambient temperature. TFA was
removed by rotary evaporation, diluted with benzene and concentrated to an oil (3x)
then redissolved in THF (2 mL, 0.025 M). A solution of TBAF (54 uL, 0.106 mmol, 2.0

equiv) in THF (2.0 M) was added, and the reaction mixture was stirred for 3 h, quenched
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with H.O (20 mL), extracted with CH.Cl. (5 x 20 mL), dried over MgSQ,, and purified by
flash chromatography (10 to 20% EtOAc in hexanes) to provide tetracycle 269 (13.3 mg,
0.041 mmol, 76% yield) as a yellow solid.

A solution of allylic alcohol 281b (30 mg, 0.053 mmol, 1.0 equiv) in TFA (3 mL, 10
mg/mL) was warmed to 30 °C and stirred for 21 h (reaction times as low as 30 min
provide similar results) before cooling to ambient temperature. TFA was removed by
rotary evaporation, diluted with benzene and concentrated to an oil (3x) then redissolved
in THF (2 mL, 0.025 M). A solution of TBAF (54 uL, 0.106 mmol, 2.0 equiv) in THF (2.0
M) was added, and the reaction mixture was stirred for 3 h, quenched with H.O (20 mL),
extracted with CH.Cl. (5 x 20 mL), dried over MgSO,, and purified by flash
chromatography (10 to 20% EtOAc in hexanes) to provide tetracycle 269 (10.4 mg,
0.032 mmol, 60% yield) as a yellow solid. Crystals suitable for X-ray analysis were
obtained by crystallization from Et.O/heptanes at ambient temperature: mp 150-153 °C
(EtoO/heptane); Rr0.39 (30% acetone in hexanes); 'H NMR (300 MHz, CDCl;) 3 6.86 (s,
1H), 6.18 (d, J = 10.3 Hz, 1H), 6.14 (d, J = 6.4 Hz, 1H), 5.69 (d, J = 10.3 Hz, 1H), 5.54 (s,
1H), 4.33 (d, J 7.6 Hz, 1H), 3.86 (s, 2H), 3.63 (dd, J = 19.9, 7.0 Hz, 3.49 (d, J = 7.3 Hz,
1H), 3.16 (d, J = 19.6 Hz, 1H), 2.24 (s, 3H), 1.26 (s, 3H), 1.20 (s, 3H), 0.76 (s, 3H) ; 3C
NMR (75 MHz, CDCl,) 6 144.3, 143.4, 143.1 138.8, 134.1, 131.4, 125.8, 123.9, 121.8, 120.7,
80.1, 78.1, 77.2, 60.9, 48.7, 46.6, 39.0, 28.9, 25.0, 20.6, 17.1, 15.8; IR (Neat film NaCl)
3368, 2061, 2925, 1871, 1485, 1462, 1421, 1320, 1211, 1070, 907, 733 cm™; MS (FAB+)

[M+H-H,]* m/z calc'd for [C.;H2505]*: 325.1799, found 325.1804.
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CH,N,, Et,0

(97% yield)

Methyl ester 283. To a solution of acid 281 (10 mg, 0.018 mmol, 1.0 equiv) in Et.O
(0.5 mL) was added CH.N, in Et,O (2 mL, ~ 1—-2 M). The solution was stirred, open to
air, until no further yellow color was visible. The solvent was removed by rotary
evaporation to provide pure methyl ester 283 (9.9 mg, 0.017 mmol, 97% yield) as a clear
oil: Ry 0.47 (30% EtOAc in hexanes); 'H NMR (300 MHz, CDCl;) 8 6.85 (d, J = 7.9 Hz,
1H), 6.74 (d, J = 7.7 Hz, 1H), 4.21 (d, J = 9.4 Hz, 1H), 4.07 (d, J = 9.1 Hz, 1H), 4.02 (d, J
= 8.2 Hz, 1H), 3.77 (d, J = 7.9 Hz, 1H), 3.72 (s, 3H), 3.71 (s, 3H), 3.58 (d, J = 5.6 Hz, 1H),
3.55 (d, J = 5.0 Hz, 1H), 3.16 (dd, J = 14.1, 10.5 Hz, 1H), 2.79 (dd, J = 14.1, 1.8 Hz, 1H),
2.44 (br s, 1H), 2.21 (s, 3H), 2.17 (d, J = 8.2 Hz, 1H), 1.97 (s, 3H), 1.42 (s, 3H), 1.25 (s.
3H), 1.11 (s. 3H), 1.07 (s, 9H), 0.17 (app. d, J = 1.8 Hz, 6H); 3C NMR (75 MHz, CDCl;) 6
174.8, 149.5, 147.3, 135.1, 130.8, 129.6, 129.2, 126.4, 76.7, 74.8, 74.2, 73.6, 71.8, 60.0,
51.9, 51.7, 47.3, 38.2, 37.9, 26.3, 26.0, 24.3, 21.1, 21.0, 18.6, 17.8, 17.0, —4.1, —4.06; IR
(Neat film NaCl) 3444, 2931, 2858, 1734, 1464, 1285, 1142, 1044, 1004, 919, 840, 782,

732 cmt; MS (FAB+) [M+H]* m/z calc'd for [C3.H5.0,Si+H]*: 577.3561, found 577.3544.

OMe
TFA, 30 °C, 80 min HO O @
then TBAF, THF >
(good conversion) ‘ o]

269

Tetracycle 269 from methyl ester 283. A solution of allylic alcohol 283 (9.9 mg,
17.7 umol, 1.0 equiv) in TFA (700 uL, 0.025 M) was warmed to 30 °C and stirred for 80

min before cooling to ambient temperature. TFA was removed by rotary evaporation,
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diluted with benzene and concentrated to an oil (3x). 'H NMR analysis indicated the

formation of tetracycle 269 as the major product.
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SYNTHETIC SUMMARY

Acid-Mediated Cyclization Approaches to the
Densely Substituted Carbocyclic Core of Zoanthenol

Scheme S3.1 Revised retrosynthetic analysis

hemiaminal alkyne
formation addition 0
:> :> X
(o] 217 I N BOC‘
N
+
TBSO

Zoanthenol (21)
OMe
i HO o acid-mediated
deoxygenation cyclization
— OMe ——>
Gilbert-Seyferth ‘ o
homologation |
o o
218
Grignard OMe reductive
addition carbonylation
TBSO
Br +
esterification
168 220

Scheme S3.2 Access to a meso anhydride

OTBS OTBS
OTBS 2 mesitylene, collidine H o o
methylene blue
=z + | o} EEEEETEEE—— [0} + 0
165 °C, 2.5 days
A
o (o] (o]
222 223 224, (66% yield) 225, (9% yield)
oTBS ¢ 0 oTBS o
g H,S0, (0.5 equiv) H,S0, (0.5 equiv)
- [o] - [o]
DCE, reflux, 3 d DCE, reflux, 3 d
o) (94% yield) o (83% yield) 0

224 226 225
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Scheme S3.2 Desymmetrization and elaboration of a meso anhydride

o (o}
quinine, DBU OH Kil, I, NaHCO; (o} 1. AgOAc, Py, 32°C
O—>» —_— OMe
PhMe, MeOH OMe  ACN/H,O, dark | 2. K,CO;, MeOH
o
o (o] (75% vyield, 2 steps) (76% yield, 2 steps)
226 242

247

Scheme S3.3 Synthesis of a lactone-derived C ring synthon

|
1. MnO,, acetone 1. Ac,0, NN

Y

ZRR AN
2. H,, PtO,, EtOAc 2. Hy, PtO,, EtOAC

(71% yield, 2 steps) (62% yield, 2 steps)

oTf 1. Pd(PPhj),, LiCl, NMP
BuzSn” >
KHMDS, THF, -25 °C (94% yield)
then Tf,NPh 2. 0s0,4, NalO, o
acetone, H,0, 0 °C
(82% vyield) (70% yield)
251 252

Scheme S3.4 Fragment coupling and cyclization of the A and lactone-derived C rings

OMe

H__O TBS(>©/\MgBr

181
OMe Et,0:THF 1:1,0°C

DMP, CH,Cl,, 0 °C

(91% yield)

(70% yield)
252 253

HCOOH:H,PO, 3:1

-

117°C, 22 h
(47% yield)

256
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Scheme S3.5 Elaboration of lactone 248
oTBS
TBSO oTBS oTBS
o TBSOTY, Py LAH, THF oH CuSO,
OMe CH,Cl,, 0 — 23 °C 0-23°C acetone
(83% yield OH OH  (88%vyield)  ou
2 steps) 1:1.5 ratio
258 259

257

248

Scheme S3.6 Synthesis of a 7-membered acetal-derived C ring synthon
LDA, -78 °C, 2h
then HMPA, 0 °C, 1h

Y

then Mel, -30 °C

oTBS OH
0 : 0 _1)/Mn0,, acetone
” >< 2) PtO, Hy, EtOAC ><
oTBS (72% yield, 10 % yield 261)

0>< (0]
OTBS (93% yield, 2 steps)
(2)-259 (£)-259 261
(o) (cHex),p” o PloHeN)2
0>< KHMDS, THF >< Pd(OAc),, CO, DMA, LiCl
o PhNTf,, —25 °C TEA, TES-H (2 equiv, slow add'n), 35 °C ><
oTBS (65% yield, 35% recovered 263) OTBS
264

(92% yield)
263

Qe
I

OTBS
262

Scheme S3.7 Fragment coupling and cyclization of the A and 7-membered acetal-

derived Crings
OMe
H o TBSO. MgBr Me OMe
DMP, DCM O
o@
oTBS

0>< 181
Et,0:DCM 1.2:1
o zc
89% yield
oTBS (87% yield) oTBS (89% yield)
264 265 266
(10:1 Mixture at C(20))
(Major diastereomer shown)
OMe
TBSO 200
O TFA, 65°C,5.5h
0 >
X
b o g
OoTBS
270
(16% yield)
assigned by 2D NMR
analysis

266
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Scheme S3.8 Synthesis of a homologated nitrile-derived C ring synthon
oTBS

OTBS OTBS
1) MsCl, TEA, CH,CI
PtO,, H, 0—-23°C 2
EtOAc H 2) DMSO, KCN, 85 °C
[0} (0}
(76% yield, 2 steps)

x (96% yield) x
272

LDA, -78 °C, 2h
then HMPA, 0 °C

KHMDS, THF
PhNTf,, -25 °C

then Mel, —-25 °C
(98% yield)

1) TBAF, THF, 40 °C

2) (COCI),, DMSO
CH,Cly, TEA,
-78°C—>23°C (78% yield,
10% recovered 274,
5% bis-alkylation) 275

(>99% yield, 2 steps)

oTf
sy,
Pd(PPhy), 0s0,, NalO,
NMP, LiCl acetone/H,0, 0 °C Y
(71% yield, 2 steps) °><°

278

277

Scheme S3.9 Fragment coupling and cyclization of the A and homologated nitrile-

derived Crings
OMe
TBSO.

1) J@”Mgar OMe
181 HO =0
CN TFA,60°C,5h o

_— 12

(42% yield)

Et,O:THF 4.8:1,-12°C

2) DMP, CH,Cl,, 0 °C
270

(85% yield, 2 steps)

278
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Scheme S3.10 Synthesis, fragment coupling, and cyclization of the A and homologated

carboxylic acid-derived C rings

OMe OMe

TBSOJij/\ MgBr TBSO

181

CN 1. KOH, EtOH, 90 °C

L

2. 0s0,, Nalo, Et,0, CH,Cl,, 0 °C
acetone/H,0, 0 °C -
(94% yield) F
(81% yield, 2 steps) >10:1 dr Oxo

277

DMP, CH,Cl, TFA, 60°C,5h
—>
0->22°C
(78% yield)

OMe
HO
TFA,22°C, 21 h O@
then TBAF, THF ‘
12 o)
(70% vyield of desired

diastereomer from
high Ryalcohol 269
55% from low R alcohol)

281
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APPENDIX B

Spectra and X-Ray Crystrallographic Data:
Acid-Mediated Cyclization Approaches to the
Densely Substituted Carbocyclic Core of Zoanthenol
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Figure B.2 Infrared spectrum (thin film/NaCl) of compound 225.
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Figure B.3 3C NMR (125 MHz, CDCl;) of compound 225.
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Figure B.5 Infrared spectrum (thin film/NaCl) of compound 226.
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Figure B.6 3C NMR (125 MHz, CDCl;) of compound 226.
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Figure B.8 Infrared spectrum (thin film/NaCl) of compound 242.
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Figure B.11 Infrared spectrum (thin film/NaCl) of compound 247.
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Figure B.12 3C NMR (75 MHz, CsD¢) of compound 247.
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Figure B.14 Infrared spectrum (thin film/NaCl) of compound 247a.
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Figure B.15 3C NMR (125 MHz, CDCl;) of compound 247a.
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Figure B.17 Infrared spectrum (thin film/NaCl) of compound 248.
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Figure B.17 3C NMR (125 MHz, CDCl;) of compound 248.
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Figure B.20 Infrared spectrum (thin film/NaCl) of compound 250.
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Figure B.21 3C NMR (75 MHz, CDCl;) of compound 250.
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Figure B.23 Infrared spectrum (thin film/NaCl) of compound 251.
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Figure B.24 3C NMR (75 MHz, CDCl;) of compound 251.
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Figure B.28 Infrared spectrum (thin film/NaCl) of compound 252.

"

1
600.0

266

PRI rap m Y sl " i "
L TRE WA wy o i " L el w W

I

il

T T [T T T T[T T T T T T [ T [T [T [T T T[T T[T T [T T [T T [ T T[T [T [T [T [T T[T TTTT[TT1T1T]

200 180 160 140 120 100 80 60 40

Figure B.29 B3C NMR (75 MHz, CDCl;) of compound 252.

20

ppm



267

'gGg punodwoo Jo (([DAD ZHIN 00€) YINN H: 8&'g a4nbi




89.1_

85

80

75

70|

65

60 ]

55

%T

45 |

40 |

35

30

25 |

20|

12.0

50|

4000.0

Figure B.29 Infrared spectrum (thin film/NaCl) of compound 252.
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Figure B.32 Infrared spectrum (thin film/NaCl) of compound 253.
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Figure B.33 3C NMR (75 MHz, CDCl;) of compound 253.
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Figure B.35 Infrared spectrum (thin film/NaCl) of compound 255.
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Figure B.38 Infrared spectrum (thin film/NaCl) of compound 256.
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Figure B.39 3C NMR (75 MHz, CDCl;) of compound 256.
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Figure B.41 Infrared spectrum (thin film/NaCl) of compound 257.
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Figure B.42 3C NMR (125 MHz, CDCl;) of compound 257.
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Figure B.44 Infrared spectrum (thin film/NaCl) of compound 258.
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Figure B.45 3C NMR (125 MHz, CDCl;) of compound 258.
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Figure B.47 Infrared spectrum (thin film/NaCl) of compound 259.
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Figure B.50 Infrared spectrum (thin film/NaCl) of compound 260.
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Figure B.51 3C NMR (75 MHz, CDCl;) of compound 260.
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Figure B.53 Infrared spectrum (thin film/NaCl) of compound 261.
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Figure B.54 3C NMR (75 MHz, CDCl;) of compound 261.
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Figure B.56 Infrared spectrum (thin film/NaCl) of compound 262a.
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Figure B.57 3C NMR (75 MHz, CDCl;) of compound 262a.
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Figure B.59 Infrared spectrum (thin film/NaCl) of compound 262b.
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Figure B.60 3C NMR (75 MHz, CDCl;) of compound 262b.
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Figure B.62 Infrared spectrum (thin film/NaCl) of compound 263.

L

T T T [T T T T[T T T[T T T [ T [T [T [T T T[T T[T T [T T [T T [ T T[T [T [T [T T[T T[T [TTTT[TT1TT]

200 180 160 140 120 100 80 60 40 20 ppm

Figure B.63 3C NMR (300 MHz, CsDs) of compound 263.
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Figure B.65 Infrared spectrum (thin film/NaCl) of compound 264.
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Figure B.66 3C NMR (75 MHz, CDCl;) of compound 264.
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Figure B.68 Infrared spectrum (thin film/NaCl) of compound 265.
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Figure B.69 3C NMR (75 MHz, CDCl;) of compound 265.
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Figure B.71 Infrared spectrum (thin film/NaCl) of compound 266.
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Figure B.72 3C NMR (75 MHz, CDCl;) of compound 266.
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Figure B.73 Infrared spectrum (thin film/NaCl) of compound 270.
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Figure B.74 3C NMR (125 MHz, CDCl;) of compound 270.
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Figure B.77 Infrared spectrum (thin film/NaCl) of compound 272.
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Figure B.78 3C NMR (125 MHz, CDCl;) of compound 272.
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Figure B.80 Infrared spectrum (thin film/NaCl) of compound 273.
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Figure B.81 3C NMR (75 MHz, CDCl;) of compound 273.
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Figure B.83 Infrared spectrum (thin film/NaCl) of compound 274.
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Figure B.84 3C NMR (75 MHz, CDCl;) of compound 274.
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Figure B.86 Infrared spectrum (thin film/NaCl) of compound 276.
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Figure B.87 3C NMR (75 MHz, CsDs) of compound 276.
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Figure B.89 Infrared spectrum (thin film/NaCl) of compound 278.
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Figure B.9o 3C NMR (75 MHz, CDCl;) of compound 278.
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Figure B.92 Infrared spectrum (thin film/NaCl) of compound 279.
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Figure B.93 3C NMR (75 MHz, CDCl;) of compound 279.
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Figure B.95 Infrared spectrum (thin film/NaCl) of compound 280.
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Figure B.96 3C NMR (125 MHz, CDCl;) of compound 280.
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Figure B.98 Infrared spectrum (thin film/NaCl) of compound 281a.
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Figure B.99 3C NMR (125 MHz, CDCl;) of compound 281a.
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Figure B.101 Infrared spectrum (thin film/NaCl) of compound 281b.
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Figure B.102 3C NMR (125 MHz, CDCl;) of compound 281b.



317

"g8g punodwod jo (*[DAD ‘ZHIN 00€) YINN H: £01°g aunbLy

€ 1 S 9
, , , ,

e




318

101.0_

95
90
85
80
75
%T 70|
65|

60|

55 |

50

45 |

41.0

T T T T 1
4000.0 3000 2000 1500 1000 700.0
em-1

Figure B.104 Infrared spectrum (thin film/NaCl) of compound 282.
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Figure B.105 3C NMR (75 MHz, CDCl;) of compound 282.
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Figure B.107 Infrared spectrum (thin film/NaCl) of compound 269.
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Figure B.108 3C NMR (75 MHz, CDCl;) of compound 269.
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Figure B.110 Infrared spectrum (thin film/NaCl) of compound 283.
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Figure B.111 3C NMR (75 MHz, CDCl;) of compound 283.
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Table 1. Crystal data and structure refinement for DCB30 (CCDC 277462).

Empirical formula
Formula weight
Crystallization Solvent
Crystal Habit

Crystal size

Crystal color

Type of diffractometer
Wavelength
Data Collection Temperature

0 range for 8068 reflections used
in lattice determination

Unit cell dimensions

Volume

Z

Crystal system

Space group

Density (calculated)
F(000)

Data collection program

6 range for data collection
Completeness to 6 = 40.70°
Index ranges

Data collection scan type
Data reduction program
Reflections collected
Independent reflections
Absorption coefficient
Absorption correction

Max. and min. transmission

Cu:H1405

226.22
Heptane/diethylether
Fragment

0.41X 0.24 X 0.16 mm3

Colorless

Data Collection

Bruker SMART 1000
0.71073 A MoKo.
100(2) K

2.74 10 39.14°

a = 8.5469(4) A
b =8.7203(4) A
¢ =14.1988(6) A

1058.26(8) A3

4

Orthorhombic

P2,2,2,

1.420 Mg/m3

480

Bruker SMART v5.630
2.74 10 40.70°

92.3%
-1i5=h=<13,-15<k=<15,-25=<1<23
 scans at 5 ¢ settings
Bruker SAINT v6.45A
19516

6114 [R, ;= 0.0607]
0.113 mm™

None

0.9822 and 0.9553
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Structure Solution and Refinement

Structure solution program
Primary solution method
Secondary solution method
Hydrogen placement

Structure refinement program
Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F2

Final R indices [I>20(I), 4485 reflections]
R indices (all data)

Type of weighting scheme used
Weighting scheme used

Max shift/error

Average shift/error

Absolute structure determination
configuration

Absolute structure parameter

Largest diff. peak and hole

Bruker XS v6.12

Direct methods

Difference Fourier map
Difference Fourier map
Bruker XL v6.12

Full matrix least-squares on F?
6114 / 0/ 201

Unrestrained

1.304

R1 = 0.0415, wR2 = 0.0690
R1 = 0.0621, wR2 = 0.0715
Sigma

w=1/02(Fo02)

0.001
0.000
Not possible to reliably determine absolute
-0.2(6)

0.427 and -0.273 e.A3

Special Refinement Details

Refinement of F2 against ALL reflections. The weighted R-factor (wR) and goodness of fit
(S) are based on F2, conventional R-factors (R) are based on F, with F set to zero for negative F2.
The threshold expression of F2 > 20( F2) is used only for calculating R-factors(gt) etc. and is not
relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about
twice as large as those based on F, and R-factors based on ALL data will be even larger.

All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using
the full covariance matrix. The cell esds are taken into account individually in the estimation of
esds in distances, angles and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell
esds is used for estimating esds involving L.s. planes.
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (A2x 103) for DCB30 (CCDC 277462). U(eq) is defined as the trace of the
orthogonalized U tensor.

X y Z Ueq
0(1) 1165(1) 11191(1) 7918(1) 16(1)
0(2) 1872(1) 13004(1) 8946(1) 21(1)
0(3) 4173(1) 9617(1) 8803(1) 21(1)
0(4) 3237(1) 7678(1) 7931(1) 18(1)
0(5) -878(1) 9680(1) 10618(1) 19(1)
C() -1241(1) 9774(1) 8195(1) 17(1)
C(2) 492(1) 9626(1) 8002(1) 15(1)
C(3) 1380(1) 8989(1) 8868(1) 12(1)
C(4) 1180(1) 10414(1) 9520(1) 12(1)
C(5) -565(1) 10628(1) 9813(1) 14(1)
C(6) -1706(1) 10259(1) 9031(1) 17(1)
C(7) 1471(1) 11701(1) 8802(1) 14(1)
C(8) 2214(1) 10544(1) 10395(1) 16(1)
C(9) 763(1) 7465(1) 9253(1) 16(1)
C(10) 3095(1) 8815(1) 8558(1) 14(1)

C(11) 4809(1) 7460(1) 7566(1) 23(1)




Table 3. Bond lengths [A] and angles [°] for DCB30 (CCDC 277462).
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O0(1)-C(7)
0(1)-C(2)
0(2)-C(7)
0(3)-C(10)
0(4)-C(10)
0(4)-C(11)
0(5)-C(5)
0(5)-H(5A)
C(1)-C(6)
C(1)-C(2)
C(1)-H(1)
C(2)-C(3)
C(2)-H(2)
C(3)-C(9)
C(3)-C(10)
C(3)-C(4)
C(4)-C(8)
C(4)-C(7)
C(4)-C(5)
C(5)-C(6)
C(5)-H(5)
C(6)-H(6)
C(8)-H(8A)
C(8)-H(8B)
C(8)-H(8C)
C(9)-H(9A)
C(9)-H(9B)
C(9)-H(9C)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)

C(7)-0(1)-C(2)
C(10)-0(4)-C(11)
C(5)-0(5)-H(5A)
C(6)-C(1)-C(2)
C(6)-C(1)-H(1)
C(2)-C(1)-H(1)
0(1)-C(2)-C(1)
0(1)-C(2)-C(3)
C(1)-C(2)-C(3)
0(1)-C(2)-H(2)
C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
C(9)-C(3)-C(10)
C(9)-C(3)-C(2)
C(10)-C(3)-C(2)
C(9)-C(3)-C(4)
C(10)-C(3)-C(4)
C(2)-C(3)-C(4)

1.3559(11)
1.4855(11)
1.2050(11)
1.2082(11)
1.3387(11)
1.4519(12)
1.4350(11)
0.783(13)
1.3223(13)
1.5115(13)
0.973(11)
1.5486(12)
0.989(9)
1.5301(12)
1.5380(13)
1.5586(12)
1.5294(12)
1.5365(12)
1.5600(12)
1.5120(13)
0.994(11)
0.951(10)
1.025(12)
0.977(11)
0.976(12)
0.987(11)
0.952(11)
0.952(12)
0.967(12)
0.940(13)
0.962(12)

107.57(7)
114.73(8)
104.1(10)
119.00(8)
122.2(6)
118.8(6)
108.39(7)
101.75(7)
111.51(7)
105.7(6)
112.9(6)
115.6(5)
110.19(7)
115.23(8)
105.96(7)
116.29(7)
110.65(7)
97.55(7)

C(8)-C(4)-C(7)
C(8)-C(4)-C(3)
C(7)-C(4)-C(3)
C(8)-C(4)-C(5)
C(7)-C(4)-C(5)
C(3)-C(4)-C(5)

0(5)-C(5)-C(6)
0(5)-C(5)-C(4)
C(6)-C(5)-C(4)
0(5)-C(5)-H(5)
C(6)-C(5)-H(5)

C(4)-C(5)-H(5)
C(1)-C(6)-C(5)
C(1)-C(6)-H(6)
C(5)-C(6)-H(6)
0(2)-C(7)-0(2)
0(2)-C(7)-C(4)
0(1)-C(7)-C(4)
C(4)-C(8)-H(8A)
C(4)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(4)-C(8)-H(8C)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
C(3)-C(9)-H(94)
C(3)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(3)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
0(3)-C(10)-0(4)
0(3)-C(10)-C(3)
0(4)-C(10)-C(3)
0(4)-C(11)-H(11A)
0(4)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
0(4)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)

113.05(7)
118.58(7)
99.84(6)
109.06(7)
104.16(7)
111.03(7)

110.00(7)
108.75(7)
113.26(7)
109.9(6)
108.8(6)

106.0(6)
122.26(8)
120.8(6)
116.9(6)
121.44(8)
128.47(8)
110.07(7)
108.8(6)
108.5(7)
109.1(9)
112.1(7)
105.7(10)
112.6(10)
110.7(6)
111.9(7)
104.0(9)
110.2(7)
108.6(9)
111.2(10)
123.45(8)
125.99(8)
110.48(7)
107.9(7)
106.0(8)
111.7(10)
108.7(7)
111.6(9)
110.6(10)
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Table 4. Anisotropic displacement parameters (A2x 104) for DCB30 (CCDC 277462).
The anisotropic displacement factor exponent takes the form: -2x2 [ h2a*?U " + ...+ 2h

ka* b* U2]

Uu U22 Uss3 U23 U U2
0(1) 203(3) 149(3) 142(3) 30(2) -26(3) -27(3)
0(2) 239(4) 146(3) 239(3) 28(3) -42(3) -47(3)
0(3) 154(3) 239(4) 236(3) -25(3) 30(3) -54(3)
0(4) 154(3) 204(3) 196(3) -37(3) 29(3) 16(3)
O(5) 178(3) 213(3) 185(3) 47(3) 60(3) 34(3)
C(1) 159(4) 156(4) 203(4) 11(3) -58(3) -11(4)
C(2) 167(4) 130(4) 149(4) -4(3) -18(3) -17(4)
C(3) 129(4) 116(4) 122(3) 8(3) 3(3) -2(3)
C(4) 120(4) 119(4) 124(3) 11(3) -4(3) 0(3)
C(5) 147(4) 127(4) 144(4) 9(3) 21(3) 14(3)
C(6) 129(4) 162(4) 230(4) 24(3) -19(3) 10(4)
C(7) 118(4) 149(4) 157(4) 18(3) -10(3) 3(3)
C(8) 163(4) 190(5) 138(4) 6(3) -24(3) -5(4)
C(9) 154(4) 117(4) 201(4) 11(3) 21(4) -5(4)
C(10) 148(4) 151(4) 120(4) 32(3) 18(3) 10(4)

C(11) 191(5) 259(6) 230(5) -5(4) 75(4) 52(4)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10
3) for DCB30 (CCDC 277462).

X y Z Uiso
H(5A) -1603(15) 10067(15) 10856(9) 35(4)
H(1) -1977(13) 9484(13) 7703(7) 18(3)
H(2) 719(11) 9112(11) 7397(7) 6(2)
H(5) -680(12) 11727(13) 9986(7) 15(3)
H(6) -2786(12) 10404(12) 9164(7) 14(3)
H(8A) 1942(13) 11540(14) 10742(8) 23(3)
H(8B) 1993(13) 9673(14) 10807(7) 23(3)
H(8C) 3321(14) 10627(15) 10235(8) 29(3)
H(9A) 1386(12) 7128(12) 9800(8) 17(3)
H(9B) -271(13) 7561(12) 9496(8) 17(3)
H(9C) 815(14) 6693(14) 8779(8) 27(3)
H(11A) 5491(14) 7243(13) 8093(8) 20(3)
H(11B) 4748(14) 6625(15) 7148(9) 29(3)

H@110) 5121(13) 8376(14) 7239(8) 20(3)
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Table 6. Hydrogen bonds for DCB30 (CCDC 277462) [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)

0O(5)-H(5A)...0(2)#1 0.783(13) 2.147(13) 2.8567(10) 151.0(13)

Symmetry transformations used to generate equivalent atoms:
#1X-1/2,-y+5/2,-2+2
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Table 1. Crystal data and structure refinement for DCB31 (CCDC 283708).

Empirical formula
Formula weight
Crystallization Solvent
Crystal Habit

Crystal size

Crystal color

Type of diffractometer
Wavelength

Data Collection Temperature

0 range for 15772 reflections used

in lattice determination

Unit cell dimensions

Volume

Z

Crystal system

Space group

Density (calculated)
F(000)

Data collection program

6 range for data collection
Completeness to 6 = 28.27°
Index ranges

Data collection scan type
Data reduction program
Reflections collected
Independent reflections
Absorption coefficient
Absorption correction

Max. and min. transmission

C2sH400; Si

518.71

EtOAc/heptane

Block

0.32 X 0.31 X 0.22 mm3

Colorless

Data Collection

Bruker SMART 1000
0.71073 A MoKo.
100(2) K

2.32 10 28.21°

a=12.6604(8) A o= 81.0750(10)°
b = 15.4100(10) A B= 66.6280(10)°
¢ =15.7147(10) A vy = 87.6100(10)°

2779.6(3) A3

4

Triclinic

P-1

1.240 Mg/m3

1120

Bruker SMART v5.630
1.75 to 28.27°

92.1%
-16<h=<16,-20=sk=<19,-20=<1=<20
 scans at 7 ¢ settings
Bruker SAINT v6.45A
56601

12691 [R; ;= 0.0626]
0.127 mm™!

None

0.9725 and 0.9604
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Structure solution and Refinement

Structure solution program
Primary solution method
Secondary solution method
Hydrogen placement

Structure refinement program
Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F2

Final R indices [I>20(I), 7901 reflections]
R indices (all data)

Type of weighting scheme used
Weighting scheme used

Max shift/error

Average shift/error

Largest diff. peak and hole

SHELXS-97 (Sheldrick, 1990)
Direct methods

Difference Fourier map
Difference Fourier map
SHELXL-97 (Sheldrick, 1997)
Full matrix least-squares on F?
12691 /0 / 985

Unrestrained

1.502

R1 = 0.0455, wR2 = 0.0721
R1 =0.0839, wR2 = 0.0763
Sigma

w=1/02(Fo02)

0.003

0.000

0.492 and -0.382 e.A3

Special Refinement Details

Refinement of F2 against ALL reflections. The weighted R-factor (wR) and goodness of fit
(S) are based on F2, conventional R-factors (R) are based on F, with F set to zero for negative F2.
The threshold expression of F2 > 20( F2) is used only for calculating R-factors(gt) etc. and is not
relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about
twice as large as those based on F, and R-factors based on ALL data will be even larger.

All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using
the full covariance matrix. The cell esds are taken into account individually in the estimation of
esds in distances, angles and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell
esds is used for estimating esds involving L.s. planes.
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (A2x 103) for DCB31 (CCDC 283708). U(eq) is defined as the trace of the
orthogonalized U tensor.

X y Z Ueq
Si(1) -42(1) 510(1) 2060(1) 21(1)
0(1A) 816(1) 1084(1) 2346(1) 19(1)
0(24) 1297(1) 2515(1) 937(1) 23(1)
0(34) 3033(1) 4131(1) 770(1) 26(1)
0(4A) 3980(1) 6315(1) -2542(1) 37(1)
0O(5A) 2422(1) 7069(1) -2515(1) 38(1)
O(6A) 4208(1) 6810(1) -903(1) 21(1)
0(7A) 4924(1) 5456(1) -917(1) 22(1)
C(1A) 646(1) 1925(1) 2572(1) 18(1)
C(2A) 899(1) 2648(1) 1864(1) 18(1)
C(3A) 719(1) 3501(1) 2073(1) 21(1)
C(44) 306(2) 3607(1) 3011(1) 27(1)
C(5A) 107(2) 2895(1) 3709(1) 26(1)
C(6A) 276(1) 2039(1) 3508(1) 20(1)
C(7A) 81(2) 1260(1) 4263(1) 29(1)
C(8A) 2448(2) 2186(2) 597(2) 28(1)
C(9A) 166(2) 811(2) 810(2) 38(1)
C(10A) -1553(2) 709(2) 2806(2) 35(1)
C(11A) 375(1) -659(1) 2268(1) 22(1)
C(124) -338(2) -1258(1) 1990(2) 30(1)
C(13A) 1656(2) -771(2) 1691(2) 37(1)
C(144) 138(2) -938(1) 3311(1) 34(1)
C(15A) 999(2) 4291(1) 1317(1) 25(1)
C(16A) 2140(1) 4736(1) 1130(1) 21(1)
C(a7A) 2349(1) 5629(1) 503(1) 20(1)
C(18A) 2866(1) 5673(1) -583(1) 20(1)
C(194) 2473(1) 6519(1) -1042(1) 24(1)
C(20A) 3079(2) 7190(1) -749(1) 24(1)
C(21A) 2454(2) 7262(1) 276(1) 24(1)
C(22A) 2158(1) 6374(1) 879(1) 22(1)
C(23A) 1640(2) 6435(1) 1910(1) 29(1)
C(24A) 2706(2) 4851(1) -947(1) 25(1)
C(254) 4114(2) 5923(1) -833(1) 20(1)
C(26A) 1171(2) 6613(2) -701(2) 35(1)
C(27A) 3055(2) 6601(1) -2107(1) 28(1)
C(28A) 2900(3) 7207(2) -3527(2) 44(1)
Si(2) 5149(1) 9590(1) 2638(1) 21(1)
O(@B) 4218(1) 9004(1) 2444(1) 20(1)
O(2B) 3743(1) 7599(1) 3860(1) 24(1)
O(3B) 1918(1) 5944(1) 4116(1) 26(1)
0(4B) 1344(1) 3774(1) 7408(1) 34(1)
O(5B) 2018(1) 2985(1) 7232(1) 32(1)
0(6B) 863(1) 3261(1) 5877(1) 21(1)
O(7B) 126(1) 4607(1) 5934(1) 23(1)
C(1B) 4350(1) 8159(1) 2224(1) 17(1)

C(2B) 4097(1) 7444(1) 2043(1) 18(1)



C(3B)
C(4B)
C(5B)
C(6B)
C(7B)
C(8B)
C(9B)
C(10B)
C(11B)
C(12B)
C(13B)
C(14B)
C(15B)
C(16B)
C(17B)
C(18B)
C(19B)
C(20B)
C(21B)
C(22B)
C(23B)
C(24B)
C(25B)
C(26B)
C(27B)
C(28B)

4225(1)
4584(1)
4779(1)
4666(1)
4854(2)
2574(2)
5680(2)
6404(2)
4327(2)
5122(2)
3289(2)
3894(2)
3966(2)
2821(1)
2636(1)
2219(1)
2690(1)
2018(2)
2507(2)
2764(1)
3189(2)
2419(2)

955(2)
3999(2)
2231(2)
2541(2)

6587(1)
6466(1)
7171(1)
8032(1)
8801(1)
7893(1)
8968(1)
9919(2)
10573(1)
11175(1)
10289(2)
11088(2)
5805(1)
5350(1)
4457(1)
4416(1)
3582(1)
2897(1)
2827(1)
3713(1)
3634(1)
5244(1)
4150(1)
3506(2)
3484(1)
2794(2)

2749(1)
1817(1)
1112(1)
1295(1)

525(1)

4228(1)

3484(2)
1510(2)

3092(1)

3282(2)

4020(2)

2385(2)

3514(1)

3733(1)

4354(1)

5438(1)

5839(1)

5624(1)

4603(1)

3988(1)

2963(1)
5771(1)

5785(1)

5394(2)

6908(1)

8236(1)

21(1)
24(1)
24(1)
19(1)
26(1)
29(1)
29(1)
33(1)
25(1)
32(1)
46(1)
46(1)
25(1)
19(1)
19(1)
19(1)
22(1)
22(1)
22(1)
20(1)
26(1)
23(1)
19(1)
29(1)
25(1)
35(1)
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Table 3. Bond lengths [A] and angles [°] for DCB31 (CCDC 283708).
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Si(1)-O(1A)
Si(1)-C(10A)
Si(1)-C(9A)
Si(1)-C(11A)
0(1A)-C(1A)
0(2A)-C(2A)
0(2A)-C(8A)
0O(3A)-C(16A)
O(3A)-H(3A)
0(4A)-C(274)
0O(5A)-C(27A)
0O(5A)-C(28A)
0O(6A)-C(25A)
0O(6A)-C(20A)
0O(7A)-C(25A)
C(1A)-C(2A)
C(1A)-C(6A)
C(2A)-C(3A)
C(3A)-C(4A)
C(3A)-C(154)
C(4A)-C(54)
C(4A)-H(4A)
C(5A)-C(6A)
C(5A)-H(5A)
C(6A)-C(7A)
C(7A)-H(7A1)
C(7A)-H(7A2)
C(7A)-H(7A3)
C(8A)-H(8A1)
C(8A)-H(8A2)
C(8A)-H(8A3)
C(9A)-H(9A1)
C(9A)-H(9A2)
C(9A)-H(9A3)
C(10A)-H(10A)
C(10A)-H(10B)
C(10A)-H(100C)
C(11A)-C(13A)
C(11A)-C(14A)
C(11A)-C(12A)
C(12A)-H(12A)
C(12A)-H(12B)
C(12A)-H(12C)
C(13A)-H(13A)
C(13A)-H(13B)
C(13A)-H(130C)
C(14A)-H(14A)
C(14A)-H(14B)
C(14A)-H(140)
C(15A)-C(16A)
C(15A)-H(15A)
C(15A)-H(15B)
C(16A)-C(17A)
C(16A)-H(16A)

1.6602(11)
1.847(2)
1.860(2)
1.8719(17)
1.3834(18)
1.3854(18)
1.440(2)
1.4266(19)
0.92(2)
1.203(2)
1.337(2)
1.442(2)
1.3611(19)
1.4637(19)
1.2020(18)
1.394(2)
1.393(2)
1.392(2)
1.389(2)
1.508(2)
1.378(2)
0.933(16)
1.392(2)
0.918(15)
1.504(2)
0.978(19)
0.991(17)
0.977(17)
0.96(2)
0.96(2)
0.980(18)
0.96(2)
0.99(2)
1.04(2)
1.032(18)
0.95(2)
0.91(2)
1.530(2)
1.537(2)
1.539(2)
0.995(16)
1.002(16)
0.939(17)
0.986(18)
0.990(17)
1.072(16)
1.043(18)
1.016(17)
0.982(18)
1.525(2)
0.967(16)
1.012(16)
1.529(2)
1.032(13)

C(17A)-C(22A)
C(17A)-C(18A)
C(18A)-C(25A)
C(18A)-C(24A)
C(18A)-C(19A)
C(19A)-C(26A)
C(19A)-C(27A)
C(19A)-C(20A)
C(20A)-C(21A)
C(20A)-H(20A)
C(21A)-C(22A)
C(21A)-H(21A)
C(21A)-H(21B)
C(22A)-C(23A)
C(23A)-H(23A)
C(23A)-H(23B)
C(23A)-H(230C)
C(24A)-H(24A)
C(24A)-H(24B)
C(24A)-H(240)
C(26A)-H(26A)
C(26A)-H(26B)
C(26A)-H(26C)
C(28A)-H(28A)
C(28A)-H(28B)
C(28A)-H(28C)
Si(2)-0(1B)
Si(2)-C(9B)
Si(2)-C(10B)
Si(2)-C(11B)
O(1B)-C(1B)
0O(2B)-C(2B)
0O(2B)-C(8B)
0O(3B)-C(16B)
O(3B)-H(3B)
0(4B)-C(27B)
O(5B)-C(27B)
0O(5B)-C(28B)
0(6B)-C(25B)
0(6B)-C(20B)
O(7B)-C(25B)
C(1B)-C(6B)
C(1B)-C(2B)
C(2B)-C(3B)
C(3B)-C(4B)
C(3B)-C(15B)
C(4B)-C(5B)
C(4B)-H(4B)
C(5B)-C(6B)
C(5B)-H(5B)
C(6B)-C(7B)
C(7B)-H(7B1)
C(7B)-H(7B2)
C(7B)-H(7B3)

1.342(2)
1.559(2)
1.520(2)
1.519(2)
1.552(2)
1.525(2)
1.525(2)
1.538(2)
1.506(2)
1.015(16)
1.505(2)
0.976(15)
1.002(16)
1.505(2)
0.95(2)
0.963(19)
0.98(2)
0.973(16)
1.022(16)
0.984(16)
1.042(16)
0.994(18)
0.944(18)
0.96(2)
1.00(2)
0.95(2)
1.6614(12)
1.844(2)
1.864(2)
1.8712(17)
1.3842(18)
1.3868(18)
1.441(2)
1.4298(19)
0.98(3)
1.2025(19)
1.3347(19)
1.441(2)
1.3590(19)
1.4668(19)
1.2030(18)
1.396(2)
1.396(2)
1.389(2)
1.391(2)
1.509(2)
1.378(2)
0.941(15)
1.391(2)
0.956(15)
1.508(2)
0.984(18)
0.973(18)
0.959(18)



C(8B)-H(8B1)
C(8B)-H(8B2)
C(8B)-H(8B3)
C(9B)-H(9B1)
C(9B)-H(9B2)
C(9B)-H(9B3)
C(10B)-H(10D)
C(10B)-H(10E)
C(10B)-H(10F)
C(11B)-C(14B)
C(11B)-C(12B)
C(11B)-C(13B)
C(12B)-H(12D)
C(12B)-H(12E)
C(12B)-H(12F)
C(13B)-H(13D)
C(13B)-H(13E)
C(13B)-H(13F)
C(14B)-H(14D)
C(14B)-H(14E)
C(14B)-H(14F)
C(15B)-C(16B)
C(15B)-H(15C)
C(15B)-H(15D)
C(16B)-C(17B)
C(16B)-H(16B)
C(17B)-C(22B)
C(17B)-C(18B)
C(18B)-C(24B)
C(18B)-C(25B)
C(18B)-C(19B)
C(19B)-C(27B)
C(19B)-C(26B)
C(19B)-C(20B)
C(20B)-C(21B)
C(20B)-H(20B)
C(21B)-C(22B)
C(21B)-H(21C)
C(21B)-H(21D)
C(22B)-C(23B)
C(23B)-H(23D)
C(23B)-H(23E)
C(23B)-H(23F)
C(24B)-H(24D)
C(24B)-H(24E)
C(24B)-H(24F)
C(26B)-H(26D)
C(26B)-H(26E)
C(26B)-H(26F)
C(28B)-H(28D)
C(28B)-H(28E)
C(28B)-H(28F)

0(1A)-Si(1)-C(10A)
0(1A)-Si(1)-C(9A)

C(10A)-Si(1)-C(9A)
0O(1A)-Si(1)-C(11A)

0.994(16)
0.949(17)
0.976(19)
1.021(19)
0.968(18)
0.910(18)
0.929(19)
0.972(19)
1.041(19)
1.529(3)
1.537(3)
1.541(3)
0.961(18)
0.976(16)
1.036(18)
0.99(2)
0.97(2)
0.988(19)
1.009(19)
0.99(2)
1.010(19)
1.526(2)
0.983(16)
0.969(15)
1.527(2)
1.061(14)
1.336(2)
1.562(2)
1.519(2)
1.524(2)
1.545(2)
1.528(2)
1.530(2)
1.538(2)
1.494(2)
0.966(15)
1.511(2)
1.005(15)
0.945(15)
1.505(2)
1.002(18)
0.977(19)
0.991(17)
0.991(16)
0.985(17)
0.994(16)
1.02(2)
1.022(17)
0.902(18)
0.973(19)
1.01(2)
1.005(18)

108.83(9)

112.73(9)
108.59(12)

104.53(7)

C(10A)-Si(1)-C(11A)
C(9A)-Si(1)-C(11A)
C(1A)-O(1A)-Si(1)
C(2A)-0O(2A)-C(8A)
C(16A)-0(3A)-H(3A)
C(27A)-0O(5A)-C(28A)
C(25A)-0(6A)-C(20A)
0O(1A)-C(1A)-C(2A)
0O(1A)-C(1A)-C(6A)
C(2A)-C(1A)-C(6A)
0(2A)-C(2A)-C(3A)
0(2A)-C(2A)-C(1A)
C(3A)-C(2A)-C(1A)
C(4A)-C(3A)-C(2A)
C(4A)-C(3A)-C(15A)
C(2A)-C(3A)-C(15A)
C(5A)-C(4A)-C(34)
C(5A)-C(4A)-H(4A)
C(3A)-C(4A)-H(4A)
C(4A)-C(5A)-C(6A)
C(4A)-C(5A)-H(5A)
C(6A)-C(5A)-H(5A)
C(5A)-C(6A)-C(1A)
C(5A)-C(6A)-C(7A)
C(1A)-C(6A)-C(7A)
C(6A)-C(7A)-H(7A1)
C(6A)-C(7A)-H(7A2)
H(7A1)-C(7A)-H(7A2)
C(6A)-C(7A)-H(7A3)
H(7A1)-C(7A)-H(7A3)
H(7A2)-C(7A)-H(7A3)
0O(2A)-C(8A)-H(8A1)
0O(2A)-C(8A)-H(8A2)
H(8A1)-C(8A)-H(8A2)
O(2A)-C(8A)-H(8A3)
H(8A1)-C(8A)-H(8A3)
H(8A2)-C(8A)-H(8A3)
Si(1)-C(9A)-H(9A1)
Si(1)-C(9A)-H(9A2)
H(9A1)-C(9A)-H(9A2)
Si(1)-C(9A)-H(9A3)
H(9A1)-C(9A)-H(9A3)
H(9A2)-C(9A)-H(9A3)
Si(1)-C(10A)-H(10A)
Si(1)-C(10A)-H(10B)
H(10A)-C(10A)-H(10B)
Si(1)-C(10A)-H(10C)
H(10A)-C(10A)-H(10C)
H(10B)-C(10A)-H(10C)
C(13A)-C(11A)-C(14A)
C(13A)-C(11A)-C(12A)
C(14A)-C(11A)-C(12A)
C(13A)-C(11A)-Si(1)
C(14A)-C(11A)-Si(1)
C(12A)-C(11A)-Si(1)
C(11A)-C(12A)-H(12A)
C(11A)-C(12A)-H(12B)

112.83(9)
109.35(9)
126.87(10)
112.94(13)
109.0(14)
116.14(17)
108.79(12)
119.97(14)
119.17(14)
120.77(16)
119.27(15)
119.52(15)
121.17(15)
117.57(16)
120.43(17)
121.96(16)
121.26(18)
120.0(10)
118.7(10)
121.60(17)
120.6(10)
117.8(10)
117.47(16)
121.95(16)
120.58(16)
113.2(11)
110.5(10)
109.8(14)
111.4(10)
105.1(15)
106.4(13)
109.8(11)
107.6(11)
113.2(16)
111.8(10)
106.8(15)
107.7(15)
110.4(11)
110.6(11)
107.4(16)
112.4(11)
108.1(16)
107.9(16)
108.2(10)
108.1(11)
104.5(15)
108.5(13)
115.9(16)
111.3(17)
108.50(17)
109.27(16)
108.78(16)
110.65(13)
110.17(12)
109.44(13)
110.6(9)
110.9(9)
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H(12A)-C(12A)-H(12B)
C(11A)-C(12A)-H(12C)
H(12A)-C(12A)-H(12C)
H(12B)-C(12A)-H(12C)
C(11A)-C(13A)-H(13A)
C(11A)-C(13A)-H(13B)
H(13A)-C(13A)-H(13B)
C(11A)-C(13A)-H(13C)
H(13A)-C(13A)-H(13C)
H(13B)-C(13A)-H(13C)
C(11A)-C(14A)-H(14A)
C(11A)-C(14A)-H(14B)
H(14A)-C(14A)-H(14B)
C(11A)-C(14A)-H(14C)
H(14A)-C(14A)-H(14C)
H(14B)-C(14A)-H(14C)
C(3A)-C(15A)-C(16A)
C(3A)-C(15A)-H(15A)
C(16A)-C(15A)-H(15A)
C(3A)-C(15A)-H(15B)
C(16A)-C(15A)-H(15B)
H(15A)-C(15A)-H(15B)
0(3A)-C(16A)-C(15A)
0(3A)-C(16A)-C(17A)
C(15A)-C(16A)-C(17A)
0O(3A)-C(16A)-H(16A)
C(15A)-C(16A)-H(16A)
C(17A)-C(16A)-H(16A)
C(22A)-C(17A)-C(16A)
C(22A)-C(17A)-C(18A)
C(16A)-C(17A)-C(18A)
C(25A)-C(18A)-C(24A)
C(25A)-C(18A)-C(19A)
C(24A)-C(18A)-C(19A)
C(25A)-C(18A)-C(17A)
C(24A)-C(18A)-C(17A)
C(19A)-C(18A)-C(17A)
C(26A)-C(19A)-C(27A)
C(26A)-C(19A)-C(20A)
C(27A)-C(19A)-C(20A)
C(26A)-C(19A)-C(18A)
C(27A)-C(19A)-C(18A)
C(20A)-C(19A)-C(18A)
0O(6A)-C(20A)-C(21A)
0O(6A)-C(20A)-C(19A)
C(21A)-C(20A)-C(19A)
0O(6A)-C(20A)-H(20A)
C(21A)-C(20A)-H(20A)
C(19A)-C(20A)-H(20A)
C(22A)-C(21A)-C(20A)
C(22A)-C(21A)-H(21A)
C(20A)-C(21A)-H(21A)
C(22A)-C(21A)-H(21B)
C(20A)-C(21A)-H(21B)
H(21A)-C(21A)-H(21B)
C(17A)-C(22A)-C(21A)
C(17A)-C(22A)-C(23A)

109.3(13)
109.0(11)
110.9(14)
106.0(14)
109.7(10)
111.0(9)
106.6(14)
107.1(9)
113.9(14)
108.6(13)
111.0(10)
108.8(9)
107.3(14)
110.1(10)
111.2(14)
108.3(14)
112.34(15)
110.7(9)
105.5(9)
110.2(9)
110.8(9)
107.2(13)
107.75(15)
112.97(13)
113.83(14)
99.6(7)
112.7(7)
109.1(7)
120.51(15)
119.78(15)
119.58(15)
114.37(15)
100.28(13)
113.17(14)
101.39(12)
116.05(14)
109.92(14)
112.09(16)
114.62(16)
106.69(14)
114.66(15)
109.97(14)
97.74(13)
109.08(14)
103.63(13)
110.94(15)
107.1(9)
112.5(9)
113.0(9)
112.11(15)
108.0(9)
111.1(9)
111.3(9)
107.9(9)
106.3(13)
121.63(16)
125.70(16)

C(21A)-C(22A)-C(23A)
C(22A)-C(23A)-H(23A)
C(22A)-C(23A)-H(23B)
H(23A)-C(23A)-H(23B)
C(22A)-C(23A)-H(23C)
H(23A)-C(23A)-H(23C)
H(23B)-C(23A)-H(23C)
C(18A)-C(24A)-H(24A)
C(18A)-C(24A)-H(24B)
H(24A)-C(24A)-H(24B)
C(18A)-C(24A)-H(24C)
H(24A)-C(24A)-H(24C)
H(24B)-C(24A)-H(24C)
0(7A)-C(25A)-0(6A)
0O(7A)-C(25A)-C(18A)
0O(6A)-C(25A)-C(18A)
C(19A)-C(26A)-H(26A)
C(19A)-C(26A)-H(26B)
H(26A)-C(26A)-H(26B)
C(19A)-C(26A)-H(26C)
H(26A)-C(26A)-H(26C)
H(26B)-C(26A)-H(26C)
0(4A)-C(27A)-0(54)
0(4A)-C(27A)-C(19A)
0(5A)-C(27A)-C(19A)
0O(5A)-C(28A)-H(28A)
0O(5A)-C(28A)-H(28B)
H(28A)-C(28A)-H(28B)
0O(5A)-C(28A)-H(28C)
H(28A)-C(28A)-H(28C)
H(28B)-C(28A)-H(28C)
0(1B)-Si(2)-C(9B)
0O(1B)-Si(2)-C(10B)
C(9B)-Si(2)-C(10B)
0O(1B)-Si(2)-C(11B)
C(9B)-Si(2)-C(11B)
C(10B)-Si(2)-C(11B)
C(1B)-O(1B)-Si(2)
C(2B)-0(2B)-C(8B)
C(16B)-O(3B)-H(3B)
C(27B)-0O(5B)-C(28B)
C(25B)-0(6B)-C(20B)
0O(1B)-C(1B)-C(6B)
0O(1B)-C(1B)-C(2B)
C(6B)-C(1B)-C(2B)
O(2B)-C(2B)-C(3B)
0O(2B)-C(2B)-C(1B)
C(3B)-C(2B)-C(1B)
C(2B)-C(3B)-C(4B)
C(2B)-C(3B)-C(15B)
C(4B)-C(3B)-C(15B)
C(5B)-C(4B)-C(3B)
C(5B)-C(4B)-H(4B)
C(3B)-C(4B)-H(4B)
C(4B)-C(5B)-C(6B)
C(4B)-C(5B)-H(5B)
C(6B)-C(5B)-H(5B)

112.67(16)
115.5(12)
108.7(11)
102.7(15)
113.8(11)
108.7(17)
106.5(16)
112.1(10)
110.3(9)
107.2(13)
111.6(9)
107.9(13)
107.4(13)
121.67(15)
129.29(16)
108.93(14)
110.5(9)
107.7(10)
107.1(13)
109.7(11)
109.4(14)
112.4(15)
123.21(17)
125.58(16)
111.16(16)
110.6(12)
103.5(13)
109.6(18)
110.8(11)
112.4(17)
109.6(17)
112.15(8)
109.07(9)
108.51(10)
104.44(7)
111.62(9)
111.00(9)
127.35(10)
112.18(13)
107.7(14)
116.43(15)
108.58(13)
119.68(14)
119.45(14)
120.76(16)
119.92(14)
118.93(15)
121.12(15)
117.72(16)
121.99(16)
120.27(17)
121.15(17)
119.8(9)
119.0(9)
121.71(17)
120.8(10)
117.5(10)
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C(5B)-C(6B)-C(1B)
C(5B)-C(6B)-C(7B)
C(1B)-C(6B)-C(7B)
C(6B)-C(7B)-H(7B1)
C(6B)-C(7B)-H(7B2)
H(7B1)-C(7B)-H(7B2)
C(6B)-C(7B)-H(7B3)
H(7B1)-C(7B)-H(7B3)
H(7B2)-C(7B)-H(7B3)
O(2B)-C(8B)-H(8B1)
O(2B)-C(8B)-H(8B2)
H(8B1)-C(8B)-H(8B2)
O(2B)-C(8B)-H(8B3)
H(8B1)-C(8B)-H(8B3)
H(8B2)-C(8B)-H(8B3)
Si(2)-C(9B)-H(9B1)
Si(2)-C(9B)-H(9B2)
H(9B1)-C(9B)-H(9B2)
Si(2)-C(9B)-H(9B3)
H(9B1)-C(9B)-H(9B3)
H(9B2)-C(9B)-H(9B3)
Si(2)-C(10B)-H(10D)
Si(2)-C(10B)-H(10E)
H(10D)-C(10B)-H(10E)
Si(2)-C(10B)-H(10F)
H(10D)-C(10B)-H(10F)
H(10E)-C(10B)-H(10F)
C(14B)-C(11B)-C(12B)
C(14B)-C(11B)-C(13B)
C(12B)-C(11B)-C(13B)
C(14B)-C(11B)-Si(2)
C(12B)-C(11B)-Si(2)
C(13B)-C(11B)-Si(2)
C(11B)-C(12B)-H(12D)
C(11B)-C(12B)-H(12E)
H(12D)-C(12B)-H(12E)
C(11B)-C(12B)-H(12F)
H(12D)-C(12B)-H(12F)
H(12E)-C(12B)-H(12F)
C(11B)-C(13B)-H(13D)
C(11B)-C(13B)-H(13E)
H(13D)-C(13B)-H(13E)
C(11B)-C(13B)-H(13F)
H(13D)-C(13B)-H(13F)
H(13E)-C(13B)-H(13F)
C(11B)-C(14B)-H(14D)
C(11B)-C(14B)-H(14E)
H(14D)-C(14B)-H(14E)
C(11B)-C(14B)-H(14F)
H(14D)-C(14B)-H(14F)
H(14E)-C(14B)-H(14F)
C(3B)-C(15B)-C(16B)
C(3B)-C(15B)-H(15C)
C(16B)-C(15B)-H(15C)
C(3B)-C(15B)-H(15D)
C(16B)-C(15B)-H(15D)
H(15C)-C(15B)-H(15D)

117.39(16)
121.52(16)
121.08(16)
113.2(10)
112.6(10)
104.5(15)
111.5(11)
109.7(14)
104.8(14)
110.8(9)
107.1(10)
110.8(14)
109.1(11)
107.0(14)
112.0(14)
110.4(11)
109.6(10)
106.8(15)
109.9(11)
110.6(15)
109.6(15)
109.2(11)
110.5(10)
107.8(15)
113.3(10)
108.2(15)
107.7(14)
109.06(17)
108.9(2)
108.43(17)
111.31(14)
108.80(13)
110.29(13)
110.8(11)
111.3(10)
105.1(14)
112.8(10)
105.8(14)
110.6(14)
109.3(12)
110.6(12)
108.2(17)
108.0(10)
110.4(16)
110.3(16)
109.6(10)
110.8(12)
105.5(15)
108.6(12)
115.0(16)
107.3(17)
112.59(15)
108.3(10)
110.0(9)
110.1(9)
107.5(9)
108.3(13)

0O(3B)-C(16B)-C(17B)
0O(3B)-C(16B)-C(15B)
C(17B)-C(16B)-C(15B)
0O(3B)-C(16B)-H(16B)
C(17B)-C(16B)-H(16B)
C(15B)-C(16B)-H(16B)
C(22B)-C(17B)-C(16B)
C(22B)-C(17B)-C(18B)
C(16B)-C(17B)-C(18B)
C(24B)-C(18B)-C(25B)
C(24B)-C(18B)-C(19B)
C(25B)-C(18B)-C(19B)
C(24B)-C(18B)-C(17B)
C(25B)-C(18B)-C(17B)
C(19B)-C(18B)-C(17B)
C(27B)-C(19B)-C(26B)
C(27B)-C(19B)-C(20B)
C(26B)-C(19B)-C(20B)
C(27B)-C(19B)-C(18B)
C(26B)-C(19B)-C(18B)
C(20B)-C(19B)-C(18B)
0(6B)-C(20B)-C(21B)
0O(6B)-C(20B)-C(19B)
C(21B)-C(20B)-C(19B)
0O(6B)-C(20B)-H(20B)
C(21B)-C(20B)-H(20B)
C(19B)-C(20B)-H(20B)
C(20B)-C(21B)-C(22B)
C(20B)-C(21B)-H(21C)
C(22B)-C(21B)-H(21C)
C(20B)-C(21B)-H(21D)
C(22B)-C(21B)-H(21D)
H(21C)-C(21B)-H(21D)
C(17B)-C(22B)-C(23B)
C(17B)-C(22B)-C(21B)
C(23B)-C(22B)-C(21B)
C(22B)-C(23B)-H(23D)
C(22B)-C(23B)-H(23E)
H(23D)-C(23B)-H(23E)
C(22B)-C(23B)-H(23F)
H(23D)-C(23B)-H(23F)
H(23E)-C(23B)-H(23F)
C(18B)-C(24B)-H(24D)
C(18B)-C(24B)-H(24E)
H(24D)-C(24B)-H(24E)
C(18B)-C(24B)-H(24F)
H(24D)-C(24B)-H(24F)
H(24E)-C(24B)-H(24F)
0O(7B)-C(25B)-0(6B)
0O(7B)-C(25B)-C(18B)
0O(6B)-C(25B)-C(18B)
C(19B)-C(26B)-H(26D)
C(19B)-C(26B)-H(26E)
H(26D)-C(26B)-H(26E)
C(19B)-C(26B)-H(26F)
H(26D)-C(26B)-H(26F)
H(26E)-C(26B)-H(26F)

112.54(13)
108.21(14)
114.24(14)
98.2(7)
110.5(8)
112.1(7)
120.84(15)
119.74(14)
119.31(14)
113.84(15)
113.46(14)
100.43(13)
116.12(14)
102.22(12)
109.14(13)
112.00(15)
105.71(14)
114.79(16)
110.73(14)
114.56(14)
97.96(13)
108.63(14)
103.56(13)
111.22(14)
107.2(9)
112.0(9)
113.7(9)
112.67(15)
110.0(8)
110.7(8)
108.8(9)
110.2(9)
104.2(12)
126.52(16)
121.36(15)
112.11(15)
115.8(10)
113.2(10)
108.1(14)
108.3(9)
104.7(13)
105.9(14)
113.2(9)
110.4(10)
108.6(13)
110.5(9)
108.5(13)
105.3(13)
121.65(16)
129.16(16)
109.13(14)
109.0(11)
109.2(9)
111.8(14)
110.8(11)
105.9(15)
110.2(15)
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0(4B)-C(27B)-0(5B)
0(4B)-C(27B)-C(19B)
O(5B)-C(27B)-C(19B)
O(5B)-C(28B)-H(28D)
O(5B)-C(28B)-H(28E)
H(28D)-C(28B)-H(28E)
O(5B)-C(28B)-H(28F)
H(28D)-C(28B)-H(28F)
H(28E)-C(28B)-H(28F)
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123.36(17)
125.61(16)

110.94(15)

112.0(11)
107.3(11)

117.1(16)

112.6(10)

96.4(14)

111.3(15)
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Table 4. Anisotropic displacement parameters (A2x 104) for DCB31 (CCDC 283708).
The anisotropic displacement factor exponent takes the form: -2x2 [ h2a*?U " + ...+ 2h

ka* b* U2]

Uu U22 Uss3 U23 U U2
Si(1) 246(3) 166(3) 247(3) -46(2) -122(2) 20(2)
0(1A)  218(7) 140(6) 209(6) -42(5) -89(5) 25(5)
0(2A)  235(7) 253(7) 173(6) -30(5) -67(5) 39(6)
0(3A) 198(7) 203(7) 373(8) -42(6) -118(6) 22(6)
0(4A)  350(8) 465(9) 301(8) 4(7) -165(6) 64(7)
O(5A)  562(9) 293(8) 437(9) -82(7) -372(7) 140(7)
O(6A)  189(7) 196(7) 260(7) -20(5) -99(5) -15(5)
0(7A)  170(7) 244(7) 230(7) -32(5) -82(5) 31(6)
C(aA)  140(9) 163(10) 236(10) -59(8) -64(8) 2(8)
C(2A)  125(9) 219(10) 200(10) -34(8) -58(7) 3(8)
C(3A) 99(9) 196(10) 304(11) -37(8) -44(8) 0(8)
C(4A)  175(10) 184(11) 378(12) -115(10) -14(9) -18(8)
C(5A)  205(10) 327(12) 211(11) -121(9) 0(8) -51(9)
C(6A)  156(9) 238(11) 176(10) -32(8) -27(8) -46(8)
C(7A)  308(13) 319(13) 205(11) -27(9) -78(9) -47(11)
C(8A)  227(12) 296(13) 235(12) -65(10) 4(9) 37(10)
C(9A)  642(18) 241(13) 365(13) -23(10) -322(13) -22(12)
C(10A) 281(12) 289(13) 538(16) -137(12) -195(11) 40(10)
C(11A) 254(10) 188(10) 231(10) -56(8) -103(8) 11(8)
C(12A) 390(14) 169(12) 358(13) -41(10) -182(11) 1(10)
C(13A) 351(13) 250(13) 550(16) -136(11) -187(12) 57(10)
C(14A) 506(15) 206(12) 379(13) 22(10) -264(12) -19(11)
C(15A)  157(10) 174(11) 395(13) 2(9) -100(9) -11(8)
C(16A) 163(10) 150(10) 287(11) -20(8) -78(8) 13(8)
C(a7A)  116(9) 190(10) 297(10) -27(8) -78(8) -11(8)
C(18A) 178(10) 160(10) 270(10) -26(8) -103(8) 10(8)
C(19A) 222(10) 189(10) 341(11) -43(8) -145(9) 34(8)
C(20A) 242(11) 139(10) 339(11) 8(9) -143(9) 4(8)
C(21A)  213(11) 162(10) 324(11) -52(9) -93(9) 17(9)
C(22A) 140(9) 178(10) 300(11) -25(8) -48(8) 10(8)
C(23A) 272(12) 208(12) 307(12) -50(10) -27(10) 10(10)
C(24A) 238(12) 217(11) 321(12) -52(9) -141(10) 12(9)
C(25A) 220(10) 213(11) 163(9) -8(8) -94(8) -19(8)
C(26A) 263(12) 263(13) 599(16) -47(12) -252(12) 52(10)
C(27A)  365(12) 184(11) 394(12) -14(9) -269(10) -28(9)
C(28A) 750(20) 329(15) 444(15) -103(12) -428(14) 111(14)
Si(2) 224(3) 166(3) 247(3) -30(2) -96(2) 14(2)
O(B) 223(7) 140(7) 237(7) -21(5) -98(5) 13(5)
O(2B) 255(7) 269(7) 176(7) 0(6) -64(5) -3(6)
O(3B) 237(8) 179(7) 385(8) -45(6) -133(6) 34(6)
0O(4B) 300(8) 425(9) 267(7) -10(6) -100(6) 72(7)
O(5B)  431(8) 303(8) 273(7) -35(6) -207(6) 95(6)
0(6B)  175(7) 173(7) 257(7) -21(5) -58(5) -15(5)
O(7B)  179(7) 243(7) 246(7) -58(6) -74(5) 33(6)
C(1B) 149(9) 135(9) 218(10) -21(8) -63(8) 1(7)

C(2B) 141(9) 212(10) 167(9) 1(8) -48(7) 7(8)



C(3B)
C(4B)
C(5B)
C(6B)
C(7B)
C(8B)
C(9B)
C(10B)
C(11B)
C(12B)
C(13B)
C(14B)
C(15B)
C(16B)
C(17B)
C(18B)
C(19B)
C(20B)
C(21B)
C(22B)
C(23B)
C(24B)
C(25B)
C(26B)
C(27B)
C(28B)

121(9)
182(10)
171(10)
149(9)
204(12)
303(13)
321(13)
290(12)
242(10)
332(13)
329(14)
586(17)
181(11)
171(10)
128(9)
186(10)
231(10)
213(10)
215(11)
169(10)
279(12)
243(12)
231(10)
214(11)
272(11)
468(15)

188(10)
150(11)
289(12)
212(10)
270(12)
269(13)
249(12)
329(13)
183(10)
219(12)
304(14)
253(13)
171(11)
135(10)
179(10)
141(10)
186(10)
139(10)
154(10)
174(10)
219(12)
193(11)
207(10)
284(13)
193(10)
337(13)

273(10)
346(12)
213(11)
178(9)

189(11)
222(12)
356(13)
334(13)
341(11)
412(14)
624(18)
755(19)
348(12)
264(10)
227(10)
236(10)
232(10)
267(11)
265(11)
218(10)
218(11)
284(12)
142(9)

350(13)
312(11)
264(12)

15(8)
-63(9)
-96(9)

-1(8)

31(9)
-62(10)
-55(10)
-78(11)
-73(8)

-126(10)

-215(13)

-156(13)
48(9)
2(8)
0(8)

-8(8)

-4(8)

27(8)
-55(8)
-17(8)
-32(9)
-45(9)
-28(8)

20(10)
-10(9)
-40(10)

-54(8)
-58(9)
-15(8)
-37(7)
-89(9)
-26(9)
-177(11)
-82(10)
-111(9)
-134(11)
7(12)
-461(16)
-92(9)
-92(8)
-58(8)
-88(8)
-93(8)
-74(8)
-66(9)
-50(8)
-31(9)
-124(9)
-79(8)
-119(10)
-156(9)
-188(11)

-24(8)
-11(8)
-23(8)
-24(8)
-29(10)
15(10)
25(10)
-43(11)
19(8)
19(10)
17(12)
154(13)
-14(9)
-13(8)
-16(8)
-2(8)
9(8)
0(8)
22(9)
-14(8)
14(10)
-5(9)
-4(9)
53(10)
-17(9)
62(12)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10
3) for DCB31 (CCDC 283708).

X y Z Uiso
H(3A) 3688(19) 4314(14) 814(14) 78(8)
H(4A) 201(13) 4175(11) 3162(11) 30(5)
H(5A) -132(13) 2974(10) 4325(11) 25(5)
H(7A1) -544(16) 867(12) 4330(12) 46(6)
H(7A2) -69(13) 1455(11) 4872(12) 32(5)
H(7A3) 760(15) 894(11) 4127(11) 40(6)
H(8A1) 2967(16) 2594(13) 644(12) 53(7)
H(8A2) 2642(16) 2081(13) -37(14) 60(7)
H(8A3) 2505(14) 1627(12) 968(12) 41(6)
H(9A1) 45(16) 1427(14) 673(13) 59(7)
H(9A2) -397(16) 488(13) 676(13) 58(7)
H(9A3) 985(18) 670(14) 351(14) 71(8)
H(10A) -1676(14) 505(12) 3497(13) 46(6)
H(10B) -2032(17) 324(13) 2692(13) 55(7)
H(10C) -1708(17) 1284(14) 2659(14) 66(8)
H(12A) -171(13) -1113(10) 1309(12) 28(5)
H(12B) -1181(15) -1199(10) 2360(11) 29(5)
H(12C) -170(14) -1847(12) 2143(11) 33(5)
H(13A) 1874(15) -1379(12) 1840(12) 45(6)
H(13B) 2135(14) -385(11) 1849(11) 29(5)
H(13C) 1796(13) -581(11) 968(12) 34(5)
H(14A) -721(16) -845(12) 3734(12) 49(6)
H(14B) 627(14) -554(11) 3490(11) 31(5)
H(14C) 355(14) -1552(12) 3421(12) 43(6)
H(15A) 425(13) 4736(10) 1503(10) 25(5)
H(15B) 998(13) 4120(11) 721(11) 30(5)
H(16A) 2236(11) 4803(8) 1738(9) 3(4)
H(20A) 3219(13) 7783(11) -1165(11) 34(5)
H(21A) 2915(13) 7589(10) 494(10) 21(5)
H(21B) 1745(13) 7611(10) 350(10) 26(5)
H(23A) 1387(17) 5894(14) 2315(14) 64(7)
H(23B) 941(17) 6760(13) 2048(12) 54(7)
H(23C) 2132(17) 6743(13) 2117(13) 60(7)
H(24A) 3128(14) 4891(11) -1621(12) 33(5)
H(24B) 1857(15) 4754(10) -810(11) 32(5)
H(24C) 2960(13) 4324(11) -645(11) 28(5)
H(26A) 782(14) 6455(11) 27(12) 33(5)
H(26B) 880(14) 6179(12) -967(11) 39(6)
H(26C) 997(14) 7196(12) -883(12) 40(6)
H(28A) 3459(16) 7683(14) -3771(13) 55(7)
H(28B) 2220(20) 7377(15) -3685(15) 87(9)
H(28C) 3208(16) 6680(13) -3761(13) 53(7)
H(3B) 1220(20) 5723(16) 4087(17) 114(10)
H(4B) 4665(12) 5890(10) 1672(10) 19(5)
H(5B) 5010(13) 7083(10) 475(11) 26(5)
H(7B1) 5590(16) 9117(12) 338(12) 44(6)

H(7B2) 4273(15) 9247(12) 709(12) 45(6)



H(7B3)
H(8B1)
H(8B2)
H(8B3)
H(9B1)
H(9B2)
H(9B3)
H(10D)
H(10E)
H(10F)
H(12D)
H(12E)
H(12F)
H(13D)
H®(13E)
H@(13F)
H(14D)
H(14E)
H(14F)
H(15C)
H(15D)
H(@16B)
H(20B)
H(21C)
H(21D)
H(23D)
H(23E)
H(23F)
H(24D)
H(24E)
H(24F)
H(26D)
H(26E)
H(26F)
H(28D)
H(28E)
H(28F)

4798(14)
2458(13)
2434(13)
2056(16)
5015(17)
6204(15)
6052(15)
6756(15)
6969(15)
6179(15)
4742(15)
5801(14)
5359(15)
3564(17)
2761(17)
2901(15)
3408(15)
3379(17)
4577(18)
3961(13)
4563(13)
2690(11)
1938(12)
1972(13)
3183(13)
3419(14)
2648(16)
3899(15)
2117(13)
3246(15)
2058(13)
4364(16)
4271(14)
4218(15)
2178(16)
3210(17)
1846(15)

8624(11)
8392(11)
8067(11)
7416(13)
8795(12)
9337(12)
8483(12)
9418(13)
10252(12)
10302(12)
11708(12)
11364(11)
10891(12)
9949(14)
9917(13)
10825(12)
11588(12)
10716(13)
11267(13)
6006(11)
5374(10)
5298(9)
2330(10)
2468(10)
2494(10)
4199(12)
3318(12)
3285(11)
5778(11)
5340(11)
5180(10)
3949(13)
3613(11)
2973(12)
3296(13)
2533(13)
2391(12)

-15(12)
3792(11)
4816(12)
4285(12)

4117(14)
3590(11)
3257(12)
1273(12)
1610(12)
1002(13)
3470(12)
2713(12)
3820(13)
4480(14)
3923(13)
4254(12)
2666(12)
2251(13)

1777(14)
4080(11)
3328(10)
3116(10)
6009(10)
4457(10)
4462(10)
2518(12)
2812(12)
2794(11)
5512(10)
5603(11)
6467(12)
5623(12)
4680(12)
5585(12)
8539(13)
8372(13)
8536(12)

39(6)
29(5)
32(5)
51(6)
58(7)
43(6)
41(6)
47(6)
45(6)
52(6)
43(6)
30(5)
47(6)
66(8)
60(7)
44(6)
48(6)
62(7)
62(8)
29(5)
20(5)
13(4)
21(5)
21(5)
19(5)
43(6)
47(6)
34(5)
26(5)
34(5)
29(5)
55(7)
42(6)
39(6)
51(6)
60(7)
41(6)
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Table 6. Hydrogen bonds for DCB31 (CCDC 283708) [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
0(3A)-H(3A)...0(7A)#1 0.92(2) 1.88(2) 2.7946(17) 173(2)
0O(3B)-H(3B)...0(7B)#2 0.98(3) 1.81(3) 2.7910(17) 176(2)

Symmetry transformations used to generate equivalent atoms:
#1 -X+1,-y+1,-Z
#2 -X,-y+1,-2+1
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Table 1. Crystal data and structure refinement for DCB32 (CCDC 289914).

Empirical formula
Formula weight
Crystallization Solvent
Crystal Habit

Crystal size

Crystal color

Type of diffractometer
Wavelength
Data Collection Temperature

0 range for 13215 reflections used
in lattice determination

Unit cell dimensions

Volume

Z

Crystal system

Space group

Density (calculated)
F(000)

Data collection program

6 range for data collection
Completeness to 6 = 28.38°
Index ranges

Data collection scan type
Data reduction program
Reflections collected
Independent reflections
Absorption coefficient
Absorption correction

Max. and min. transmission

C21H2206

370.39

Et,O/hexanes

Needle

0.39 X 0.22 X 0.19 mm3

Colorless

Data Collection

Bruker SMART 1000
0.71073 A MoKo.
100(2) K

2.27t0 28.03°

a=21.9617(16) A
b = 8.5236(6) A
¢ =19.6358(14) A

3675.7(5) A3

8

Orthorhombic

Pben

1.339 Mg/m3

1568

Bruker SMART v5.630
1.85t0 28.38°

94.2 %

-28<h=28,-11=sk=11,-24=<1<26

 scans at 5 ¢ settings
Bruker SAINT v6.45A
50823

4344 [R;,;= 0.0809]
0.098 mm™

None

0.9816 and 0.9628
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Table 1 (cont.)
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Structure Solution and Refinement

Structure solution program
Primary solution method
Secondary solution method
Hydrogen placement

Structure refinement program
Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F2

Final R indices [I>20(I), 3001 reflections]
R indices (all data)

Type of weighting scheme used
Weighting scheme used

Max shift/error

Average shift/error

Largest diff. peak and hole

Bruker XS v6.12

Direct methods

Difference Fourier map
Difference Fourier map
Bruker XL v6.12

Full matrix least-squares on F?
4344 /0 /332
Unrestrained

1.880

R1 =0.0466, wR2 = 0.0611
R1 =0.0778, wR2 = 0.0633
Sigma

w=1/02(Fo02)

0.001

0.000

0.331 and -0.276 e.A3

Special Refinement Details

Refinement of F2 against ALL reflections. The weighted R-factor (wR) and goodness of fit
(S) are based on F2, conventional R-factors (R) are based on F, with F set to zero for negative F2.
The threshold expression of F2 > 20( F2) is used only for calculating R-factors(gt) etc. and is not
relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about
twice as large as those based on F, and R-factors based on ALL data will be even larger.

All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using
the full covariance matrix. The cell esds are taken into account individually in the estimation of
esds in distances, angles and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell
esds is used for estimating esds involving L.s. planes.
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (A2x 103) for DCB32 (CCDC 289914). U(eq) is defined as the trace of the
orthogonalized U tensor.

X y Z Ueq
0(1) 2750(1) 8498(1) 11657(1) 20(1)
0(2) 3463(1) 6194(1) 12216(1) 22(1)
0(3) 4347(1) 12923(1) 9814(1) 24(1)
0(4) 3652(1) 11114(1) 10020(1) 19(1)
0(5) 2849(1) 12317(1) 8276(1) 22(1)
0(6) 2812(1) 11335(1) 9329(1) 18(1)
C(1) 3243(1) 8168(2) 10565(1) 16(1)
C(2) 3171(1) 7737(2) 11243(1) 16(1)
C(3) 3539(1) 6609(2) 11548(1) 17(1)
C(4) 3993(1) 5863(2) 11174(1) 17(1)
C(5) 4067(1) 6316(2) 10500(1) 17(1)
C(6) 3705(1) 7443(2) 10182(1) 16(1)
C(7) 3834(1) 7839(2) 9427(1) 15(1)
C(8) 3386(1) 9079(2) 9173(1) 15(1)
C(9) 3172(1) 10217(2) 9710(1) 17(1)
C(10) 2832(1) 9437(2) 10272(1) 18(1)
C(11) 2149(1) 7822(2) 11619(1) 25(1)
C12) 4388(1) 4633(2) 11498(1) 24(1)
C(13) 3759(1) 6327(2) 8998(1) 20(1)
C(14) 4480(1) 8405(2) 9339(1) 18(1)
C(15) 4634(1) 9789(2) 9089(1) 19(1)
C(16) 4175(1) 11058(2) 8904(1) 18(1)
C@17) 3586(1) 10261(2) 8630(1) 15(1)
C(18) 4452(1) 12247(2) 8416(1) 23(1)
C(19) 3652(1) 9638(2) 7907(1) 21(1)
C(20) 4062(1) 11828(2) 9598(1) 19(1)

C(21) 3057(1) 11422(2) 8689(1) 17(1)




Table 3. Bond lengths [A] and angles [°] for DCB32 (CCDC 289914).
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0(1)-C(2)
0(1)-C(11)
0(2)-C(3)
O(2)-H(2)
0(3)-C(20)
0(4)-C(20)
0(4)-C(9)
0(5)-C(21)
0(6)-C(21)
0(6)-C(9)
C(1)-C(2)
C(1)-C(6)
C(1)-C(10)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(4)-C(12)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(7)-C(14)
C(7)-C(8)
C(7)-C(13)
C(8)-C(9)
C(8)-C(17)
C(8)-H(8)
C(9)-C(10)
C(10)-H(10A)
C(10)-H(10B)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-H(13A)
C(13)-H(13B)
C(13)-H(130)
C(14)-C(15)
C(14)-H(@4)
C(15)-C(16)
C(15)-H(15)
C(16)-C(18)
C(16)-C(20)
C(16)-C(17)
C(17)-C(19)
C(17)-C(21)
C(18)-H(18A)
C(18)-H(18B)
C(18)-H(180C)
C(19)-H(19A)
C(19)-H(19B)
C(19)-H(@19C)

1.3917(16)
1.4405(18)
1.3695(17)
0.887(19)
1.2002(16)
1.3677(17)
1.4373(16)
1.2031(16)
1.3697(16)
1.4462(16)
1.3899(19)
1.4059(19)
1.521(2)
1.3915(19)
1.3917(19)
1.388(2)
1.503(2)
1.3954(19)
0.960(12)
1.546(2)
1.5080(19)
1.5268(19)
1.548(2)
1.5086(19)
1.5300(19)
0.966(13)
1.490(2)
1.027(14)
0.976(14)
1.018(15)
0.941(14)
1.017(15)
0.965(18)
0.994(18)
0.989(17)
1.003(14)
0.988(15)
0.996(14)
1.323(2)
0.975(13)
1.523(2)
0.987(11)
1.520(2)
1.533(2)
1.5582(19)
1.523(2)
1.530(2)
0.989(14)
0.977(15)
1.001(16)
0.956(14)
1.006(15)
0.974(17)

C(2)-0(1)-C(11)
C(3)-0(2)-H(2)
C(20)-0(4)-C(9)
C(21)-0(6)-C(9)
C(2)-C(1)-C(6)
C(2)-C(1)-C(10)
C(6)-C(1)-C(10)
C(1)-C(2)-C(3)
C(1)-C(2)-0(1)
C(3)-C(2)-0(1)
0(2)-C(3)-C(2)
0(2)-C(3)-C(4)
C(2)-C(3)-C(4)
C(5)-C(4)-C(3)
C(5)-C(4)-C(12)
C(3)-C(4)-C(12)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(5)-C(6)-C(1)
C(5)-C(6)-C(7)
C(1)-C(6)-C(7)
C(14)-C(7)-C(8)
C(14)-C(7)-C(6)
C(8)-C(7)-C(6)
C(14)-C(7)-C(13)
C(8)-C(7)-C(13)
C(6)-C(7)-C(13)
C(9)-C(8)-C(7)
C(9)-C(8)-C(17)
C(7)-C(8)-C(17)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(17)-C(8)-H(8)
0(4)-C(9)-0(6)
0(4)-C(9)-C(10)
0(6)-C(9)-C(10)
0(4)-C(9)-C(8)
0(6)-C(9)-C(8)
C(10)-C(9)-C(8)
C(9)-C(10)-C(1)
C(9)-C(10)-H(10A)
C(1)-C(10)-H(10A)
C(9)-C(10)-H(10B)
C(1)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
0(1)-C(11)-H(11A)
0(1)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
0(1)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(4)-C(12)-H(12A)
C(4)-C(12)-H(12B)

113.13(12)
108.0(13)
117.64(11)
107.19(11)
118.61(13)
118.79(13)
122.58(13)
121.92(13)
120.79(13)
117.17(13)
121.36(13)
118.33(13)
120.30(13)
117.36(14)
122.04(14)
120.60(14)
123.54(14)
118.2(7)
118.2(7)
118.25(14)
118.43(13)
123.32(13)
110.30(12)
110.57(12)
110.27(12)
107.68(12)
109.33(12)
108.64(12)
114.69(12)
98.80(11)
119.94(12)
106.2(8)
107.8(8)
108.4(8)
105.61(11)
106.90(12)
113.83(12)
114.14(12)
103.46(11)
112.83(13)
107.47(13)
107.7(7)
113.2(8)
111.0(8)
110.6(8)
106.9(11)
111.2(8)
104.9(8)
109.5(11)
111.2(8)
110.5(12)
109.4(12)
112.6(11)
111.6(10)



H(12A)-C(12)-H(12B)
C(4)-C(12)-H(120C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
C(7)-C(13)-H(134)
C(7)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(7)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)
C(15)-C(14)-C(7)
C(15)-C(14)-H(14)
C(7)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(18)-C(16)-C(15)
C(18)-C(16)-C(20)
C(15)-C(16)-C(20)
C(18)-C(16)-C(17)
C(15)-C(16)-C(17)
C(20)-C(16)-C(17)
C(19)-C(17)-C(21)
C(19)-C(17)-C(8)
C(21)-C(17)-C(8)
C(19)-C(17)-C(16)
C(21)-C(17)-C(16)
C(8)-C(17)-C(16)
C(16)-C(18)-H(18A)
C(16)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(16)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
C(17)-C(19)-H(19A)
C(17)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(17)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
0(3)-C(20)-0(4)
0(3)-C(20)-C(16)
0(4)-C(20)-C(16)
0(5)-C(21)-0(6)
0(5)-C(21)-C(17)
0(6)-C(21)-C(17)

104.8(14)
112.2(10)
108.5(14)
106.7(14)
109.3(8)
111.2(8)
109.6(11)
108.8(8)
110.4(11)
107.5(11)
124.68(14)
118.8(8)
116.5(7)
123.55(14)
119.1(7)
117.2(7)
111.10(13)
109.81(13)
101.49(11)
113.92(13)
108.83(12)
111.00(12)
111.62(12)
116.54(13)
99.01(11)
113.21(12)
108.81(12)
106.55(11)
107.5(8)
111.6(8)
110.3(12)
108.8(9)
111.5(12)
107.2(12)
107.7(8)
110.6(8)
111.7(12)
113.5(9)
104.7(12)
108.6(12)
118.39(14)
124.22(14)
117.06(13)
120.27(13)
130.33(14)
109.40(12)
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Table 4. Anisotropic displacement parameters (A2x 104 ) for DCB32 (CCDC 289914). The
anisotropic displacement factor exponent takes the form: -2x2 [ h2a*?U " + ... + 2 hka* b* U]

Uu U22 Uss3 U23 U U2

0(1) 219(6) 189(6) 191(6) -17(5) 52(5) 31(5)
0(2) 300(7) 204(6) 154(6) 14(5) 13(5) 46(5)
0(3) 273(6) 157(6) 288(7) -25(5) -80(5) -20(5)
0@4) 233(6) 155(6) 172(6) -15(5) -14(5) -8(5)
0(5) 248(6) 236(6) 179(6) 56(5) -2(5) 32(5)
0(6) 215(6) 187(6) 141(6) 24(5) 18(5) 52(5)
C(1) 198(9) 125(8) 164(8) -5(7) -11(7) -4(7)
C(2) 186(8) 133(8) 168(9) -39(7) 23(7) o(7)
C(3) 227(9) 148(9) 130(9) -8(7) -8(7) -46(7)
C(4) 201(9) 112(8) 200(9) -4(7) -20(7) -16(7)
C(5) 172(9) 147(8) 204(9) -35(7) 31(7) 20(7)
C(6) 172(8) 139(8) 166(8) -26(7) 1(7) -13(7)
C(7) 156(8) 139(8) 161(8) -18(7) 3(7) 18(7)
C(8) 136(8) 152(8) 162(9) -18(7) -2(7) -18(7)
C(9) 166(8) 156(8) 183(8) 15(7) -40(7) 20(7)
C(10) 211(9) 175(9) 157(9) 1(7) 36(8) 24(7)
C(11) 232(10) 239(10) 269(11) -6(9) 92(9) 14(8)
C(12) 245(10) 208(10) 272(11) 45(8) 2(8) 35(8)
C(13) 221(10) 182(9) 205(10) -34(8) 4(8) 11(8)
C(14) 179(9) 198(9) 159(9) -11(7) 3(7) 40(7)
C(15) 141(8) 234(9) 180(9) -23(7) 3(7) o(7)
C(16) 168(8) 170(8) 188(9) -1(7) 3(7) -14(7)
C@17) 167(8) 146(8) 148(8) -11(7) 10(7) 7(7)
C(18) 228(10) 218(10) 249(10) 30(8) 2(8) -26(8)
C(19) 239(10) 241(10) 159(9) 7(8) 3(8) -8(9)
C(20)  178(9) 154(9) 228(9) 32(7) -44(7) 41(7)

C(21) 188(9) 169(8) 159(9) -30(7) -2(7) -52(7)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3) for
DCB32 (CCDC 289914).

X y Z Uiso
H(2) 3183(9) 6820(20) 12395(10) 66(7)
H(5) 4383(6) 5822(14) 10239(6) 7(3)
H(8) 3027(6) 8542(15) 9011(6) 11(4)
H(10A) 2434(6) 9003(15) 10073(7) 16(4)
H(10B) 2719(6) 10191(17) 10624(7) 21(4)
H(11A) 1959(6) 8003(17) 11152(8) 27(4)
H(11B) 1921(6) 8358(16) 11952(7) 15(4)
H(11C) 2158(6) 6658(19) 11731(7) 26(4)
H(12A) 4187(8) 3630(20) 11532(9) 59(6)
H(12B) 4495(7) 4910(20) 11975(9) 56(6)
H(12C) 4777(8) 4488(19) 11252(8) 49(5)
H(13A) 4066(6) 5529(17) 9151(7) 26(4)
H(13B) 3815(6) 6542(16) 8508(8) 22(4)
H(13C) 3338(7) 5917(15) 9061(7) 22(4)
H(14) 4801(6) 7679(15) 9475(6) 12(4)
H(15) 5070(5) 10055(15) 9044(6) 9(4)
H(18A) 4804(6) 12732(16) 8649(7) 23(4)
H(18B) 4157(7) 13051(17) 8286(7) 29(4)
H(8C) 4578(6) 11692(17) 7990(8) 32(5)
H(19A) 3300(6) 9017(16) 7809(7) 20(4)
H(19B) 4038(7) 9014(17) 7859(7) 30(5)

H(@9C) 3650(6) 10458(19) 7561(8) 36(5)




Table 6. Hydrogen bonds for DCB32 (CCDC 289914) [A and °].
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D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
0(2)-H(2)...0(5)#1 0.887(19) 2.02(2) 2.7848(15) 144.2(17)
0(2)-H(2)...0(1) 0.887(19) 2.248(19) 2.7418(14) 114.8(15)

Symmetry transformations used to generate equivalent atoms:
#1X,-y+2,2+1/2
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Table 1. Crystal data and structure refinement for JLSo3 (CCDC 701799).

Empirical formula
Formula weight
Crystallization Solvent
Crystal Habit

Crystal size

Crystal color

Type of diffractometer
Wavelength

Data Collection Temperature

0 range for 11684 reflections used

in lattice determination

Unit cell dimensions

Volume

Z

Crystal system

Space group

Density (calculated)
F(000)

Data collection program

6 range for data collection
Completeness to 6 = 28.49°
Index ranges

Data collection scan type
Data reduction program
Reflections collected
Independent reflections
Absorption coefficient
Absorption correction

Max. and min. transmission

C21H2604

326.42
Acetone/heptane
Fragment

0.26 X 0.24 X 0.14 mm3

Colorless

Data Collection

Bruker SMART 1000
0.71073 A MoKo.
100(2) K

2.24 to 28.20°

a=14.7511(11) A
b = 20.2786(15) A
¢ =18.3704(14) A

5361.1(7) A3

12

Monoclinic

P2,/c

1.213 Mg/m3

2112

Bruker SMART v5.630
1.41to 28.49°

92.3%

B=102.6820(10)°

-19<h<18,-26<k<26,-24<1<23

 scans at 4 ¢ settings
Bruker SAINT v6.45A
59115

12523 [R; ;= 0.0934]
0.080 mm™

None

0.9890 and 0.9796
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Table 1 (cont.)

Structure Solution and Refinement

Structure solution program
Primary solution method
Secondary solution method
Hydrogen placement

Structure refinement program
Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F2

Final R indices [I>20(I), 7169 reflections]
R indices (all data)

Type of weighting scheme used
Weighting scheme used

Max shift/error

Average shift/error

Largest diff. peak and hole

SHELXS-97 (Sheldrick, 2008)
Direct methods

Difference Fourier map
Geometric positions
SHELXL-97 (Sheldrick, 2008)
Full matrix least-squares on F?
12523 / 0/ 667

Riding

1.353

R1 = 0.0549, wR2 = 0.0886
R1 = 0.1055, wR2 = 0.0944
Sigma

w=1/02(Fo02)

0.001

0.000

0.822 and -0.258 e.A3

Special Refinement Details

Crystals were mounted on a glass fiber using Paratone oil then placed on the diffractometer under a
nitrogen stream at 100K.

There are three molecules in the asymmetric unit. Molecules B and C have the same stereochemistry
and are the enantiomer of molecule A.

Refinement of F2 against ALL reflections. The weighted R-factor (wR) and goodness of fit (S) are
based on F2, conventional R-factors (R) are based on F, with F set to zero for negative F2. The threshold
expression of F2 > 20( F2) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of
reflections for refinement. R-factors based on F2 are statistically about twice as large as those based on F,
and R-factors based on ALL data will be even larger.

All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full
covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances,
angles and torsion angles; correlations between esds in cell parameters are only used when they are
defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds
involving Ls. planes.
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for JLS03 (CCDC 701799). U(eq) is defined as the trace of the orthogonalized Ul tensor.

X y Z Ueq
0(A) 7781(1) 4925(1) 6261(1) 33(1)
0(24) 3817(1) 3682(1) 9705(1) 26(1)
0(34) 3532(1) 4840(1) 8912(1) 22(1)
C(1A) 7309(1) 4309(1) 6048(1) 33(1)
C(24) 6651(1) 4205(1) 6577(1) 27(1)
C(3A) 7175(1) 3880(1) 7279(1) 27(1)
C(44) 7116(1) 4047(1) 7961(1) 26(1)
C(5A) 6523(1) 4595(1) 8155(1) 22(1)
C(6A) 5787(1) 4327(1) 8556(1) 20(1)
C(7A) 5871(1) 3722(1) 8924(1) 21(1)
C(8A) 5218(1) 3497(1) 9307(1) 21(1)
C(9A) 4454(1) 3898(1) 9322(1) 20(1)
C(10A) 4350(1) 4496(1) 8943(1) 20(1)
C(11A) 5016(1) 4720(1) 8573(1) 20(1)
C(124) 4887(1) 5369(1) 8160(1) 27(1)
C(13A) 5309(1) 5343(1) 7494(1) 26(1)
C(144) 6046(1) 4976(1) 7457(1) 23(1)
C(15A) 6414(1) 4931(1) 6749(1) 26(1)
C(16A) 7376(1) 5241(1) 6813(1) 30(1)
C(a7A) 5815(1) 3774(1) 6218(1) 39(1)
C(18A) 7169(1) 5056(1) 8716(1) 29(1)
C(194) 5309(1) 2835(1) 9693(1) 27(1)
C(20A) 3616(1) 5376(1) 9436(1) 30(1)
C(21A) 5758(1) 5245(1) 6074(1) 37(1)
0(@B) 12026(1) 934(1) 4456(1) 28(1)
O(2B) 6313(1) 3047(1) 1644(1) 32(1)
O(3B) 6616(1) 2908(1) 3181(1) 25(1)
C(1B) 11457(1) 485(1) 3938(1) 26(1)
C(2B) 10545(1) 848(1) 3619(1) 21(1)
C(3B) 10667(1) 1254(1) 2963(1) 22(1)
C(4B) 10390(1) 1869(1) 2834(1) 22(1)
C(5B) 9884(1) 2269(1) 3311(1) 19(1)
C(6B) 8916(1) 2466(1) 2862(1) 19(1)
C(7B) 8730(1) 2542(1) 2092(1) 24(1)
C(8B) 7869(1) 2738(1) 1681(1) 26(1)
C(9B) 7166(1) 2865(1) 2056(1) 24(1)
C(10B) 7346(1) 2803(1) 2827(1) 21(1)
C(11B) 8217(1) 2606(1) 3236(1) 20(1)
C(12B) 8385(1) 2533(1) 4068(1) 23(1)
C(13B) 9119(1) 2026(1) 4345(1) 21(1)
C(14B) 9799(1) 1877(1) 4008(1) 19(1)
C(15B) 10478(1) 1318(1) 4276(1) 21(1)
C(16B) 11504(1) 1527(1) 4509(1) 25(1)
C(17B) 9724(1) 376(1) 3380(1) 28(1)
C(18B) 10430(1) 2920(1) 3536(1) 25(1)
C(19B) 7689(2) 2784(1) 845(1) 42(1)
C(20B) 6617(1) 3554(1) 3491(1) 34(1)

C(21B) 10244(1) 942(1) 4932(1) 29(1)



0(10)
0(20)
0(3C)
C(10)
C(20)
C(3C)
C(40)
C(5C)
C(6C)
C(70)
C(80C)
C(9C)
C(100)
C(11C)
C(120)
C(130)
C(140)
C(150)
C@160C)
C(17C)
C(18C)
C(190)
C(200)
C(210C)

5389(1)
10400(1)
10726(1)

5614(1)

6458(1)

6132(1)

6524(1)

7376(1)

8184(1)

8054(1)

8788(1)

9682(1)

9818(1)

9084(1)

9262(1)

8545(1)

7671(1)

6974(1)

6134(1)

7024(1)

7178(2)

8632(1)

11013(1)

7424(1)

7929(1)
4690(1)
5860(1)
7760(1)
7307(1)
6619(1)
6214(1)
6367(1)
5918(1)
5326(1)
4917(1)
5097(1)
5682(1)
6096(1)
6763(1)
7252(1)
7088(1)
7584(1)
7713(1)
7318(1)
6225(1)
4304(1)
5618(1)
8253(1)

3000(1)
3474(1)
4260(1)
2303(1)
2485(1)
2589(1)
3128(1)
3715(1)
3627(1)
3225(1)
3158(1)
3526(1)
3931(1)
3975(1)
4346(1)
3983(1)
3671(1)
3257(1)
3605(1)
1881(1)
4497(1)
2687(1)
5010(1)
3168(1)

32(1)
29(1)
25(1)
27(1)
22(1)
24(1)
24(1)
24(1)
21(1)
24(1)
23(1)
22(1)
21(1)
22(1)
29(1)
26(1)
23(1)
24(1)
29(1)
27(1)
37(1)
32(1)
34(1)
32(1)

359
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Table 3. Bond lengths [A] and angles [°] for JLS03 (CCDC 701799).

0O(1A)-C(16A) 1.435(2) C(14B)-C(15B) 1.521(2)
0(1A)-C(1A) 1.441(2) C(15B)-C(21B) 1.529(3)
0(2A)-C(9A) 1.365(2) C(15B)-C(16B) 1.538(2)
0(3A)-C(10A) 1.383(2) 0(1C)-C(10) 1.433(2)
0(3A)-C(20A) 1.440(2) 0(1C)-C(16C) 1.449(2)
C(1A)-C(2A) 1.532(3) 0(20)-C(9C) 1.362(2)
C(2A)-C(3A) 1.502(3) 0(3C)-C(100C) 1.391(2)
C(2A)-C(17A) 1.537(3) 0(3C)-C(200) 1.435(2)
C(2A)-C(15A) 1.560(3) C(1C)-C(20) 1.525(3)
C(3A)-C(4A) 1.318(3) C(2C)-C(3C) 1.501(3)
C(4A)-C(5A) 1.504(3) C(2C)-C(17C) 1.527(3)
C(5A)-C(14A) 1.530(3) C(2C)-C(15C) 1.560(3)
C(5A)-C(6A) 1.540(3) C(3C)-C(4C) 1.319(3)
C(5A)-C(18A) 1.554(3) C(4C)-C(5C) 1.497(3)
C(6A)-C(7A) 1.392(2) C(5C)-C(14C) 1.533(3)
C(6A)-C(11A) 1.395(2) C(5C)-C(6C) 1.536(3)
C(7A)-C(8A) 1.388(2) C(5C)-C(18C) 1.554(3)
C(8A)-C(0A) 1.395(3) C(6C)-C(110C) 1.388(2)
C(8A)-C(19A) 1.510(2) C(60)-C(70) 1.401(3)
C(9A)-C(10A) 1.389(2) C(7C)-C(8C) 1.390(3)
C(10A)-C(11A) 1.389(2) C(8C)-C(90) 1.392(3)
C(11A)-C(12A) 1.509(2) C(8C)-C(190) 1.502(3)
C(12A)-C(13A) 1.491(3) C(9C)-C(100) 1.392(3)
C(13A)-C(14A) 1.331(2) C(10C)-C(11C) 1.386(3)
C(14A)-C(15A) 1.519(3) C(11C)-C(12C) 1.512(3)
C(15A)-C(16A) 1.533(3) C(12C)-C(13C) 1.496(3)
C(15A)-C(21A) 1.534(3) C(13C)-C(14C) 1.332(3)
O(1B)-C(16B) 1.442(2) C(140)-C(150) 1.518(3)
O(@B)-C(1B) 1.445(2) C(15C)-C(21C) 1.535(3)
O(2B)-C(9B) 1.369(2) C(15C)-C(16C) 1.537(3)
0O(3B)-C(10B) 1.391(2) C(16A)-0(1A)-C(1A) 109.14(15)

0O(3B)-C(20B) 1.428(2) C(10A)-O(3A)-C(20A) 114.02(14)
C(1B)-C(2B) 1.533(2) 0(1A)-C(1A)-C(2A) 106.45(16)
C(2B)-C(3B) 1.502(3) C(3A)-C(2A)-C(1A) 109.07(16)
C(2B)-C(17B) 1.531(3) C(3A)-C(2A)-C(17A) 109.39(17)
C(2B)-C(15B) 1.558(2) C(1A)-C(2A)-C(17A) 111.47(17)

C(3B)-C(4B) 1.318(2) C(3A)-C(2A)-C(15A) 109.67(17)

C(4B)-C(5B) 1.506(2) C(1A)-C(2A)-C(15A) 101.46(16)
C(5B)-C(14B) 1.535(3) C(17A)-C(2A)-C(154) 115.44(17)
C(5B)-C(6B) 1.537(2) C(4A)-C(3A)-C(2A) 124.98(19)
C(5B)-C(18B) 1.556(2) C(3A)-C(4A)-C(5A) 125.32(19)
C(6B)-C(7B) 1.389(2) C(4A)-C(5A)-C(14A) 111.02(17)
C(6B)-C(11B) 1.389(2) C(4A)-C(5A)-C(6A) 111.13(15)

C(7B)-C(8B) 1.386(3) C(14A)-C(5A)-C(6A) 109.66(15)
C(8B)-C(9B) 1.389(3) C(4A)-C(5A)-C(18A) 107.35(16)
C(8B)-C(19B) 1.504(3) C(14A)-C(5A)-C(18A) 110.74(15)

C(9B)-C(10B) 1.388(3) C(6A)-C(5A)-C(18A) 106.84(15)
C(10B)-C(11B) 1.396(2) C(7A)-C(6A)-C(11A) 118.66(18)
C(11B)-C(12B) 1.500(2) C(7A)-C(6A)-C(5A) 123.12(17)

C(12B)-C(13B) 1.499(2) C(11A)-C(6A)-C(5A) 118.18(17)

C(13B)-C(14B) 1.325(2) C(8A)-C(7A)-C(6A) 122.53(18)



C(7A)-C(8A)-C(9A)
C(7A)-C(8A)-C(19A)
C(9A)-C(8A)-C(19A)
0(2A)-C(9A)-C(10A)
0O(2A)-C(9A)-C(8A)
C(10A)-C(9A)-C(8A)
0(3A)-C(10A)-C(94)
0(3A)-C(10A)-C(11A)
C(9A)-C(10A)-C(11A)
C(10A)-C(11A)-C(6A)
C(10A)-C(11A)-C(12A)
C(6A)-C(11A)-C(12A)
C(13A)-C(12A)-C(11A)
C(14A)-C(13A)-C(12A)
C(13A)-C(14A)-C(15A)
C(13A)-C(14A)-C(5A)
C(15A)-C(14A)-C(5A)
C(14A)-C(15A)-C(16A)
C(14A)-C(15A)-C(21A)
C(16A)-C(15A)-C(21A)
C(14A)-C(15A)-C(2A)
C(16A)-C(15A)-C(2A)
C(21A)-C(15A)-C(2A)
0(1A)-C(16A)-C(15A)
C(16B)-O(1B)-C(1B)
C(10B)-0(3B)-C(20B)
0O(1B)-C(1B)-C(2B)
C(3B)-C(2B)-C(17B)
C(3B)-C(2B)-C(1B)
C(17B)-C(2B)-C(1B)
C(3B)-C(2B)-C(15B)
C(17B)-C(2B)-C(15B)
C(1B)-C(2B)-C(15B)
C(4B)-C(3B)-C(2B)
C(3B)-C(4B)-C(5B)
C(4B)-C(5B)-C(14B)
C(4B)-C(5B)-C(6B)
C(14B)-C(5B)-C(6B)
C(4B)-C(5B)-C(18B)
C(14B)-C(5B)-C(18B)
C(6B)-C(5B)-C(18B)
C(7B)-C(6B)-C(11B)
C(7B)-C(6B)-C(5B)
C(11B)-C(6B)-C(5B)
C(8B)-C(7B)-C(6B)
C(7B)-C(8B)-C(9B)
C(7B)-C(8B)-C(19B)
C(9B)-C(8B)-C(19B)
0O(2B)-C(9B)-C(10B)
0O(2B)-C(9B)-C(8B)
C(10B)-C(9B)-C(8B)
C(9B)-C(10B)-O(3B)
C(9B)-C(10B)-C(11B)
0(3B)-C(10B)-C(11B)

118.11(18)
122.05(17)
119.84(17)
121.73(17)
118.26(17)
120.00(18)
117.39(17)
121.25(17)
121.24(17)
119.40(17)
120.44(17)
120.10(17)
110.63(16)
123.67(19)
121.84(18)
118.05(18)
120.11(16)
114.14(17)
112.67(16)
107.48(17)
111.58(16)
99.14(15)
111.01(17)
106.47(16)
109.14(13)
113.18(14)
106.45(14)
109.82(16)
108.71(16)
112.45(16)
109.02(15)
115.07(16)
101.36(15)
125.12(18)
125.37(18)
110.38(16)
110.43(15)
110.24(15)
108.57(15)
110.42(15)
106.73(15)
118.64(17)
121.87(17)
119.41(17)
122.58(19)
118.58(19)
120.58(19)
120.79(18)
122.40(18)
118.09(18)
119.51(18)
117.92(17)
121.49(18)
120.50(17)

C(6B)-C(11B)-C(10B)
C(6B)-C(11B)-C(12B)
C(10B)-C(11B)-C(12B)
C(13B)-C(12B)-C(11B)
C(14B)-C(13B)-C(12B)
C(13B)-C(14B)-C(15B)
C(13B)-C(14B)-C(5B)
C(15B)-C(14B)-C(5B)
C(14B)-C(15B)-C(21B)
C(14B)-C(15B)-C(16B)
C(21B)-C(15B)-C(16B)
C(14B)-C(15B)-C(2B)
C(21B)-C(15B)-C(2B)
C(16B)-C(15B)-C(2B)
O(1B)-C(16B)-C(15B)
C(1C)-0(10)-C(16C)
C(10C)-0(3C)-C(200C)
0(1C)-C(1C)-C(2C)
C(3C)-C(20)-C(1C)
C(3C)-C(20)-C(170C)
C(1C)-C(20)-C(170)
C(3C)-C(20)-C(150)
C(1C)-C(20)-C(150)
C(17C)-C(2C)-C(15C)
C(4C)-C(3C)-C(20)
C(3C)-C(4C)-C(50)
C(4C)-C(5C)-C(14C)
C(40)-C(5C)-C(6C)
C(14C)-C(5C)-C(6C)
C(4C)-C(5C)-C(18C)
C(14C)-C(5C)-C(18C)
C(6C)-C(5C)-C(18C)
C(11C)-C(6C)-C(7C)
C(11C)-C(6C)-C(50C)
C(7C)-C(6C)-C(5C)
C(8C)-C(7C)-C(6C)
C(7C)-C(8C)-C(90)
C(7C)-C(8C)-C(19C)
C(9C)-C(8C)-C(19C)
0(2C)-C(9C)-C(8C)
0(20)-C(9C)-C(10C)
C(8C)-C(9C)-C(100)
C(11C)-C(10C)-0(3C)
C(11C)-C(10C)-C(9C)
0(3C)-C(10C)-C(9C)
C(10C)-C(11C)-C(6C)
C(10C)-C(11C)-C(12C)
C(6C)-C(11C)-C(12C)
C(13C)-C(12C)-C(11C)
C(14C)-C(13C)-C(120C)
C(13C)-C(14C)-C(15C)
C(13C)-C(14C)-C(5C)
C(15C)-C(14C)-C(50C)
C(14C)-C(15C)-C(21C)
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119.17(18)
120.61(17)
120.21(17)
111.08(16)
124.23(18)
122.10(17)
118.75(17)
119.13(16)
112.37(16)
115.01(15)
107.24(16)
110.76(15)
111.63(15)
99.10(14)
105.02(15)
109.10(14)
112.42(14)
106.71(15)
108.54(16)
110.42(15)
112.50(16)
108.92(16)
101.13(15)
114.85(16)
125.08(18)
124.87(19)
111.29(16)
110.47(16)
108.89(16)
109.14(16)
109.82(16)
107.13(15)
118.14(18)
118.87(17)
122.97(17)
122.59(18)
118.30(18)
121.33(18)
120.36(18)
118.38(18)
122.08(18)
119.54(18)
120.57(17)
121.64(18)
117.69(17)
119.74(18)
120.45(17)
119.63(17)
110.87(16)
123.30(19)
122.37(18)
118.35(17)
119.26(17)
112.13(16)



C(140)-C(15C)-C(16C)
C(21C)-C(15C)-C(16C)
C(14C)-C(15C)-C(20)
C(21C)-C(15C)-C(20C)
C(16C)-C(15C)-C(20)
0(1C)-C(16C)-C(15C)

115.08(16)
107.55(16)
111.01(15)
110.98(16)

99.40(15)
106.10(15)
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Table 4. Anisotropic displacement parameters (A2x 104) for JLS03 (CCDC 701799).
The anisotropic displacement factor exponent takes the form: -2x2[ h2a*2U" + ... + 2 h k
a*b* U2]

Uu U22 Uss3 U23 U U2
0(1A)  307(9) 288(8) 454(10) -52(7) 217(7) -26(7)
0(2A)  231(8) 299(8) 262(8) 46(7) 69(7) 0(6)
O(3A) 206(8) 206(7) 243(8) -56(6) 54(6) 12(6)
C(aA)  290(13) 321(13) 414(15) -52(11) 124(11) -40(10)
C(2A)  197(12) 307(12) 342(13) -44(10) 125(10) -21(10)
C(3A)  207(12) 197(11) 445(15) -19(10) 132(11) 1(9)
C(4A)  201(12) 195(11) 386(14) 33(10) 70(10) 18(9)
C(5A)  170(11) 209(11) 284(13) 6(9) 51(9) 3(9)
C(6A)  189(11) 186(10) 213(12) -34(9) 25(9) -37(9)
C(7A)  159(11) 208(11) 253(12) -55(9) -5(9) 9(9)
C(8A)  217(12) 207(11) 178(11) -23(9) 1(9) -34(9)
C(oA)  179(11) 236(11) 173(11) -39(9) 35(9) -64(9)
C(xoA)  171(11) 204(11) 210(12) -49(9) 29(9) -15(9)
C(11A)  187(11) 170(10) 239(12) -16(9) 43(9) -15(9)
C(12A) 242(12) 235(11) 352(14) 70(10) 112(10) 42(9)
C(13A) 233(12) 231(11) 336(13) 82(10) 86(10) 18(9)
C(14A)  187(11) 199(11) 315(13) 14(9) 76(10) -24(9)
C(15A)  217(12) 280(12) 305(13) 26(10) 105(10) 41(9)
C(16A) 309(13) 236(12) 401(14) -1(10) 188(11) 21(10)
C@a7A)  334(14) 408(14) 450(15) -97(12) 145(12) -83(11)
C(18A) 232(12) 261(12) 382(14) 12(10) 88(10) -28(9)
C(19A) 252(12) 269(12) 267(12) 42(10) 1(10) -15(9)
C(20A) 282(13) 302(12) 327(13) -132(10) 89(10) 0(10)
C(21A)  332(14) 480(15) 337(14) 53(12) 164(11) 63(11)
O(aB) 233(8) 282(8) 309(9) -63(7) o(7) 71(6)
O(2B) 204(8) 471(9) 279(9) 128(7) 39(7) 32(7)
0O(3B) 217(8) 266(8) 284(8) -18(6) 81(7) 26(6)
CaB)  257(12) 244(12) 264(12) -35(9) 40(10) 14(9)
C(2B)  183(11) 217(11) 232(12) -26(9) 62(9) 25(9)
C(3B)  187(11) 280(12) 213(12) -75(9) 56(9) -14(9)
C(4B) 211(12) 273(12) 191(11) 9(9) 62(9) 3(9)
C(5B)  186(11) 217(11) 185(11) 19(9) 53(9) 9(9)
C(6B)  189(11) 169(10) 216(12) 12(9) 44(9) -25(8)
C(7B) 224(12) 281(12) 234(12) 42(10) 83(10) -28(9)
C(8B) 234(12) 309(12) 224(12) 60(10) 45(10) -18(10)
C(9B)  186(11) 233(11) 269(13) 66(9) 0(10) -19(9)
C(1oB) 185(11) 184(10) 263(12) 15(9) 73(9) -24(9)
C(11B)  215(12) 158(10) 213(12) 5(9) 37(9) -24(8)
C(12B) 191(11) 271(12) 220(12) 16(9) 51(9) 25(9)
C(13B) 233(12) 235(11) 170(11) 32(9) 38(9) 31(9)
C(14B) 178(11) 193(11) 204(11) -31(9) 26(9) -15(9)
C(a5B) 197(11) 220(11) 216(12) -2(9) 53(9) 33(9)
C(16B) 206(12) 278(12) 248(12) -64(9) 33(9) 70(9)
C(17B) 288(13) 266(12) 307(13) -19(10) 85(10) 12(10)
C(18B) 207(11) 245(11) 278(12) 31(9) 25(9) -21(9)
C(19B) 296(13) 685(17) 274(14) 90(12) 69(11) -5(12)

C(20B) 301(13) 327(13) 399(15) -37(11) 77(11) 101(10)



C(21B)
0(10)
0(20)
0(3C)
C(10)
C(20)
C(3C)
C(40)
C(5C)
C(6C)
C(70)
C(80C)
C(9C)
C(100)
C(11C)
C(120)
C(130)
C(140)
C(150)
C@160C)
C(17C)
C(18C)
C(190)
C(200)
C(210C)

307(13)
242(8)

236(8)

210(8)

240(12)
188(11)
183(11)
195(11)
217(12)
232(12)
232(12)
255(12)
256(12)
197(11)
227(12)
241(12)
278(13)
247(12)
209(11)
252(12)
227(12)
339(14)
307(13)
282(13)
297(13)

272(12)
444(9)
248(8)
319(8)
306(12)
247(11)
276(12)
252(11)
304(12)
236(11)
250(11)
202(11)
209(11)
286(12)
260(11)
362(13)
268(12)
276(12)
261(12)
346(13)
295(12)
501(15)
245(12)
435(14)
271(12)

302(13)
254(9)

376(9)

207(8)

263(13)
214(12)
240(12)
304(13)
216(12)
178(11)
231(12)
242(12)
217(12)
156(11)
172(11)
243(12)
230(12)
185(11)
243(12)
257(12)
268(13)
309(14)
410(15)
257(13)
349(14)

39(10)
-78(7)
6(7)
35(6)
-48(10)
-46(9)
-72(10)
-14(10)
23(10)
43(9)
79(9)
53(9)
81(9)
52(9)
19(9)
-86(10)
-91(10)
-75(9)
-66(9)
-89(10)
-38(10)
92(11)
12(10)
35(11)
-78(10)

94(10)
31(7)
71(7)
24(6)
58(10)
32(9)
35(9)
87(10)
84(9)
80(9)
60(9)
84(10)
100(10)
40(9)
61(9)
15(10)
23(10)
68(9)
32(9)
20(10)
31(10)
161(11)
87(11)
-11(10)
-16(11)

89(10)
90(7)
32(6)
24(6)
8(10)
20(9)
-15(9)
-16(9)
34(9)
18(9)
-37(9)
2(9)
63(9)
-4(9)
11(9)
70(10)
67(10)
49(9)
32(9)
90(10)
2(9)
111(11)
-16(10)
23(11)
54(10)
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Table 5. Hydrogen bonds for JLS03 (CCDC 701799) [A and °].
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D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
0O(2A)-H(2A)...0(1B)#1 0.84 1.91 2.6954(18) 155.0
0O(2A)-H(2A)...0(3A) 0.84 2.31 2.7465(17) 112.3
O(2B)-H(2B)...0(1C)#2 0.84 1.97 2.7397(19) 152.2
O(2B)-H(2B)...0(3B) 0.84 2.37 2.7747(18) 110.5
0(2C)-H(20)...0(1A)#3 0.84 1.94 2.7345(19) 158.5
0(2C)-H(20)...0(30) 0.84 2.34 2.7633(18) 111.5

Symmetry transformations used to generate equivalent atoms:
#1X-1,-y+1/2,2+1/2
#2 -X+1,y-1/2,-2+1/2
#3 -X+2,-y+1,-Z+1
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CHAPTER FOUR

Radical Cyclization Approaches Toward
the Tricyclic Core of Zoanthenol®

4.1.1 Introduction

The acid-mediated cyclization chemistry detailed in Chapter 3 is a powerful method
for the formation of the carbocyclic core of zoanthenol. Unfortunately, the utility of these
cyclizations is limited by the sensitivity of the system to the substrate, the harsh
conditions required, and the loss of functionality during cyclization. With these issues in
mind, other strategies were explored to form the B ring from the available tethered A-C
ring systems. Among these, several methods displayed no reactivity for the tested
substrates (Scheme 4.1.1). Such cyclization methods included intramolecular z-allyl
reactions! of allylic acetates (306a — 306b — 306c¢), reductive Heck reactions of
enones, silver-mediated cyclizations of allylic iodides (307a — 307b — 307¢), anionic
oxy-Cope electrocyclizations? of enones (308a — 308b — 308c) or allylic alcohols
(309a — 309b — 309c), aryl anion additions (310a — 310b — 310c¢), Lewis-acid
enone activation (311a — 311b — 311c¢), copper-mediated arene/enone oxidative
cyclizations3 (312a — 312b — 312c¢), and strong base-mediated cyclization of allylic

acetates (313a — 313b — 313c¢).

" This work was conducted in close collaboration with Dr. Douglas C. Behenna, a former
graduate student in the Stoltz Group.
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—
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Scheme 4.1.1 Failed methods for cyclization of tethered A—C ring systems.
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However, one cyclization method held some promise: the conjugate radical addition
of an aryl radical to our enone substrates (Scheme 4.1.2). Although this type of reaction
has substantial precedence, endo radical conjugate addition cyclization reactions are
much less common than exo reactions.4# However, we were inspired by a report of an
arene radical conjugate addition that built a quaternary center while closing a six-
membered ring.5 In this chapter, we detail efforts toward the application of radical

conjugate additions for the synthesis of zoanthenol’s tricyclic core.

OMe

radical
—_——
cyclization

OR OR
314a 314b

Scheme 4.1.2 Radical-induced cyclization of a tethered A—C ring system.

4.2.1 Synthesis and Cyclization of a Lactone-Derived Precursor

The radical cyclization substrate required a selective bromination of the A ring para
to the silyl ether. While bromination with N-bromosuccinimide (NBS) was well known
to occur para to electron releasing groups,® there was little precedent for para-directing
preference of silyl ethers versus methyl ethers. There was significant evidence that
phenols were superior to methyl ethers in their directing ability.” Thus, we began by
executing a selective synthesis of the desired aryl bromide over three steps (Scheme
4.2.1). Desilylation of 255 provided a phenol, which was treated with NBS in acetonitrile
to afford a single bromide isomer. Resilylation provided 315 in 29% yield over the three
steps.® Subsequently, direct bromination of enone 255 led to a 4:1 mixture of bromide

positional isomers favoring the desired aryl bromide.
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1. TBAF, THF
2.NBS, ACN

b

3. TBSCI, DMAP
Imid., CH,Cl,, 40 °C

(29% yield, 3 steps)

| NBS, ACN, CH,Cl,, 0 °C

(61% vyield, 4:1 ratio of isomers)
Scheme 4.2.1 Synthesis of lactone-derived radical cyclization precursor

We initially tested a number of conditions for cyclization. The most effective
conditions employed V-70 initiator in benzene at 32 °C with triphenyltin hydride. The
V-70 initiator decomposes more readily (t,- = ~ 10 h at 30 °C) than AIBN (t;;. = ~ 10 h at
80 °C), and it enables initiation of the radical reaction at lower temperatures.
Additionally, the lower temperature reduces the amount of debrominated enone
recovered. For all substrates tested, these are the conditions used.

Treatment of aryl bromide 315 led to the formation of a 1:1 mixture of two
diastereomers of cyclized product 316 as well as reisolation of debrominated precursor
255. This result was very promising, but we were only able to isolate small amounts of
the cyclized material, which was produced as a 1:1 ratio of diastereomers. Thus, we
ventured forward to explore cyclizations of more synthetically advanced A-C ring

systems.

OMe

V-70

Y

Ph3SnH, PhH, 32 °C

255 316
major product (low yield)
tenative assignment

Scheme 4.2.2 Attempted cyclization of lactone-derived A—C ring system
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4.3.1 Synthesis and Cyclization of a Homologated Nitrile-Derived Cyclization Precursor

Having established the selectivity of the bromination for arene 313, it was
anticipated that similar bromination selectivity would allow preparation of the desired
bromide isomer. Nevertheless, an independent synthesis of 317 was conducted as
confirmation for the product assignments. Accordingly, enone 279 was desilylated with
TBAF, treated with NBS in acetonitrile and methylene chloride, and finally resilylated to
afford a cyclization precursor 317 in 40% yield over the three steps (Scheme 4.3.1). The
one-step procedure was accomplished by treating enone 279 with NBS in acetonitrile at
ambient temperature and led to the formation of a favorable 3.3:1 mixture of bromide

isomers in 88% combined yield.

OMe

1. TBAF, THF
2. NBS, ACN

Y

3. TBSCI, DMAP
Imid., CH,Cl,, 40 °C

(40% yield, 3 steps)

| NBS, ACN, CH,CI,

(88% vyield, 3.3:1 ratio of isomers)
Scheme 4.3.1 Synthesis of homologated nitrile-derived radical cyclization precursor.
Treatment of cyclization precursor 317 with the standard cyclization conditions once
again yielded mainly reductive debromination product 279 (Scheme 4.3.2). However,
we were also able to obtain spectra for what appeared to be two diastereomers of cyclized

products, tentatively assigned as a 1:1 mixture of diastereomers of 318.
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OMe

N,
W N

MeO' NC
V-70

P

PhySnH, PhH, 32 °C

317 279 318
major product (trace yield)
tentative assignment

Scheme 4.3.2 Attempted cyclization of nitrile-derived A—C ring system.

4.4.1 Synthesis and Cyclization of a Homologated Ester-Derived Cyclization Precursor

Owing to concerns that the nitrile moiety was interfering with the cyclization, the
corresponding methyl ester-derived substrate was targeted. Thus, carboxylic acid 2829
was treated with diazomethane to afford the corresponding ester, 319 (Scheme 4.4.1).
Desilylation, bromination, and resilylation afforded aryl bromide 320 in < 20% overall
yield.’* In the one-step procedure, bromination of methyl ester 319 led directly to 88%
yield of radical cyclization precursor 320 in a 3.3:1 dr.

1. TBAF, THF

OMe 2. NBS, ACN OMe

.

3. TBSCI, DMAP
Imid., CH,Cl,, 40 °C

(low yield, 4 steps)

| NBS, ACN, CH,Cl,

(88% vyield, 3.3:1 ratio of isomers)
Scheme 4.4.1 Synthesis of homologated ester-derived radical cyclization precursor.
Aryl bromide 320 was subjected to the radical cyclization conditions to afford trace
amounts of a mixture of diastereomeric cyclized products as well as a substantial amount

of enone 319 (Scheme 4.4.2).
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OMe

320 319 321
major product (trace yield)
tentative assignment

Scheme 4.4.2 Attempted cyclization of ester-derived A—C ring system.

4.5.1 Synthesis and Cyclization of a 7-Membered Acetal-Derived Cyclization Precursor
To this point, the C(10) oxygen functionality of all substrates tested was a-disposed.
These substrates were initially targeted due to their bicyclic nature, with the expectation
that this would bias the formation of the desired stereochemistry at the new quaternary
center. To explore the impact of the C(10) stereocenter, we assembled the aryl bromide
derivative of enone 266. Direct bromination afforded a 4:1 mixture of isomers in 80%
yield, while the three-step procedure confirmed the identity of the major product with a

29% yield of 322 over the 3 steps (Scheme 4.5.1).8
OMe OMe

TBSO 0 1. TBAF, THF TBSO 0
® 2 NBS, AN @
13 o > o
W ‘ >< 3. TBSCI, DMAP Br ‘ ><
Imid., CH,Cly, 40 °C

(0]

OTBS (29% yield, 3 steps) OTBS
266 322

| NBS, ACN, CH,Cl,, 0 °C T

(80% yield, 4:1 ratio of isomers)
Scheme 4.5.1 Synthesis of 7-membered acetal-derived radical cyclization precursor.
Aryl bromide 322 was treated under the standard cyclization conditions. Much to
our delight, significant amounts of cyclization product 323 were observed (Scheme
4.5.2). As in other cyclization attempts, debrominated enone 266 was also obtained.

The relative stereochemistry at the newly formed stereocenter was confirmed by X-ray
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structure analysis of alcohol 324, obtained by DIBAL reduction of 323."* While the yield

of ketone 323 was modest, many reaction parameters remain to be optimized, such as
amounts of reagents, temperature, and rate of triphenyltin hydride addition, as well as

the possibility of activating the system further by employing Lewis acids.™

OMe CN OMe

OMe
TBSO (o] WNQNM TBSO (o]
MeO’ NC
(o] V-70 [o) DIBAL
B ‘ >< > 12 ‘ >< THF, 0°C
o Ph3SnH, PhH, 32 °C o ’

(68% yield)

oTBS (40% yield) oTBS
(50% yield from productive
322 bromide isomer) 323
4 : 1 mixture of
(322 : bromide positional isomer)

|
A g
N /*\7/

(Silyl groups removed for clarity)

Scheme 4.5.2 Cyclization of 7-membered acetal-derived A—C ring system.

4.6.1 Substrate Requirements and Limits of System

Radical cyclizations of aryl bromides 315, 317, and 320 lead primarily to reductive
debromination as well as trace yields of cyclized products as mixtures of diastereomers at
C(12). However, in the case of aryl bromide 322, the desired diastereomer was isolated
as the exclusive cyclized product. Although all of the substrates tested possess a bicyclic
framework, the facial bias provided by the 6-7 bicycle in aryl bromide 324 is expected to
be the least substantial. Additionally, this system is the most structurally flexible. Thus,
the observed selectivity must be derived from a different feature of the 7-membered
acetal substrate. Analysis of the two most likely product structures for each case
provided insight into the selectivity of the transformation. Scheme 4.6.1 outlines the key

1,3-diaxial interactions experienced by each product. In accessing the desired
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diastereomer, a minimal number of destabilizing interactions are formed. In all cases,
the desired diastereomer (316b, 326, and 323) exhibits one fewer diaxial interaction
than the alternative diastereomer. Additionally, 316b and 326 possess one and two
additional diaxial interactions, respectively, when compared with 323. It is reasonable
to assume that, at the reaction temperature (32 °C), the additional destabilizing energy
imparted by an extra diaxial interaction is sufficient to guide selectivity toward the
desired case for 323 versus 327 or to almost completely prevent reactivity in the more
hindered cases (316a, 316b, 325, and 326). All of these arguments are dependent on
the 6-membered ring depicted in blue occupying the chair conformation shown. For the
lactone and 6-membered acetonide substrates, this conformation is locked by the
bicycle. However, in the 7-membered acetal substrate, there is more conformational
flexibility, and it is the equatorial disposition of the C(10) alcohol that favors the chair

conformation illustrated below.
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OMe

MeO

OR 326
(C(20) ketone (_C(20) ketone
omitted for clarity) omitted for clarity)
R'=CN or COOMe
OMe OMe

Me TBSO o TBSO o
H oTBS Me Oe
Me- Ve o o AN _oTBs o
— e, = 12 ><
o
(L D> ;
oTBS MG oTBS

meo” o 327 OR 323

X
(&7
I
<

R=TBS
Scheme 4.6.1 3D representations of cyclization products. (1,3-Diaxial interactions are
depicted in red.)

In addition to these considerations, it is important to note that the major non-
productive pathway in these cyclizations is reductive debromination. We hypothesize
that this by-product is observed in such high quantities because of the slow rotation
about the C(19)-C(20) bond (Figure 4.6.2), combined with a strong conformational
preference for the substrate to orient itself in a more linear arrangement to reduce steric
interactions. One possibility to improve the outcome of the reaction is to functionalize
the molecule at C(19) with the goal of decreasing the energetic advantage of occupying
the linear conformation relative to the reactive conformation.'s 4

Any future substrates should possess substitution at C(19) to increase the reactivity.
Owing to the harsh conditions required in other systems for the differentiation and
homologation of C(23) and C(8), these groups should be differentiated and, ideally,

homologated. Finally, the alcohol functionality at C(10) should be p-disposed. This
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substituent will occupy the equatorial position, thus setting the preferred chair

conformation and enabling the selectivity arguments presented above to occur as

expected.
TBSO
O substitution at C(19)
MeO Br
o
—
_—
R
‘ R R <:I R groups differentiated
R
OR
XX p-disposed protected alcohol

preferred rotamer

Scheme 4.6.2 Structural requirements for future radical cyclization products.

4.7.1 Summary

In summary, we believe that this radical cyclization strategy provides a novel,
functional group tolerant method to form the key C(12) quaternary stereocenter and to
close the B ring. Although cyclization products are observed in all cases, substantial
amounts of the product are only isolable in the case of the 7-membered acetal-derived
substrate (322 — 323). Additionally, this substrate is the only one to display selectivity
for the desired relative stereochemistry of the product. Unique to this substrate is a -
disposed silyl ether at C(10), which is thought to be instrumental in the stereochemical

outcome of the reaction.
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4.8.1 Materials and Methods

Unless otherwise stated, reactions were performed at ambient temperature (typically
19—24 °C) in flame-dried glassware under an argon or nitrogen atmosphere using dry,
deoxygenated solvents. Solvents were dried by passage through an activated alumina
column under argon. N-Bromosuccinimide was recrystallized before use. TBSCI was
purchased from Gelest. V-70 was purchased from Waco Chemicals. All other
commercially obtained reagents were used as received. Reaction temperatures were
controlled by an IKAmag temperature modulator. Thin-layer chromatography (TLC)
was performed using E. Merck silica gel 60 F254 precoated plates (0.25 mm) and
visualized by UV fluorescence quenching, anisaldehyde, KMnO,, or CAM staining. ICN

silica gel (particle size 0.032—0.063 mm) was used for flash chromatography. Optical

rotations were measured with a Jasco P-1010 polarimeter at 589 nm. 'H and *C NMR
spectra were recorded on a Varian Mercury 300 (at 300 MHz and 75 MHz respectively),

or a Varian Inova 500 (at 500 MHz and 125 MHz respectively) and are reported relative

to Me,Si (8 0.0). Data for '"H NMR spectra are reported as follows: chemical shift (5
ppm) (multiplicity, coupling constant (Hz), integration). Multiplicities are reported as
follows: s = singlet, d = doublet, t = triplet, q = quartet, sept. = septet, m = multiplet,
comp. m = complex multiplet, app. = apparent, bs = broad singlet. IR spectra were
recorded on a Perkin Elmer Paragon 1000 spectrometer and are reported in frequency of
absorption (cm™). High-resolution mass spectra were obtained from the Caltech Mass
Spectroscopy Facility. Crystallographic analyses were performed at the California
Institute of Technology Beckman Institute X-Ray Crystallography Laboratory.
Crystallographic data have been deposited at the CCDC, 12 Union Road, Cambridge CB2
1EZ, UK and copies can be obtained on request, free of charge, from the CCDC by
quoting the publication citation and the deposition number (see Appendix C for

deposition numbers).
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4.8.2 Preparation of Compounds

1. TBAF, THF
2. NBS, ACN, 0 to 22 °C

3. TBSCI, imidazole
DMAP, DMF, DCM, 40 °C

(40% yield, 3 steps)
255 315

Aryl bromide 315. Enone 255 (58.8 mg, 0.114 mmol, 1.0 equiv) was treated with a 1.0
M solution of TBAF in THF (314 uL, 0.341 mmol, 3.0 equiv) for 40 min at ambient
temperature. The reaction mixture was then diluted with H.O (15 mL) and EtOAc (15
mL). The aqueous layer was extracted with EtOAc (3 x 10 mL). The combined organics
were washed with brine (20 mL), dried over MgSO,, and concentrated to an oil, which
was purified by flash chromatography (20 to 50% EtOAc in Hexanes) to provide phenol
255a (28 mg, 0.070 mmol, 61% yield). Rr 0.25 (50% EtOAc in hexanes); 'H NMR (500
MHz, CDCl;) 6 6.85 (d, J = 7.8 Hz, 1H) 6.59 (d, J = 7.9 Hz, 1H), 5.53 (s, 1H), 4.62 (t, J =
2.7 Hz, 1H), 3.98 (d, J = 17.8, 1H), 3.77 (s, 3H), 3.77 (d, J = 17.6 Hz, 1H), 3.76 (s, 3H),
2.45 (dd, J = 19.0, 2.2 Hz, 1H), 2.36 (ddd, J = 19.0, 2.2, 0.98 Hz, 1H), 2.23 (s, 3H), 1.63
(s, 3H), 1.29 (s, 3H), 1.27 (s, 3H); 3C NMR (125 MHz, CDCl,) 8 203.0, 176.3, 173.1, 147.2,
145.4, 135.5, 130.9, 126.4, 124.6, 123.5, 122.0, 77.9, 61.2, 53.6, 52.8, 47.9, 45.6, 34.4, 19.0,
15.5, 12.6, 11.9; IR (Neat film NaCl) 3446, 2951, 1779, 1731, 1706, 1465, 1425, 1333, 1272,
1239, 1200, 1150, 1063, 732 cm'; HRMS (FAB+) [M+H]* calc'd for [CooHo6O,+H]*: m/z
403.1757, found 403.1766.

To a solution of the above phenol (255a, 27.8 mg, 0.691 mmol, 1.0 equiv) in ACN
(1.4 mL, 0.05 M) was added N-Bromosuccinimide (13.5 mg, 0.0760 mmol, 1.1 equiv).
The solution was stirred at ambient temperature for 6 h then quenched with H.O (10
mL) and diluted with EtOAc (20 mL) and H.O (10 mL). The aqueous layer was extracted

with EtOAc (3 x 20 mL), dried over MgSO,, and concentrated to an oil, which was
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purified by flash chromatography (20 to 60% EtOAc in hexanes) to provide aryl bromide

255b (20.1 mg, 0.042 mmol, 61% yield) as an oil. Ry 0.33 (50% EtOAc in hexanes); 'H
NMR (500 MHz, CDCls) 6 7.15 (s, 1H), 5.47 (s, 1H), 4.63 (t, J = 2.2 Hz, 1H), 4.26 (d, J =
19.0 Hz, 1H), 3.91 (d, J = 19.0 Hz, 1H), 3.78 (s, 3H), 3.76 (s, 3H), 2.49 (dd, J = 19.0, 2.2
Hz, 1H), 2.39 (app. d, J = 18.8 Hz, 1H), 2.22 (s, 3H), 1.82 (s, 3H), 1.34 (s, 3H), 1.26 (s,
3H); BC NMR (125 MHz, CDCl;) 6 201.2, 176.4, 173.2 146.6, 146.2, 135.3, 131.3, 129.9,
126.4, 124.2, 114.8, 78.0, 61.3, 53.6, 52.8. 48.1, 46.4, 34.5, 19.2, 15.4, 12.6, 11.6; IR (Neat
film NaCl) 3441, 2951, 2255, 1780, 1730, 1708, 1141, 1271, 1240, 1150, 1073, 912, 731 cm;
HRMS (FAB+) [M+H]* calc'd for [CooH250,Br+H]*: m/z 481.0862, found 481.0869.

To a solution of aryl bromide 255b (19.0 mg, 0.039 mmol, 1.0 equiv) in CH.Cl. (1
mL, 0.04 M) were added TBSCI (11.9 mg, 0.079 mmol, 2.0 equiv), DMAP (4.8 mg, 0.039
mmol, 1.0 equiv), and imidazole (8.1 mg, 0.118 mmol, 3.0 equiv). Stirred at 40 °C for 1.5
d before adding TBSCI (11.9 mg, 0.079 mmol, 2.0 equiv), DMAP (4.8 mg, 0.039 mmol,
1.0 equiv), and imidazole (8.1 mg, 0.118 mmol, 3.0 equiv). Upon completion, the
reaction was quenched with NH,CI (5 mL), extracted with CH.Cl. (4 x 5 mL), dried over
MgSO0,, concentrated to an oil, and purified by flash chromatography (10 to 50% EtOAc
in Hexanes) to provide isomerically pure aryl bromide 315 (18.6 mg, mmol, 79% yield,
29% yield over 3 steps) as an oil. Ry 0.63 (50% EtOAc in Hexanes); '"H NMR (500 MHz,
CDCly) 6 7.13 (s, 1H), 4.618 (t, J = 2.4 Hz, 1H), 4.25 (d, J = 19.0 Hz, 1H), 3.90 (d, J = 19.0
Hz, 1H), 3.76 (s, 3H), 3.65 (s, 3H), 2.48 (dd, J = 19.0, 2.4 Hz, 1H), 2.38 (dd, J = 18.8, 1.2
Hz, 1H), 2.19 (s, 3H), 1.81 (s, 3H), 1.36 (s, 3H), 1.29 (s, 3H), 1.00 (s, 9H), 1.40 (app. d, J =
3.9 Hz, 6H); 3C NMR (125 MHz, CDCl;) 6 201.7 176.4, 173.3, 150.8, 146.5, 135.5, 131.5,
131.1, 129.4, 125.3, 116.3, 77.9, 60.1, 53.7, 52.8, 48.1, 46.9, 34.6, 26.0, 19.1, 18.5, 16.9,
12.7, 11.6, —-4.26, -4.28; IR (Neat film NaCl) 2954, 2932, 2859, 1784, 1732, 1710, 1470,
1405, 1237, 1149, 1084, 1017, 841, 784, 733 cm?; HRMS (FAB+) [M+H]* calc'd for

[CasH39O,BrSi+H]*: m/z 595.1727, found 595.1719.
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255 315

Aryl bromide 315 directly from enone 255. To a solution of enone 255 (39.7 mg,
0.077 mmol, 1.00 equiv) in ACN (1.5 mL, 0.05 M) and CH.Cl. (0.59 mL, 0.13 M) was
added NBS (13.7 mg, 0.127 mmol, 1.01 equiv). After 12 h, the reaction was diluted with
EtOAc (10 mL), washed with sat. NH,CI (5 mL), dried over MgSO,, concentrated, and
purified by flash chromatography on silica gel (10 to 50% EtOAc in hexanes) to give aryl
bromide 315 (27.3 mg, mmol, 60% yield) as a 4:1 mixture of bromide isomers favoring

the desired aryl bromide 315.

1. TBAF, THF
2. NBS, ACN, 0to 22°C

3. TBSCI, imidazole
DMAP, DMF, DCM, 40 °C

(40% yield, 3 steps)

279 317

Aryl bromide 317. To a solution of enone 279 (60.0 mg, 0.111 mmol, 1.00 equiv) in
THF (3.7 mL) was added a 1.0 M solution of TBAF (166 uL, 0.166 mmol, 1.50 equiv) in
THF. After 15 min, the reaction mixture was diluted with EtOAc (15 mL), H.O (5 mL),
and saturated aqueous NH,Cl (5 mL), and extracted with EtOAc (5 x 20 mL). The
combined organics were dried (MgSO,), concentrated, and purified by flash
chromatography on silica gel (20 to 30% EtOAc in hexanes) to give the intermediate
phenol (40.0 mg, 85% yield).

To a cooled (0 °C) solution of intermediate phenol (33.7 mg, 78.8 umol, 1.00 equiv)

in ACN (1.6 mL) was added NBS (15.4 mg, 86.7 umol, 1.10 equiv) and the reaction
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mixture was allowed to come to ambient temperature. After 5 h, the reaction was diluted
with H,O (10 mL) and EtOAc (20 mL), and extracted with EtOAc (5 x 10 mL). The
combined organics were dried (MgSO,), concentrated and used without further
purification in the next step.

To a solution of the above crude material (theory: 78.8 umol, 1.00 equiv), imidazole
(16.1 mg, 0.236 mmol, 3.00 equiv), TBSCI (17.8 mg, 0.118 mmol, 1.50 equiv) in DMF
(200 uL) and CH.Cl. (200 uL) was added DMAP (9.6 mg, 78.8 umol, 1.00 equiv) and the
reaction was stirred at ambient temperature for 24 h and then at 30 °C for 18 h. An
additional portion of DMAP (10.0 mg, 81.9 umol, 1.04 equiv) and TBSCI (20.0 mg, 132.7
umol, 1.69 equiv) were added and the reaction mixture was heated at 40 °C for 4 h. The
reaction was diluted with EtOAc (10 mL), washed with saturated aqueous NH,Cl (3 x 5
mL), and extracted with EtOAc (3 x 10 mL). The combined organics were concentrated
and purified by flash chromatography on silica gel (5 to 15% Et.O in hexanes) to give
isomerically pure bromide 317 (23.0 mg, 47% yield, 40% yield for three steps) as an
amorphous white solid: Rr0.43 (20% EtOAc in hexanes); 'H NMR (500 MHz, CDCl;) &
7.13 (s, 1H), 4.29 (d, J = 8.5 Hz, 1H), 4.10 (d, J = 7.0 Hz, 1H), 4.07 (d, J = 7.0 Hz, 1H),
4.06 (d, J = 4.0 Hz, 1H), 3.88 (dd, J = 6.3, 8.8 Hz, 1H), 3.62 (s, 3H), 3.54 (app. t,J = 9.3
Hz, 1H), 2.55 (dd, J = 6.3, 17.8 Hz, 1H), 2.32 (dd, J = 8.5, 18.0 Hz, 1H), 2.18 (s, 3H), 1.87
(s, 3H), 1.62 (s, 3H), 1.61 (s, 3H), 1.21 (s, 3H), 1.17 (s, 3H), 1.01 (s, 9H), 0.14 (s, 6H); 3C
NMR (125 MHz, CDCl;) 6 205.4, 150.9, 146.4, 138.3, 131.4, 129.3, 128.7, 126.0, 121.5,
116.3, 75.5, 75.3, 75.2, 70.5, 60.0, 49.7, 47.7, 47.2, 35.7, 28.7, 27.6, 26.0, 21.0, 20.8, 18.1,
16.8, —4.3; IR (Neat film NaCl) 2932, 2860, 2252, 1699, 1470, 1404, 1234, 1171, 1083,
1047, 853, 842, 734 cm?; HRMS (FAB+) [M+H]* calc'd for [C5;H,46 OsNSiBr+H]*: m/z

620.2407, found 620.2394.
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NBS, ACN, 22 °C

(79% yield of a 3.3:1 mixture
of positional isomers
favoring bromide 279)

279 317

Aryl bromide 317 directly from enone 279. To a solution of enone 279 (74.7 mg,
0.138 mmol, 1.00 equiv) in ACN (1.4 mL, 0.1 M) was added NBS (27.0 mg, 0.1517 mmol,
1.1 equiv). After 2 h, the reaction was diluted with H.O (10 mL) and EtOAc (10 mL), and
extracted with EtOAc (4 x 5 mL). The combined organics were washed with brine (10
mL), dried over MgSO,, concentrated, and purified by flash chromatography on silica gel
(5 to 30% Et.O in hexanes) to give aryl bromide 317 (67.5 mg, 79% yield) as a 3.3:1

mixture of bromide isomers favoring the desired aryl bromide 317.

. CH,N,, Et,0
. TBAF, THF

. NBS, ACN, 0to 22 °C OMe

Y

AN =

. TBSCI, imidazole
DMAP, DMF, DCM, 40 °C

(low yield, 4 steps)

282

Aryl bromide 320. To a solution of enone 282 (27.1 mg, 0.048 mmol, 1.0 equiv) in
Et.O (1 mL, 0.05 M) was added CH.N, (2 mL, 1—-2 M in Et,O). The reaction was stirred
uncovered until no further yellow color was observed, and then it was concentrated to an
oil and redissolved in THF (1.6 mL, 0.03 M). A 1.0 M solution of TBAF (72.5 uL, 0.073
mmol, 1.5 equiv) in THF was added, and the reaction was stirred at ambient temperature
25 min, quenched with H,O (5 mL) and brine (5 mL), and diluted with EtOAc (10 mL).
The aqueous layer was extracted with EtOAc (5 x 10 mL), and the combined organics
were dried over MgSO, and concentrated to an oil, which was carried on without further

purification.
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To a solution of the intermediate phenol 282a in ACN (1 mL, 0.05 M) at 0 °C was
added N-bromosuccinimide (9.4 mg, 0.053 mmol, 1.1 equiv). The reaction was then
stirred at ambient temperature 10 h, diluted with H.O (15 mL) and EtOAc (10 mL), and
extracted with EtOAc (5 x 10 mL). The combined organics were dried over MgSO, and
concentrated to an oil.

The intermediate aryl bromide 282b was redissolved in DMF (0.2 mL, 0.25 M) and
CH.Cl, (0.2 mL, 0.25 M) and TBSCI (11.0 mg, mmol, equiv), DMAP (5.9 mg, mmol,
equiv), and imidazole (9.9 mg, mmol, equiv) were added. The reaction was stirred at 40
C for 24 h then diluted with sat. NH,Cl (5 mL), H.O (5 mL), and EtOAc (5 mL), and
extracted with EtOAc (4 x 5 mL). The combined organics were dried over MgSO,,
concentrated, and purified by flash chromatography (5 to 10% EtOAc in hexanes) to
provide a small amount of aryl bromide 320 as a single positional isomer (plus
impurities unrelated to the product). 'H NMR (500 MHz, CDCl,) 6 7.13 (d, J = 0.6 Hz,
1H), 4.28 (d, J = 9.0 Hz, 1H), 4.11 (d, J = 8.5 Hz, 1H), 4.06 (s, 2H), 3.77 (m, 1H), 3.74 (s,
3H), 3.61 (s, 3H), 3.55 (d, J = 8.8 Hz, 1H), 3.53 (d, J = 9.1 Hz, 1H), 2.19 (s, 3H), 1.83 (s,
3H), 1.55 (s, 9H), 1.44 (s, 6H), 1.16 (s, 3H), 1.11 (s, 3H), 1.01 (s, 3H), 0.14 (s, 6H); B3C
NMR (125 MHz, CDCl;) 6 205.8, 174.8, 150.9, 146.4, 138.2, 131.4, 129.4, 129.1, 126.1,
116,4, 75.2, 74.9, 72.3, 60.0, 51.9, 49.8, 47.8, 35.9, 29.7, 26.4, 26.0, 24.2, 21.1, 20.8, 18.5,
17.9, 16.9, -4.3; IR (Neat film NaCl) 2928, 2857, 1733, 1670, 1470, 1404, 1290, 1234,
1142, 1083, 1048, 936, 841, 783, 735 cm?; HRMS (FAB+) [M+H]* calc'd for

[C3.H4O,SiBr+H]*: m/z 653.2509, found 653.2510.
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OH 1. CH,N,, Et,0

2. DMP, CH,Cly, 0°C

(71% yield)

OMe NBS, ACN, CH,Cl, OMe

b

(88% yield, 3.3:1 ratio of isomers)'

319

Aryl bromide 320 directly from enone 319. To a solution of allylic alcohol 281a (24.3
mg, 0.043 mmol, 1.0 equiv) in Et.O (2 mL) was added CH.N. (1 mL, 1-2 M in Et.O).
The reaction was stirred uncovered until no yellow color remained. The solvents were
removed by rotary evaporation, and the intermediate methyl ester was redissolved in
CH.Cl, (1.5 mL, 0.03 M). The solution was cooled to 0 °C, and DMP (27.9 mg, 0.065
mmol 1.5 equiv) was added. The reaction was stirred at o0 °C for 4 h then diluted with Et-
20 (20 mL). The solids were removed by filtration thru #2 Whatman paper, the solution
was concentrated to an oil then purified by flash chromatography (5 to 15% EtOAc in
hexanes) to provide enone 319 (17.5 mg, 0.030 mmol, 71% yield).

To a solution of enone 319 (50.9 mg, 0.089 mmol, 1.00 equiv) in ACN (1.8 mL, 0.05
M) and CH.Cl. (0.68 mL, 0.13 M) was added NBS (15.9 mg, 0.089 mmol, 1.01 equiv).
After 3 h, the reaction was diluted with H,O (25 mL) and EtOAc (25 mL), and the
aqueous layer was extracted with EtOAc (2 x 25 mL). The combined organics were
washed with brine (25 mL), dried over MgSO,, concentrated, and purified by flash
chromatography on silica gel (5 to 10% EtOAc in hexanes) to give aryl bromide 320 (51.2
mg, 88% yield) as a 3.3:1 mixture of bromide isomers favoring the desired aryl bromide

320.
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OMe OMe
TBSO o 1. TBAF, THF TBSO 0
o 2. NBS, ACN o
‘ >< 3. TBSCI, imidazole Br ‘ ><
0 DMAP, DMF, 40 °C o
OTBS (29% yield, 3 steps) OTBS
266 322

\

Aryl bromide 322. To a solution of enone 266 (114 mg, 0.176 mmol, 1.00 equiv)
in THF (8.0 mL) was added a 1.0 M solution of TBAF (176 uL, 0.176 mmol, 1.00 equiv) in
THF. After 5 min, the reaction mixture was diluted with H.O (50 mL) and CH.Cl. (50
mL), and extracted with CH.Cl. (4 x 25 mL). The combined organics were dried
(Na.S0O,), concentrated, and purified by flash chromatography on silica gel (5 to 25%
EtOAc in hexanes) to give the intermediate phenol (91 mg, 97% yield).

To a solution of intermediate phenol (36.0 mg, 67.6 umol, 1.00 equiv) in ACN (2.0
mL) was added NBS (18.0 mg, 101 umol, 1.50 equiv). After 2.5 h, the reaction was
diluted with H,O (8 mL) and EtOAc (8 mL), and extracted with EtOAc (4 x 5 mL). The
combined organics were dried (Na.SO,), concentrated, and purified by flash
chromatography on silica gel (2.5 to 15% EtOAc in hexanes) to give the intermediate
bromide (14.4 mg, 35% yield).

To a solution of intermediate bromide (14.4 mg, 23.5 wmol, 1.00 equiv), imidazole
(36.0 mg, 0.530 mmol, 22.5 equiv), and TBSCI (26.6 mg, 0.177 mmol, 7.50 equiv) in
DMF (2.5 mL) was added DMAP (21.5 mg, 0.176 mmol, 7.50 equiv) and the reaction was
warmed to 40 °C. After 36 h, the reaction was diluted with H,O (8 mL) and EtOAc (8
mL), and extracted with EtOAc (4 x 5 mL). The combined organics were dried (Na.SO,),
concentrated, and purified by flash chromatography on silica gel (1 to 5% Et.O in
hexanes) to give isomerically pure bromide 322 (14.5 mg, 85% yield, 29% yield for three
steps) as a white foam: Ry 0.76, 0.79 (10% Et.O in hexanes, 25% Et.O in hexanes); 'H
NMR (300 MHz, CDCl,) 8 7.13 (s, 1H), 4.29 (dd, J = 7.1, 9.5 Hz, 1H), 4.11 (d, J = 18.6 Hz,

1H), 4.00 (d, J = 18.6 Hz, 1H), 3.77 (d, J = 12.3 Hz, 1H), 3.62 (s, 3H), 3.55 (d, J = 12.9 Hz,
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1H), 3.54 (d, J = 12.6 Hz, 1H), 3.39 (d, J = 12.3 Hz, 1H), 2.19 (s, 3H), 2.14—2.04 (m, 2H),

1.82 (s, 3H), 1.31 (s, 3H), 1.28 (s, 3H), 1.23 (s, 3H), 1.01 (s, 9H), 0.90 (s, 9H), 0.67 (s,
3H), o0.15 (s, 6H), 0.14 (s, 3H), 0.09 (s, 3H), 0.08 (s, 3H); 3C NMR (75 MHz, CDCl;) 6
206.1, 151.0, 146.4, 137.8, 131.4, 130.9, 129.4, 126.0, 116.4, 101.1, 66.0, 65.5, 61.5, 60.0,
48.0, 45.5, 43.0, 38.1, 26.0, 25.9, 24.7 (2C), 20.7, 18.5, 18.2, 18.1, 16.9, 11.1, 4.2, —4.3,
-4.4, —-5.1; IR (Neat film NaCl) 2954, 2930, 2858, 1700, 1471, 1404, 1233, 1220, 1099,
1075, 855, 837, 779 cm™'; HRMS (FAB+) [M-H,+H]* calc'd for [C56HeoSioO6Brl]*: m/z

723.3112, found 723.3128.

OMe OMe

TBSO (0] TBSO (o]
O [0} NBS, ACN, DCM, 22 °C O [0}
> Br ><
‘ 0>< (80% yield of a 4:1 mixture ‘
of positional isomers

OTBS favoring bromide 322) OTBS
266 322

Aryl bromide 322 directly from enone 266. To a solution of enone 266 (200 mg,
0.309 mmol, 1.00 equiv) in ACN (8.0 mL) and CH.Cl. (1.2 mL) was added NBS (66.0
mg, 0.371 mmol, 1.20 equiv). After 2.5 h, the reaction was diluted with H.O (30 mL)
and EtOAc (15 mL), and extracted with EtOAc (5 x 15 mL). The combined organics were
washed with brine (10 mL), dried (Na.SO,), concentrated, and purified by flash
chromatography on silica gel (1 to 5% Et.O in hexanes) to give aryl bromide 322 (179
mg, 80% yield) as a 4:1 mixture of bromide isomers favoring the desired aryl bromide

322.
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OMe

TBSO !

OMe

N L ome
N,
W N

(o] TBSO. (o]
il L
0 V-70 0o
X - (X
g Ph3SnH, Ph-H, 32 °C g

OTBS (40% yield) OTBS
322 323

Cyclized ketone 323. To a solution of aryl bromide 322 (25.0 mg, 34.4 umol, 1.00
equiv of a 4:1 mixture of isomers) and initiator V-70 (15.9 mg, 51.7 umol, 1.50 equiv) in
benzene (2.0 mL) at 32 °C was added a solution of PhySnH (24.2 mg, 68.8 umol, 2.00
equiv) in benzene (0.5 mL) by syringe pump over 5 h. At the end of the addition, the
reaction was cooled to ambient temperature, concentrated, and purified by flash
chromatography on silica gel (2 to 7.5% Et.O in hexanes) to give ketone 323 (8.9 mg,
40% yield, 50% yield based on the correct isomer of the starting material) as an oil: Ry
0.52 (25% Et,0 in hexanes); *H NMR (500 MHz, CDCl,) 8 6.77 (s, 1H), 4.53 (d, J = 12.0
Hz, 1H), 4.43 (dd, J = 4.5, 12.5 Hz, 1H), 3.97 (d, J = 12.5 Hz, 1H), 3.66 (d, J = 22.0 Hz,
1H), 3.64 (s, 3H), 3.55 (d, J = 12.5 Hz, 1H), 3.39 (d, J = 22.0 Hz, 1H), 3.33 (d, J = 12.5
Hz, 1H), 2.84 (s, 1H), 2.22 (s, 3H), 2.18 (dd, J = 4.5, 12.5 Hz, 1H), 1.92 (app. t, J = 12.5
1H), 1.33 (s, 3H), 1.31 (s, 3H), 1.16 (s, 3H), 1.14 (s, 3H), 1.03 (s, 9H), 0.94 (s, 9H), 0.57 (s,
3H), 0.19 (s, 6H), 0.18 (s, 3H), 0.15 (s, 3H), 0.14 (s, 3H); 3C NMR (125 MHz, CDCl;)
61209.3, 147.8, 145.1, 141.5, 129.0, 123.8, 120.8, 100.9, 65.8, 62.2, 62.1, 59.3, 58.8, 44.7,
43.5, 42.5, 41.2, 41.0, 27.4, 26.0 (2C), 24.8, 24.6, 20.0, 18.6, 18.2, 17.6, 10.1, —4.0, —4.2
(2C), —4.9; IR (Neat film NaCl) 2954, 2929, 2857, 1715, 1472, 1462, 1254, 1221, 1088,
1071, 838 cm; HRMS (FAB+) [M-H,+H]* calc'd for [Cs6He:Si.06]*: m/z 645.4007,

found 645.4007.
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TBSO o
Oe o DIBAL, THF, 0 °C
‘ 0>< (68% yield)

Alcohol 324. To a cooled (0 °C) solution of ketone 323 (19.9 mg, 30.8 umol, 1.00
equiv) in THF (5.0 mL) was added a 1.0 M solution of DIBAL-H (250 uL, 0.250 mmol,
8.12 equiv) in toluene. After 4 h, an additional portion of DIBAL-H (100 uL, 0.100
mmol, 3.25 equiv) in toluene was added. After an additional 1 h at o °C, the reaction
mixture was quenched with Na.SO4+10H.,O (300 mg) in a portionwise manner, filtered,
washed (CH:Cl.), concentrated, and purified by flash chromatography on silica gel (10 to
40% Et.O in hexanes) to give alcohol 324 (13.6 mg, 68% yield) as a white solid. Crystals
suitable for X-ray analysis were obtained by crystallization from CH.Cl. at ambient
temperature: mp 185-190 °C decomp. (CH.Cl.); Rr 0.21 (25% Et.O in hexanes); 'H
NMR (500 MHz, CDCl,) 6 6.78 (s, 1H), 4.68 (s, 1H), 4.47 (dd, J = 3.8, 12.3 Hz, 1H), 4.28
(d, J =12.5 Hz, 1H), 3.93 (d, J = 13.0 Hz, 1H), 3.65 (s, 3H), 3.53 (d, J = 12.0 Hz, 1H), 3.37
(d, J = 12.5 Hz, 1H), 2.95 (s, 1H), 2.94 (s, 1H), 2.20 (s, 3H), 2.07 (dd, J = 4.0, 12.5 Hz,
1H), 1.66 (s, 1H), 1.62 (d, J = 12.0 Hz, 1H), 1.58 (s, 3H), 1.33 (s, 3H), 1.32 (s, 3H), 1.20
(bs, 1H), 1.11 (s, 3H), 1.03 (s, 9H), 0.92 (s, 9H), 0.57 (s, 3H), 0.19 (s, 3H), 0.17 (s, 6H),
0.14 (s, 3H); 3C NMR (125 MHz, CDCl,) 6 148.6, 144.4, 141.8, 128.3, 122.8, 122.1, 100.9,
66.4, 65.4, 65.3, 63.0, 59.2, 48.6, 45.7, 45.4, 44.6, 37.5, 36.7, 20.6, 26.1, 26.0, 25.0, 24.6,
22.2, 18.6, 18.1, 17.5, 10.4, —4.0 (2C), —4.1, —4.9; IR (Neat film NaCl) 3454, 2954, 2930,
2858, 1473, 1252, 1220, 1089, 1061, 836 cm?; HRMS (FAB+) [M-H,+H]* calc'd for

[C36HesS1206]+: m/z 647.4163, found 647.4162.
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SYNTHETIC SUMMARY

Radical Cyclization Approaches Toward
the Tricyclic Core of Zoanthenol

Scheme S4.1 Synthesis of brominated radical cyclization precursors

1. TBAF, THF
2.NBS, ACN

3. TBSCI, DMAP
Imid., CH,Cl,, 40 °C

(29% yield, 3 steps)

| NBS, ACN, CH,Cl,, 0 °C T

(61% yield, 4:1 ratio of isomers)

1. TBAF, THF
2. NBS, ACN

Y

3. TBSCI, DMAP
Imid., CH,Cl,, 40 °C

(40% yield, 3 steps)

| NBS, ACN, CH,CI,

(88% yield, 3.3:1 ratio of isomers)

1. TBAF, THF

OMe 2. NBS, ACN OMe

3. TBSCI, DMAP
Imid., CH,Cl,, 40 °C

(low yield, 4 steps)

282 319

| NBS, ACN, CH,Cl,

(88% yield, 3.3:1 ratio of isomers)
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TBSO 0 1. TBAF, THF TBSO 0
® 2 NBS, AN @
13 o > o
W ‘ >< 3. TBSCI, DMAP Br ‘ ><
J Imid., CH,Cly, 40 °C

OTBS (29% yield, 3 steps)

NBS, ACN, CH,Cl,, 0 °C T

(80% yield, 4:1 ratio of isomers)

Scheme S4.2 Radical cyclization of a 7-membered acetal-derived cyclization precursor

OMe OMe

CN
OMe
TBSO (o] WNQNM TBSO (o]
MeO NC
0 V-70 o DIBAL
Br >< - 12 >< e ——— c
d PhsSnH, PhH, 32 °C THF, 0

(68% yield)

OTBS (40% yield)

(50% yield from productive
322 bromide isomer) 323
4 : 1 mixture of

(322 : bromide positional isomer)

OMe

TBSO WOH
OG‘ %
0

OTBS
324

(Silyl groups removed for clarity)
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APPENDIX C

Spectra and X-Ray Crystrallographic Data:
Radical Cyclization Approaches Toward
the Tricyclic Core of Zoanthenol
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Figure C.2 Infrared spectrum (thin film/NaCl) of compound 255a.

Mmmmw

200 180 160 140 120 100 80 60 40 20 ppm

Figure C.3 BC NMR (125 MHz, CDCl;) of compound 255a.
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Figure C.5 Infrared spectrum (thin film/NaCl) of compound 255b.
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Figure C.6 3C NMR (125 MHz, CDCl;) of compound 255b.
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Figure C.8 Infrared spectrum (thin film/NaCl) of compound 315.
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Figure C.9 3C NMR (125 MHz, CDCl;) of compound 315.
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Figure C.11 Infrared spectrum (thin film/NaCl) of compound 317.
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Figure C.12 3C NMR (125 MHz, CDCl;) of compound 317.
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Figure C.14 Infrared spectrum (thin film/NaCl) of compound 320.
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Figure C.15 3C NMR (75 MHz, CDCl;) of compound 320.
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Figure C.17 Infrared spectrum (thin film/NaCl) of compound 322.
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Figure C.18 3C NMR (75 MHz, CDCl;) of compound 322.
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Figure C.20 Infrared spectrum (thin film/NaCl) of compound 323.
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Figure C.21 3C NMR (125 MHz, CDCl;) of compound 323.
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Table C.1 Crystal data and structure refinement for dcb34.

Empirical formula
Formula weight
Crystallization Solvent
Crystal Habit

Crystal size

Crystal color

Preliminary Photos
Type of diffractometer
Wavelength

Data Collection Temperature

0 range for 2391 reflections used

in lattice determination

Unit cell dimensions

Volume

Z

Crystal system

Space group

Density (calculated)
F(000)

6 range for data collection
Completeness to 6 = 27.12°
Index ranges

Data collection scan type
Reflections collected
Independent reflections
Absorption coefficient

Absorption correction

C36 H49 06 Si2
633.93

Methylene Chloride
Fragment

0.45 X 0.20 X 0.19 mm3

Colorless

Data Collection

Bruker SMART 1000
0.71073 A MoKo.
100(2) K

2.25 to0 25.75°

a=8.012(3) A o= 104.652(5)°
b =12.103(5) A B=92.405(7)°
¢ =21.064(8) A v = 98.610(6)°

1947.0(12) A3

2

Triclinic

P-1

1.081 Mg/m3

682

1.76 to 27.12°

78.9 %

-10<=h<=8, -15<=k<=15, -26<=l<=12
scans at 3 settings

8155
6807 [&mz 0.0961; GOFmerge= ]

0.1290 mm™!

None



Table C.1 (cont.)
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Structure Solution and Refinement

Structure solution program
Primary solution method
Secondary solution method
Hydrogen placement

Structure refinement program
Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F2

Final R indices [I>20(I), 4077 reflections]
R indices (all data)

Type of weighting scheme used
Weighting scheme used

SHELXS-97 (Sheldrick, 1990)
direct

difmap

geom

SHELXL-97 (Sheldrick, 1997)
Full-matrix least-squares on F2
6807/ 0/ 456

mixed

2.722

R1 =0.1484, wR2 = 0.1836
R1 = 0.2120, wR2 = 0.1890
cale

calc

w=1/[*2"(Fo”2")+(0.0000P)"*2"+0.0000P] where P=(Fo"2"+2Fc"2")/3

Max shift/error
Average shift/error

Largest diff. peak and hole

1.254

0.004

0.655 and -0.594 e.A3
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Table C.2 Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (A2x 103) for dcb34. U(eq) is defined as the trace of the orthogonalized Ul
tensor.

X y zZ Ueq Occ
Si(2A) 11898(6) 1267(5) 4132(2) 15(2) 0.480(9)
Si(2B) 12395(6) 2036(5) 4004(2) 32(2) 0.520(9)
0(6) 2561(6) 4434(4) 2066(2) 26(1) 1
0@4) 3040(6) 1577(4) -102(2) 21(1) 1
0(3) 7053(6) 620(4) 947(2) 27(1) 1
0(5) 2281(6) 3355(4) 432(2) 24(1) 1
0@A) 10070(40) 1775(16) 4115(16) 23(7) 0.480(9)
C(1) 2380(8) 2466(5) 1362(3) 16(2) 1
0(2) 8803(7) -67(4) 2989(3) 41(2) 1
C(2) 4738(9) 3387(6) 2278(3) 23(2) 1
C(3) 4299(8) 1754(6) 459(3) 21(2) 1
C(4) 4798(8) 1409(6) 1584(3) 20(2) 1
C(5) 5795(9) 384(6) 1376(3) 23(2) 1
C(6) 5952(8) 2528(5) 1996(3) 19(2) 1
C(7) 7591(9) 3162(6) 3129(4) 25(2) 1
C(8) 7268(8) 3098(6) 1588(3) 21(2) 1
C(9) 3425(8) 1492(6) 1051(3) 16(2) 1
C(10) 3552(8) 3555(5) 1752(3) 19(2) 1
C(11) 8602(9) 3023(6) 3647(3) 24(2) 1
C(12) 6986(9) 2280(7) 2562(3) 24(2) 1
C(13) 7315(8) 1161(6) 2542(3) 22(2) 1
C(14) 1097(8) 2053(6) 1829(3) 20(2) 1
C(15) 1296(8) 2793(6) 853(3) 22(2) 1
C(16) 8395(9) 1028(6) 3049(4) 30(2) 1
C(17) 9097(10) 1930(7) 3580(4) 30(2) 1
C(18) 976(8) 2272(6) -653(3) 25(2) 1
C(19) 2236(8) 320(5) 817(3) 23(2) 1
C(20) 6564(9) 111(6) 1978(3) 24(2) 1
C(21) 9165(10) 4017(6) 4246(3) 38(2) 1
C(22) 2536(10) 2627(6) -208(4) 28(2) 1
C(23) 5312(9) 6404(7) 2242(4) 45(2) 1
C(24) 3956(9) 3325(6) -466(4) 34(2) 1
C(25) 2088(11) 6074(7) 1347(5) 71(3) 1
C(26) 26(11) 6041(8) 2774(4) 64(3) 1
C(27) 2062(17) 7851(9) 2892(9) 241(12) 1
C(28) 1911(11) 6533(7) 2886(6) 80(4) 1
C(29) 2709(15) 6347(16) 3472(5) 225(13) 1
C(30) 7871(15) -666(8) 3383(5) 95(5) 1
C(34) 15112(10) 2027(7) 4889(4) 39(2) 1
C(33) 12570(10) 2764(7) 5392(3) 43(2) 1
C(32) 13620(60) 2710(70) 4690(20) 330(60) 0.480(9)
O(1B) 10270(40) 1780(20) 4019(18) 67(10) 0.520(9)
C(37) 13940(30) 3570(18) 4427(13) 49(8) 0.480(9)
C(38) 12530(30) 502(17) 4794(9) 62(7) 0.520(9)
C(39) 13340(30) 2090(30) 4776(15) 42(7) 0.520(9)
C(42) 12884(10) 1006(6) 3290(3) 33(2) 1

C(40) 11720(20) -94(12) 4414(8) 21(4) 0.480(9)
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C(41) 13220(20) 3598(12) 3960(8) 30(4) 0.520(9)
Si(1) 2960(3) 5826(2) 2116(1) 36(1) 1
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Table C.3 Bond lengths [A] and angles [°] for dcb34.

Si(2A)-O(1A) 1.68(3) C(14)-H(14A) 0.9800
Si(2A)-C(40) 1.876(15) C(14)-H(14B) 0.9800
Si(2A)-C(42) 1.943(8) C(14)-H(14C) 0.9800
Si(2A)-C(32) 2.11(7) C(15)-H(15A) 0.9900
Si(2B)-0O(1B) 1.69(3) C(15)-H(15B) 0.9900
Si(2B)-C(39) 1.75(3) C(16)-C(17) 1.381(10)
Si(2B)-C(42) 1.793(8) C(17)-0(1B) 1.35(3)
Si(2B)-C(41) 1.934(15) C(18)-C(22) 1.470(9)
0(6)-C(10) 1.464(7) C(18)-H(18A) 0.9800
0(6)-Si(1) 1.643(5) C(18)-H(18B) 0.9800
0(4)-C(22) 1.456(8) C(18)-H(180C) 0.9800
0(4)-C(3) 1.471(7) C(19)-H(19A) 0.9800
0(3)-C(5) 1.426(8) C(19)-H(19B) 0.9800
0(3)-H(3) 0.8400 C(19)-H(19C) 0.9800
0(5)-C(15) 1.441(7) C(20)-H(204) 0.9900
0(5)-C(22) 1.454(8) C(20)-H(20B) 0.9900
0(1A)-C(17) 1.41(3) C(21)-H(21A) 0.9800
C(1)-C(15) 1.516(9) C(21)-H(21B) 0.9800
C(1)-C(10) 1.520(9) C(21)-H(21C) 0.9800
C(1)-C(14) 1.567(9) C(22)-C(24) 1.516(9)
C(1)-C(9) 1.572(8) C(23)-Si(1) 1.892(8)
0(2)-C(16) 1.388(8) C(23)-H(23A) 0.9800
0(2)-C(30) 1.403(11) C(23)-H(23B) 0.9800
C(2)-C(10) 1.502(8) C(23)-H(23C) 0.9800
C(2)-C(6) 1.554(8) C(24)-H(24A) 0.9800
C(2)-H(2A) 0.9900 C(24)-H(24B) 0.9800
C(2)-H(2B) 0.9900 C(24)-H(240) 0.9800
C(3)-C(9) 1.535(9) C(25)-Si(1) 1.847(8)
C(3)-H(3A) 0.9900 C(25)-H(25A) 0.9800
C(3)-H(3B) 0.9900 C(25)-H(25B) 0.9800
C(4)-C(6) 1.551(9) C(25)-H(250C) 0.9800
C(4)-C(5) 1.556(8) C(26)-C(28) 1.523(11)
C(4)-C(9) 1.570(9) C(26)-H(26A) 0.9800
C(4)-H(4) 1.0000 C(26)-H(26B) 0.9800
C(5)-C(20) 1.519(9) C(26)-H(26C) 0.9800
C(5)-H(5) 1.0000 C(27)-C(28) 1.578(15)
C(6)-C(12) 1.540(9) C(27)-H(27A) 0.9800
C(6)-C(8) 1.576(9) C(27)-H(27B) 0.9800
C(7)-C(11) 1.391(9) C(27)-H(27C) 0.9800
C(7)-C(12) 1.397(9) C(28)-C(29) 1.449(17)
C(7)-H(7) 0.9500 C(28)-Si(1) 1.923(9)
C(8)-H(8A) 0.9800 C(29)-H(29A) 0.9800
C(8)-H(8B) 0.9800 C(29)-H(29B) 0.9800
C(8)-H(8C) 0.9800 C(29)-H(29C) 0.9800
C(9)-C(19) 1.537(9) C(30)-H(30A) 0.9800
C(10)-H(10) 1.0000 C(30)-H(30B) 0.9800
C(11)-C(17) 1.412(10) C(30)-H(300C) 0.9800
C(11)-C(21) 1.505(9) C(34)-C(39) 1.45(3)
C(12)-C(13) 1.410(9) C(34)-C(32) 1.65(5)
C(13)-C(16) 1.402(9) C(33)-C(39) 1.55(3)

C(13)-C(20) 1.528(8) C(33)-C(32) 1.73(5)



C(32)-C(37)
C(38)-C(39)
0(1A)-Si(2A)-C(40)
0(1A)-Si(2A)-C(42)
C(40)-Si(2A)-C(42)
0(1A)-Si(2A)-C(32)
C(40)-Si(2A)-C(32)
C(42)-Si(2A)-C(32)
0(1B)-Si(2B)-C(39)
0(1B)-Si(2B)-C(42)
C(39)-Si(2B)-C(42)
0(1B)-Si(2B)-C(41)
C(39)-Si(2B)-C(41)
C(42)-Si(2B)-C(41)
C(10)-0(6)-Si(1)
C(22)-0(4)-C(3)
C(5)-0(3)-H(3)
C(15)-0(5)-C(22)
C(17)-0(1A)-Si(2A)
C(15)-C(1)-C(10)
C(15)-C(1)-C(14)
C(10)-C(1)-C(14)
C(15)-C(1)-C(9)
C(10)-C(1)-C(9)
C(14)-C(1)-C(9)
C(16)-0(2)-C(30)
C(10)-C(2)-C(6)
C(10)-C(2)-H(2A)
C(6)-C(2)-H(2A)
C(10)-C(2)-H(2B)
C(6)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
0(4)-C(3)-C(9)
0(4)-C(3)-H(3A)
C(9)-C(3)-H(3A)
0(4)-C(3)-H(3B)
C(9)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(6)-C(4)-C(5)
C(6)-C(4)-C(9)
C(5)-C(4)-C(9)
C(6)-C(4)-H(4)
C(5)-C(4)-H(4)
C(9)-C(4)-H(4)
0(3)-C(5)-C(20)
0(3)-C(5)-C(4)
C(20)-C(5)-C(4)
0(3)-C(5)-H(5)
C(20)-C(5)-H(5)
C(4)-C(5)-H(5)
C(12)-C(6)-C(4)
C(12)-C(6)-C(2)
C(4)-C(6)-C(2)
C(12)-C(6)-C(8)

1.29(9)
1.94(4)
113.4(11)
112.9(13)
108.8(5)
103.6(15)
117(2)
100.4(15)
109.1(16)
106.2(11)
119.3(11)
112.0(12)
99.8(12)
110.5(6)
126.8(4)
115.3(5)
109.5
116.3(5)
130(2)
107.9(5)
104.9(5)
108.9(5)
113.1(6)
110.7(5)
111.1(5)
112.3(6)
112.6(5)
109.1
109.1
109.1
109.1
107.8
110.2(5)
109.6
109.6
109.6
109.6
108.1
112.0(5)
119.5(6)
115.5(5)
102.2
102.2
102.2
111.5(6)
111.1(6)
110.5(6)
107.9
107.9
107.9
110.9(6)
110.1(5)
105.8(5)
106.6(6)

C(4)-C(6)-C(8)
C(2)-C(6)-C(8)
C(11)-C(7)-C(12)
C(11)-C(7)-H(7)
C(12)-C(7)-H(7)
C(6)-C(8)-H(8A)
C(6)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(6)-C(8)-H(8C)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
C(3)-C(9)-C(19)
C(3)-C(9)-C(4)
C(19)-C(9)-C(4)
C(3)-C(9)-C(1)
C(19)-C(9)-C(1)
C(4)-C(9)-C(1)
0(6)-C(10)-C(2)
0(6)-C(10)-C(1)
C(2)-C(10)-C(1)
0(6)-C(10)-H(10)
C(2)-C(10)-H(10)
C(1)-C(10)-H(10)
C(7)-C(11)-C(17)
C(7)-C(11)-C(21)
C(17)-C(11)-C(21)
C(7)-C(12)-C(13)
C(7)-C(12)-C(6)
C(13)-C(12)-C(6)
C(16)-C(13)-C(12)
C(16)-C(13)-C(20)
C(12)-C(13)-C(20)
C(1)-C(14)-H(14A)
C(1)-C(14)-H(14B)

H(14A)-C(14)-H(14B)

C(1)-C(14)-H(140)

H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)

0(5)-C(15)-C(1)

0(5)-C(15)-H(15A)
C(1)-C(15)-H(15A)
0(5)-C(15)-H(15B)
C(1)-C(15)-H(15B)

H(15A)-C(15)-H(15B)

C(17)-C(16)-0(2)
C(17)-C(16)-C(13)
0(2)-C(16)-C(13)
O(1B)-C(17)-C(16)
0(1B)-C(17)-0O(1A)
C(16)-C(17)-0(1A)
O(1B)-C(17)-C(11)
C(16)-C(17)-C(11)
0(1A)-C(17)-C(11)
C(22)-C(18)-H(18A)

113.9(5)
109.6(5)
124.2(7)
117.9
117.9
109.5
109.5
109.5
109.5
109.5
109.5
108.6(5)
109.4(5)
108.9(5)
110.8(5)
109.7(5)
109.4(5)
107.6(5)
110.2(5)
115.2(6)
107.9
107.9
107.9
117.5(7)
120.5(6)
122.0(7)
117.3(6)
120.7(6)
121.9(6)
118.3(6)
120.0(6)
121.7(6)
109.5
109.5
109.5
109.5
109.5
109.5
113.0(6)
109.0
109.0
109.0
109.0
107.8
119.7(7)
123.3(7)
117.0(7)
120.7(14)
11(3)
123.0(10)
120.6(14)
118.6(7)
117.5(11)
109.5

415



C(22)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(22)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
C(9)-C(19)-H(19A)
C(9)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(9)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(5)-C(20)-C(13)
C(5)-C(20)-H(20A)
C(13)-C(20)-H(20A)
C(5)-C(20)-H(20B)
C(13)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(11)-C(21)-H(21A)
C(11)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(11)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
0(5)-C(22)-0(4)
0(5)-C(22)-C(18)
0(4)-C(22)-C(18)
0(5)-C(22)-C(24)
0(4)-C(22)-C(24)
C(18)-C(22)-C(24)
Si(1)-C(23)-H(23A)
Si(1)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
Si(1)-C(23)-H(23C)
H(23A)-C(23)-H(23C)
H(23B)-C(23)-H(23C)
C(22)-C(24)-H(24A)
C(22)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
C(22)-C(24)-H(240C)
H(24A)-C(24)-H(24C)
H(24B)-C(24)-H(24C)
Si(1)-C(25)-H(25A)
Si(1)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
Si(1)-C(25)-H(25C)
H(25A)-C(25)-H(25C)
H(25B)-C(25)-H(25C)
C(28)-C(26)-H(26A)
C(28)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(28)-C(26)-H(26C)
H(26A)-C(26)-H(26C)
H(26B)-C(26)-H(26C)
C(28)-C(27)-H(27A)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
115.6(6)
108.4
108.4
108.4
108.4
107.5
109.5
109.5
109.5
109.5
109.5
109.5
107.4(5)
112.5(6)
107.1(6)
105.3(6)
111.1(6)
113.4(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
109.5
109.5
109.5
109.5
109.5
109.5
109.5

C(28)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(28)-C(27)-H(27C)
H(27A)-C(27)-H(27C)
H(27B)-C(27)-H(27C)
C(29)-C(28)-C(26)
C(29)-C(28)-C(27)
C(26)-C(28)-C(27)
C(29)-C(28)-Si(1)
C(26)-C(28)-Si(1)
C(27)-C(28)-Si(1)
C(28)-C(29)-H(29A)
C(28)-C(29)-H(29B)
H(29A)-C(29)-H(29B)
C(28)-C(29)-H(29C)
H(29A)-C(29)-H(29C)
H(29B)-C(29)-H(29C)
0(2)-C(30)-H(30A)
0(2)-C(30)-H(30B)
H(30A)-C(30)-H(30B)
0(2)-C(30)-H(300)
H(30A)-C(30)-H(30C)
H(30B)-C(30)-H(30C)
C(39)-C(34)-C(32)
C(39)-C(33)-C(32)
C(37)-C(32)-C(34)
C(37)-C(32)-C(33)
C(34)-C(32)-C(33)
C(37)-C(32)-Si(2A)
C(34)-C(32)-Si(2A)
C(33)-C(32)-Si(2A)
C(17)-0(1B)-Si(2B)
C(34)-C(39)-C(33)
C(34)-C(39)-Si(2B)
C(33)-C(39)-Si(2B)
C(34)-C(39)-C(38)
C(33)-C(39)-C(38)
Si(2B)-C(39)-C(38)
Si(2B)-C(42)-Si(2A)
0(6)-Si(1)-C(25)
0(6)-Si(1)-C(23)
C(25)-Si(1)-C(23)
0(6)-Si(1)-C(28)
C(25)-Si(1)-C(28)
C(23)-Si(1)-C(28)

109.5
109.5
109.5
109.5
109.5
112.9(11)
113.7(11)
106.1(9)
110.7(7)
107.6(6)
105.4(8)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
30(4)
28(3)
123(4)
124(4)
96(4)
116(3)
99(4)
93(3)
127(3)
113.8(18)
123(2)
117(2)
95.0(19)
100.8(16)
98.6(14)
32.6(2)
108.9(3)
111.8(3)
109.2(4)
104.3(4)
113.9(5)
108.8(4)

416



417
APPENDIX D

Current and Future Investigations Toward Zoanthenol

D.1 Introduction

In the preceding chapters, we described our attempts to advance C ring synthons
containing vicinal quaternary stereocenters toward zoanthenol via acid-mediated
cyclization approaches or conjugate radical cyclization approaches. Here, we suggest
methods for utilizing intermediates developed in our early work as well as possible

avenues for further exploration using our more advanced C ring synthons.

D.2 Proposed Methods for the Utilization of Tricycle 192
In our early work, we synthesized the key tricycle 192 but were unable to
functionalize the C(9) position for further elaboration toward the natural product due to

the preference for enolization to occur at C(11) instead of C(9) (Scheme D.2.1).

OMe OMe OMe

OO O methylation Oq (o] alkylation Oo (o]
------------- > RSN
11 9 OMe OMe OMe

0] (o] o R

192 165 329
Scheme D.2.1 Plan for functionalization of C(9).

One potential method to overcome this challenge would be to take advantage of the
inherent selectivity of the system to deuterate at C(11), allowing selective enolization by
deprotonation instead of de-deuteration.! Held and Xie have measured the deuterium
isotope effect for enolization of 2,2-d.-3-pentanone with LDA, LITA, and LiHMDS.2
They find ku/kp values of 2.3, 5.2, and 6.6, respectively, for these bases. As illustrated in
Scheme D.2.2, tricycle 192 will be enolized, resulting in selective deuteration at C(11)

upon addition of 1.0 equivalents of D.O. A second enolization and quenching with D.O
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should lead to di-deutero ketone 330. Treatment with lithium hexamethyldisilazide will
result in selective enolization at the desired C(9) position. Trapping this enolate with
methyl iodide will furnish methyl ketone 331. Enolization and trapping with allyl
chloroformate will provide allyl enol carbonate 332. A decarboxylative alkylation event
would then provide the desired o,f,p'-quaternary ketone 334. The deuteration at C(11)

will be removed upon treatment with aqueous acid.

OMe OMe

1) LDA, -78 °C, then D,O LiHMDS, -78 °C
o ........................ > 0 ................... >

o (o]
330
OMe o
OMe
PhP N
O@ o e
LDA, -78 °C then 333
o ..ol > YT Y
allyl chloroformate D OMe Pd,(dba);
b OMe D THF, 25 °C
(o) (o]
D ~
0 7S
(o]
331 332 334

Scheme D.2.2 Deuteration to functionalize C(9) by alkylation.

Another possible route by which to advance tricycle 192 would be via an
intramolecular acylation. Conversion of ester 192 to anhydride 335 would provide a
substrate for thermodynamic enolization (Scheme D.2.3). By utilizing thermodynamic
enolization conditions, an equilibrium between the two enolate isomers should be
established. When an enolate is generated at C(9), it can be trapped by the anhydride
moiety to provide intermediate 336, which will ultimately furnish acid 337 as the
product of the alkylation. At this point, enolization at the central carbon of the fp-

diketone 337 will lead to the desired C(9)-quaternary ketone 338.
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Scheme D.2.3 Thermodynamic deprotonation to functionalize C(9) by acylation.

D.3.1 Development and Cyclization of a 6-Membered Acetal-Derived A—C Ring System
with Inverted C(10) Stereochemistry

Recent efforts have been focused on the synthesis of new substrates for the acid- and
radical-mediated cyclizations (339 and 328, respectively, Scheme D.3.1). For these
substrates, we needed to develop a final C ring synthon that would allow us to access the
structural features described in Chapters 3 and 4.3 Of particular note is the
stereochemistry at C(10) for the radical cyclization substrate (328), which is

hypothesized to be critical for the stereoselectivity of the cyclization.

339 328
targeted structure for targeted structure for
acid-mediated cyclization radical cyclization

Scheme D.3.1 Common intermediate for acid-mediated and radical cyclizations.
Efforts toward intermediate 340 began with silylation of allylic alcohol 248 to 341
then global reduction to form triol 342 (Scheme D.3.2). For this system, a triethylsilyl

group was incorporated at C(10) in order to facilitate its later removal. Triol 342 was
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treated with carbonyl diimidazole in refluxing THF to afford a mixture of carbamate 343
and carbonate 344. Brief exposure of carbamate 343 to dilute sodium hydroxide
converted it quantitatively to carbonate 344. Desilylation with DOWEX resin and
cyclopentylidene acetal formation#4 led to tetracycle 346. The cyclopentylidene acetal
was chosen with the goal of improving the efficiency of acetal removal.3 A four-step
sequence of carbonate saponification, allylic oxidation, hydrogenation, and primary
alcohol silylation provided ketone 346. Enolization of ketone 347 and trapping with

Mel led to methyl ketone 348 in 79% yield.

o OH OH
OMe TESCI, Imid. LAH, THF : CDI, THF
° DMAP, DMF 0->23°C OH reflux, 2 h
OH (>99% yield) OTES (95% yield) OTES (80% yield)
1:2.2 ratio
248 341 342

o] OTES

o
0 )L
o 0 L R
: o~ Yo 1) DOWEX 50W-X8 1) NaOH, THF
T MeOH 2) MnO,, acetone
+ >
(N 2) CH,Cl,, CSA 3) H,, PtO,, EtOAc
Y OH HC(OMe), 4) TESCI, DMAP 0. _°©°
OTES N OMe 245 0.__O imid., DMF é
(s é .
N

(75% yield, 4 steps)
(85% yield, 2 steps)

347,R=H
43 01 NNaoH, THE 044 a) |
. a y

| 0°C, 5 min * 348, R = Me
. a) = LDA, THF, —78 °C
(>99% yield) then HMPA, —40 °C
then Mel, —40 — —10 °C
(79% vyield)

Scheme D.3.2 Toward an optimal C ring synthon.

Enolization of 347 with KHMDS and trapping should provide enol triflate 349
(Scheme D.3.3). Stille coupling of enol triflate 349 with vinyl(tributyl)stannane will
yield 350. A three-step sequence of desilylation, mesylation, and nitrile displacement
will provide diene 351. Nitrile hydrolysis and oxidative cleavage should generate C ring

synthon 340.
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[0} OTES OTf OTES

/\Sn5u3
KHMDS, THE PA(PPh);
THNPh. 255G
e X NMP, LICT
348 349
X OTES X CN
1) DOWEX 50W-X8
MeOH 1) KOH, EtOH, 90 °C
-------------------- > --.---.-.------.--.->
2) MsCl, TEA, CH,Cl, 2) 0s0,, Nalo,
0.__0 0 23°C 0. _O  26-lutidine
é 3) DMSO, KCN, 85 °C é acetone/H,0, 0 °C
350 351 340

Scheme D.3.3 Preparation of a C ring synthon with inverted C(10) stereochemistry.

D.3.2 Advancement of Cyclopentylidene-Derived C Ring Synthon for Acid-Mediated
Cyclization

In order to advance this new C ring synthon to the acid-mediated cyclization
precursor, we will need to conduct a fragment coupling with the A ring synthon (168,
Scheme 2.1.1). Treatment of enal 340 with the Grignard reagent formed from 181 will
provide alcohol 352 (Scheme D.3.4). Subsequently, treatment with diazomethane
followed by acetylation of the secondary alcohol will lead to ester 353. Acetal removal
and oxidation will then produce keto-aldehyde 354. At this point, cyclization conditions

will be tested, yielding tricycle 355.
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Scheme D.3.4 Acid-mediated cyclization of cyclopentylidene-derived C ring synthon.

D.3.3 Advancement of Cyclopentylidene-Derived C Ring for Radical Cyclization

We envision accessing the substrate for radical cyclization beginning from the
Grignard product described above. Esterification of 352 followed by oxidation and
bromination will yield cyclization precursor 356 (Scheme D.3.5). Treatment with radical
conditions should lead to formation of cyclization product 357, with all three quaternary

centers installed in a system readily advanced toward the natural product.

OMe OMe

OMe
TBSO 0 TBSO 0
O OMe Qe OMe
OH 1. CH,N,, Et,0 Br ‘ ..Y:{O_,.?P?.S.rll:l..> 12 .
----------------- » o o o
2. DMP, CH,Cl, PhH, 32 °C
3. NBS, ACN o. o 0. .0
356 357

Scheme D.3.5 Radical cyclization of cyclopentylidene-containing precursor.
Additionally, we propose an alternative radical cyclization substrate that would take

advantage of a reactive rotamer5 variation of the Thorpe-Ingold® effect to improve yields

of the desired product relative to the debrominated starting material. Scheme D.3.6

outlines a method for functionalization of enone 356. Enolization and trapping with
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allyl cyanoformate followed by methylation will provide cyclization precursor 358. This
precursor will be subjected to the standard radical conditions” to determine the effect of

substitution at C(19) on the efficacy of the cyclization, which is expected to yield 359.

OMe
TBSO (0}
O 1. LDA, THF, -78 °C
OMe then allyl cyanoformate
Br] | I mmmmemseseseecececccneoeos >
o 2, Cs,CO;, ACN, Mel

Oi iO 0i iO
358 359

Scheme D.3.6 Radical cyclization of C(19)-substituted cyclization precursor.

D.4.1 Alternative Approaches to the Tricyclic Core of Zoanthenol

In addition to our plans to access a substrate that will allow our acid-mediated and
radical-based cyclization reactions to occur, we have begun efforts toward installation of
the C(12) quaternary center at an earlier stage in the synthesis. Toward this end, we have
identified two potential approaches that might enable this position to be functionalized
prior to B ring closure: an alkylation/Diels-Alder/aldol cyclization approach and an o-

arylation/alkylation/aldol cyclization approach.
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D.4.2 Allylation/Diels-Alder Approach

Our first alternative approach disconnects the B ring at the C(19)—C(20) bond of
intermediate 218 via retro-aldol condensation to reveal retron 360, representing a
change in strategy wherein the challenging third quaternary center is constructed prior
to B ring closure (Scheme D.4.1). The A ring is then disconnected by a retro-Diels-Alder
cycloaddition to give synthons 361 and 362. Enal 362 can be accessed from allyl ketone

363, the product of a diastereoselective Tsuji alkylation.

(o}
Oe OMe
alkyne
addition

hemiaminal
formation

Zoanthenol (21)

aldol
condensation

Gilbert-Seyferth
homologation Og

Diels-Alder
cycloaddition —

361

Tsuji
alkylation product

Scheme D.4.1 Revised retrosynthesis for allylation/Diels-Alder approach.

In order to access allyl ketone 363, intermediate ketone 249 was intercepted. Its
potassium enolate was trapped with allyl chloroformate to access allyl enol carbonate in
95% yield (Scheme D.4.2). Subjecting this compound to achiral glycine-derived PHOX
ligand 365 led to the formation of a single diastereomer of undesired o,a',p-quaternary
ketone 366 in 88% yield. Interestingly treatment with the enantioselective version of

the catalyst,® utilizing the (S)-t-butyl PHOX ligand, provided the identical product, but at
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an extremely reduced rate. Since this enantiomer of the chiral ligand is expected to
provide the desired stereochemistry at C(12), it is clear that substrate control is the
exclusive source of selectivity in this transformation. The C(12)—C(21) olefin is blocked
on the convex face by the protruding methyl group from the C(9) quaternary center,
leading to the observed allyl attack from the o-face of the substrate. This

stereochemistry was confirmed by X-ray crystallographic analysis of a single crystal of

366.°
[o]
(o]
\/\O)I\o
KHMDS, THF, —-25 °C
~ > 21
> O._ then allyl chloroformate 12 . 0
"y (o)
%5 (95% yield) 2 &
(o]
249 364
o ./
\\7 o P ~ _/
PPh, N A \ /
365 . o — [\ YN I
Pd,(dba)s, PhH, 40 °C o o T N / \I / / ~ /.\ v
(88% yield, ) S\ ~ 4
single diastereomer) ‘y
366

Scheme D.4.2 Palladium-catalyzed alkylation of lactone 366.

Given the inability of the catalyst to override the substrate control of the
diastereoselectivity for the alkylation of lactone 364, an alternative substrate possessing
a substantially different ring system was targeted. Thus, enolization of methyl ketone
348 and trapping with allyl chloroformate led to allyl enol carbonate 367 (Scheme
D.4.3). Treatment with achiral PHOX ligand 365 provided a single diastereomer of

alkylation product 368 in 90% yield, as determined by 2D NMR analysis.

o OTES Jol\ (o} OTES
TE
OTES A

PPh, NJ
KHMDS, THF, —20 °C 365
then allyl chloroformate Pd,(dba)z, PhH, 40 ° E o 0
(o) (o]
(67% yield) o (90% yield, é
é single diastereomer)

348 367 368

(o]

Scheme D.4.3 Allylation of a cyclopentylidene-containing ketone.
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Although the Tsuji alkylation approach resulted in exclusive formation of the
undesired diastereomer in the above cases, the desired product should be accessible by
reversing the order of the alkylation steps. Thus, ketone 347 may be converted to allyl
methyl ketone 369 by alkylation with allyl iodide then methylation (Scheme D.4.4). In
analogy to some model systems we have studied, the allyl functionality will be oxidized
with allylic transposition to provide 370 using conditions developed by Kaneda.%°©
Subsequent methanolysis and oxidation will lead to desired enal 371. With enal 371 in
hand, we will begin exploring conditions for a possible Diels-Alder cycloaddition with
silyl ether substituted furan 361. Upon [4+2] cycloaddition, intermediate 372 will be
generated. Upon acidic workup, we anticipate that desilylation will occur, forming enone
373. Further protonation of the secondary alcohol will result in dehydration, and
subsequent spontaneous tautomerization will provide the desired zoanthenol A rinD.
Addition of methyl lithium into the aldehyde, oxidation to the ketone, and aldol cyclized

the B ring to form 375, the carbocyclic core of zoanthenol.
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o] OTES
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347

>
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Scheme D.4.4 Alternative alkylation and advancement of ketone 347.

D.4.3 a-Arylation Approach’
An alternative method by which the C(12) quaternary center might be disconnected
involves a retro diastereoselective methylation and a-arylation™ of retron 360 to reveal

synthons 376 and 377 (Scheme D.4.5).

" The work in this subsection was conducted by Dr. Andrew McClory, a postdoctoral
researcher in the Stoltz Group.



428

(o}
Oe OMe
alkyne
addition

hemiaminal
formation

Zoanthenol (21)

Gilbert-Seyferth o aldol
homologation condensation
— OMe ——>

o o
218
OMe
a-arylation OR
— +
Br
376

Scheme D.4.5 Revised retrosynthesis for a-arylation approach.

In order to investigate the viability of such an approach, a suitable A ring synthon
was prepared. Known bromo-phenol 3782 was etherified with benzyl bromide to
provide aryl bromide 376 (Scheme D.4.6). Wolff-Kischner reduction of the aldehyde

then provided A ring synthon 379.

OMe OMe OMe
OH Cs,CO3, BnBr OBn KOH, NH,NH,¢H,0 OBn
—_— —_—
ACN, reflux triethylene glycol
150 °C
OHC Br (97% yield) OHC Br Br
(82% yield)
378 376 379

Scheme D.4.6 Synthesis of aryl bromide 379
Initial studies show that arylation is a viable method to append the A rinD.
Treatment of ketone 249 with aryl bromide 379, Pd(OAc)., P(¢-Bu);, and NaHMDS in

THF at 70 °C provided A—C ring adduct 380 in 67% yield (Scheme D.4.7).
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o)
OMe
OBn o Pd(OAC),, P(t-Bu)s
+ >
OMe  NaHMDS, THF, 70 °C
Br o (67% yield)
379 249

Scheme D.4.7 a-Arylation to form A-C ring adduct 380.

Adduct 380 may be advanced to a tricycle through a number of potential routes. We
detail one of these in Scheme D.4.8 below. Efforts to methylate 380 have proved
challenging to date.’3s However, careful screening may lead to successful methylation at
the C(12) position. Subsequent hydrogenolysis of the benzyl ether and triflation will
provide enol triflate 382. Stille coupling with (1-ethoxyvinyl)tributylstannane (383) will
provide 384, which, upon treatment with acidic conditions will undergo global

deprotection and aldol condensation under acidic conditions to provide 385.

OMe OMe OMe

Scheme D.4.8 B ring closure of a-arylation product 380.

D.5.1 Precedence for Planned Late-Stage Side Chain Couplings

The retrosynthetic approaches outlined for our vicinal quaternary center-containing
C ring synthons require a late-stage side chain attachment to an alkyne or aldehyde
moiety. Some initial model studies have been conducted to test the viability of each of

these routes, and they are outlined below.
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D.5.2 Alkyne Addition into Enantiopure Lactam Synthon

In order to determine the feasibility of an alkyne addition into lactam 203, alkyne
391 was synthesized from a readily available asymmetric alkylation product (386).8
Allyl ketone 386 was smoothly isomerized to ketone 387, which was then ketalized to
provide olefin 388 (Scheme D.5.1). Ozonolysis with mild reductive workup allowed
access to the desired model aldehyde 389. Treatment with the Ohira-Bestman reagent
(390) proceeded sluggishly to afford alkyne 391 along with a substantial amount of
recovered starting material. Deprotonation of the alkyne with KHMDS and trapping
with caprolactam 203 provided alkynone 392. Hydrogenation of the alkyne readily
provided the final side-chain-appended model product 393. This sequence of steps
functions as a proof of principle that our retrosynthetic plan is viable and will ultimately
allow coupling of the side chain. Yields in this section are unoptimized, and it is
anticipated that they will be improved before undertaking such a coupling strategy in the

fully functionalized system.

ethylene glycol
RhCly-H,0, K,CO, PPTS, PhH
A A > NP o
H EtOH, 60 °C H Dean-Stark, reflux
o o]

(84% yield) (69% yield)
386 387
(85% ee)
o o
1"
)l\n, P\; '\(;Me
e
\Y 0 0\ Nz R\
_— o
[o X o) (55% yield) o o 0 K,CO3, MeOH o o %
/ oY / ) /
(21% yield)
388 389 (85% yield based on 391

recovered starting material)

KHMDS, THF, -30 °C Pd/C, EtOAc
then,-78°C o H, (1 atm)
Boc.
N (75% yield)
TBSO
203

(33% yield, 2 steps)

Scheme D.5.1 Side chain functionalization of a model ketone.
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D.5.3 Synthesis of a Horner-Wadsworth-Emmons Reagent for Side Chain Synthesis’

In addition to the alkyne coupling strategy, we have recently undertaken
investigations toward a Horner-Wadsworth-Emmons coupling strategy that would allow
us to use a C(8) aldehyde directly rather than first homologating to an alkyne.
Deprotonation of dimethyl methylphosphonate and addition to Boc-protected
caprolactam 394 resulted in formation of Horner-Wadsworth-Emmons reagent 395
(Scheme D.5.2). The viability of this reagent in olefinations was tested by treatment with
benzaldehyde and cesium carbonate, providing an excellent yield of enone 396. This
approach remains to be tested with fully functionalized lactam 203 or with a more

hindered aldehyde such as 389.

NBoc n-BuLi, PhMe BocHN/\/\/\n/\P(OMe)z Cs2C0s, PhCHO BocHN/\/\/\n/\/Ph
—_— 1l _—
HsCPO(OMe), o o ACN, 25 °C o
394 (60% yield) 395 (97% vield) 296

Scheme D.5.2 Horner-Wadsworth-Emmons coupling strategy.

D.6.1 Summary

In summary, we have outlined a number of remaining potential approaches to the
carbocyclic core of zoanthenol. These strategies include the utilization of early acid-
mediated cyclization product 192, the synthesis of new substrates for vicinal quaternary
center-containing systems for acid-mediated and radical cyclization approaches, and
finally, the installation of the C(12) quaternary center prior to B-ring formation by
alkylation or arylation. Additionally, we have outlined two potential methods for the

late-stage coupling of the heterocyclic synthon to the carbocyclic core of zoanthenol.

" The work in this subsection was primarily conducted by Dr. Andrew McClory, a
postdoctoral researcher in the Stoltz Group.
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D.7.1 Materials and Methods

Unless otherwise stated, reactions were performed at ambient temperature (typically
19—24 °C) in flame-dried glassware under an argon or nitrogen atmosphere using dry,
deoxygenated solvents. Solvents were dried by passage through an activated alumina
column under argon. N-Bromosuccinimide was recrystallized before use. TESCI and
TBSCI were purchased from Gelest. Metal salts were purchased from Strem. All other
commercially obtained reagents were purchased from Aldrich or Acros and used as
received. Reaction temperatures were controlled by an IKAmag temperature modulator.
Thin-layer chromatography (TLC) was performed using E. Merck silica gel 60 F254
precoated plates (0.25 mm) and visualized by UV fluorescence quenching, anisaldehyde,
KMnO,, or CAM staining. ICN silica gel (particle size 0.032—0.063 mm) was used for

flash chromatography. Optical rotations were measured with a Jasco P-1010 polarimeter

at 589 nm. 'H and C NMR spectra were recorded on a Varian Mercury 300 (at 300
MHz and 75 MHz, respectively), or a Varian Inova 500 (at 500 MHz and 125 MHz,
respectively) and are reported relative to Me,Si (8 0.0). Data for 'H NMR spectra are
reported as follows: chemical shift (6 ppm) (multiplicity, coupling constant (Hz),
integration). Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q
= quartet, sept. = septet, m = multiplet, comp. m = complex multiplet, app. = apparent,
bs = broad singlet. IR spectra were recorded on a Perkin Elmer Paragon 1000
spectrometer and are reported in frequency of absorption (cm™). High-resolution mass
spectra were obtained from the Caltech Mass Spectroscopy Facility. Crystallographic
analyses were performed at the California Institute of Technology Beckman Institute X-
Ray Crystallography Laboratory. Crystallographic data have been deposited at the
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK and copies can be obtained on request,
free of charge, from the CCDC by quoting the publication citation and the deposition

number (see Appendix E for deposition numbers).
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D.7.2 Preparation of Compounds

o o)
.‘\‘o\ _\\‘o\
OMe TESCI, Imid. OMe
—_—
o DMAP, DMF o
OH (>99% yield) OTES
248 341

Silyl ether 341. To a solution of allylic alcohol 248 (2.078 g, 9.185 mmol, 1.0 equiv) in
DMF (4.59 mL, 2.0 M) were added imidazole (1.88 g, 27.56 mmol, 3.0 equiv), DMAP
(280.5 mg, 2.296 mmol, 0.25 equiv), and TESCI (2.0 mL, 11.94 mmol, 1.3 equiv). The
reaction was stirred at ambient temperature 7h before diluting with EtOAc (500 mL).
The solution was washed with sat. NH,Cl (3 x 150 mL), and the combined aqueous layers
were extracted with EtOAc (4 x 150 mL). The combined organics were then dried over
MgSO,, concentrated to an oil, and purified by flash chromatography (5 to 10% EtOAc in
hexanes) to provide pure lactone 341 (3.121 g, 9.167 mmol, > 99% yield) as an oil. Rr0.8
(35% EtOAc in hexanes); *H NMR (500 MHz, CDCl;) 6 6.19 (ddd, J = 9.5, 5.9, 1.0 Hz,
1H), 5.91 (ddd, J = 9.3, 3.2, 0.7 Hz, 1H), 4.78 (dd, J = 5.9, 0.7 Hz, 1H), 4.13 (dd, J = 3.4,
1.0 Hz, 1H), 3.73 (s, 3H), 1.45 (s, 3H) 1.38 (s, 3H), 0.97 (t, J = 8.1 Hz, 9H), 0.63 (q, J =
8.1 Hz, 6H); 3C NMR (125 MHz, CDCl;) 8 179.0, 173.8, 135.0, 126.8, 77.3, 70.6, 54.9,
52.5, 51.3, 15.7, 14.5, 6.8, 4.9; IR (Neat film NaCl) 2956, 2878, 1787, 1733, 1255, 1066,
959, 726 cm*; HRMS (FAB+) [M+H]* calc'd for [CyH2s05+H]*: m/z 341.1784, found

341.1798.

0 OH OH
&% H
OMe LAH, THF
o 0—23°C OH
OTES (95% yield) OTES
341 342

Triol 342. To a cooled (0 °C) solution of LAH (680.7 mg, 17.04 mmol, 4.0 equiv) in

THF (40 mL) was added lactone 341 (1.4506 g, 4.26 mmol, 1.0 equiv) in THF (10 mL).
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The ice bath was allowed to melt, bringing the solution gradually to ambient temperature
and stirred 5 h. The solution was cooled again to 0 °C and slowly quenched with EtOAc
until no further bubbles were observed. Celite (1.5 g) was added, and the reaction was
further quenched with sat. Na.SO, (10 mL) in a dropwise manner. The reaction was
further diluted with EtOAc (30 mL), allowed to warm to ambient temperature, then
filtered through a pad of celite. The pad was rinsed with EtOAc (2 x 25 mL), the
combined organics were dried over Na.SO, and concentrated to an oil (342, 1.200 g,
3.791 mmol, 89% yield) of sufficient purity for use in the next reaction. Ry 0.13 (35%
EtOAc in hexanes); 'H NMR (300 MHz, CDCl;) 8 5.66 (app. s, 2H), 4.51 (d, J = 2.8 Hz,
1H), 4.21 (bs, 1H), 3.91 (d, J = 11.4 Hz, 1H), 3.75 (d, J = 11.4 Hz, 1H), 3.72 (d, J = 11.4 Hz,
1H), 3.53 (d, J = 11.4 Hz, 1H), 2.97 (bs, 1H), 2.68 (bs, 1H), 1.16 (s, 3H), 0.97 (t, J = 7.9
Hz, 9H), 0.87 (s, 3H), 0.64 (q, J = 7.9 Hz, 6H); 3C NMR (125 MHz, CDCl;) 6 131.3, 129.3,
73.8, 69.9, 65.8, 63.7, 46.1, 45.2, 15.9, 13.2, 6.9, 5.2; IR (Neat film NaCl) 3282, 2955,
2915, 2879, 1458, 1078, 1026, 845, 727 cm; HRMS (ESI) [M+H]* calc'd for

[CicH3.0,Si+H]*: m/z 317.2148, found 317.2147.

o (o]

OH OH
: oo oo

CDI, THF : :

> +
OH reflux, 2 h F\N
o__N_s OH

OTES (84% comb. yield) \n/

1:3 ratio OTES fo) OTES

342 343 344

Carbamate 343 and Alcohol 344. To a solution of triol 342 (2.449 g, 7.74 mmol, 1.0
equiv) in THF (50 mL, 0.15 M) was added carbonyl diimidazole (2.01 g, 12.38 mmol, 1.6
equiv). The solution was heated to reflux 22 h before cooling to ambient temperature.
Silica gel was added to the solution to generate a slurry, and the solvent was removed by

careful rotary evaporation. The resulting powder was loaded onto a flash column for
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purification (10 to 50% EtOAc in hexanes), providing carbamate 343 (707.2 mg, 21%
yield) as a white powder and alcohol 344 (1.664 g, 63% yield) as a white powder.
Carbamate 343. R;0.18 (35% EtOAc in hexanes); 'H NMR (500 MHz, CDCl;) 6 8.11
(s, 1H), 7.36 (s, 1H), 7.14 (d, J = 0.7 Hz, 1H), 5.89 (dt J = 10.5, 2.2 Hz, 1H), 5.79 (dt, J =
10.5, 1.7 Hz, 1H), 4.75 (ddd, J = 4.9, 4.1, 2.0 Hz, 1H), 4.57 (d, J = 10.7 Hz, 1H), 4.48
(comp. m, 2H), 4.37 (d, J = 11.7 Hz, 1H), 4.22 (dd, J = 10.7, 2.0 Hz, 1H), 1.39 (s, 3H), 1.01
(s, 3H), 0.92 (t, J = 8.1 Hz, 9H), 0.58 (comp. m, 6H); 3C NMR (125 MHz, CDCl;) 8 147.9,
147.4, 136.8, 132.0, 131.5, 125.6, 116.7, 81.4, 70.8, 68.1, 66.5, 45.8, 37.6, 16.2, 11.8, 6.7,
4.9; IR (Neat film NaCl) 2956, 2907, 2877, 1755 (br), 1391, 1290, 1241, 1078, 1003, 832,
744 cm™; HRMS (FAB+) [M+H]* calc'd for [C21H2:06SiNo+H]*: m/z 437.2108, found
437.2104.

Alcohol 344. Rr 0.6 (35% EtOAc in hexanes); 'H NMR (500 MHz, CDCl;) 6 5.80 (dt, J
= 10.5, 2.2 Hz, 1H), 5.74 (dt, J = 10.5, 1.7 Hz, 1H), 4.68 (ddd, J = 4.9, 4.2, 2.0 Hz, 1H),
4.59 (dd, J = 11.2, 2.0 Hz, 1H), 4.59 (m, 1H), 4.45 (d, J = 11.5 Hz, 1H), 3.66 (d, J = 2.2 Hz,
1H), 1.32 (s, 3H), 0.97, (t, J = 7.8 Hz, 9H), 0.79 (s, 3H), 0.64 (comp. m, 6H); 3C NMR
(125 MHz, CDCl,) 6 148.5, 133.0, 125.3, 82.0, 71.8, 66.2, 63.6, 47.0, 37.8, 15.6, 11.6, 6.8,
5.0; IR (Neat film NaCl) 3472, 2954, 2915, 2879, 1737, 1713, 1478, 1424, 1370, 1287,
1243, 1199, 1045, 842, 727 cm™; HRMS (FAB+) [M+H]* calc'd for [C;H3005Si+H]*: m/z

343.1941, found 343.1953.

° 0
oo A
: 0.1 N NaOH, THF :
) >
o\n/N\¢N 0°C, 5 min OH
OTES 0 (>99% yield) | LR
343 344

Alcohol 344 from carbamate 343. To a cooled (0 °C) solution of carbamate 344

(942.3 mg, 2.158 mmol, 1.0 equiv) in THF (43 mL, 0.05 M) was added a cooled (0 °C) 0.1
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N solution of NaOH (21.58 mL, 2.158 mmol, 1.0 equiv). The reaction was stirred 5 min
then quenched by addition of HCl (2.16 mL, 1.0 M) and allowed to warm to ambient
temperature. The reaction mixture was diluted with H,O (75 mL) and EtOAc (50 mL).
The aqueous layer was extracted with EtOAc (4 x 25 mL), then the combined organic
layers were washed with brine (75 mL), dried over MgSO,, and concentrated to an oil,
which was purified by flash chromatography (10 to 50% EtOAc in hexanes) to provide

carbonate 343 (741.9 mg, 2.166 mmol, > 99% yield) as a white solid.

OMe
OTES OMe 345

[o)
0 M
(o) (o]
)L 1) DOWEX 50W-X8 H
MeOH
—_—
(;Ii/ 2) CH,Cl,, CSA
HC(OMe),

(o] (o]

344 (85% yield, 2 steps) g
Acetal 346. To a solution of alcohol 344 (250.6 mg, 0.730 mmol, 1.0 equiv) in MeOH
(7.3 mL, 0.1 M) was added DOWEX 50W-X8 resin (270 mg). The suspension was stirred
at ambient temperature for 3 h, filtered, concentrated, and redissolved in CH.Cl. (7.3
mL, 0.1M). Acetal 3455 (475 mg, 3.65 mmol, 5 equiv), camphor sulfonic acid (5.1 mg,
0.022 mmol, 0.03 equiv) were added, and the solution was stirred at ambient
temperature for 12 h. Additional acetal 345" (200 mg, 1.54 mmol, 2.1 equiv) was added,
and the reaction was stirred an additional 1 h before quenching by dropwise addition of
sat NaHCO; until no further bubbling was observed. The reaction was diluted with H.O
(25 mL) and CH.Cl. (18 mL), the aqueous layer was extracted with CH.Cl. (3 x 25 mL),
dried over MgSO,, and concentrated to an oil before purification by flash

chromatography (10 to 50% EtOAc in hexanes) to provide acetal 346 (170.6 mg, 0.580

mmol, 79% yield) as an oil. Rr0.7 (50% acetone in hexanes); 'H NMR (500 MHz, CDCl;)

" Acetal 345 contained 10 mol% HC(OMe);, as determined by 'H NMR.
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6 5.84 (dt, J = 10.5, 2.4 Hz, 1H), 5.79 (dt, J = 11.7, 1.2 Hz, 1H), 4.78 (ddd, J = 5.4, 4.2, 2.2

Hz, 1H), 4.48 (d, J = 10.5 Hz, 1H), 4.35 (dd, J = 4.4, 2.9 Hz, 1H), 4.04 (dd, J = 10.7, 2.2
Hz, 1H), 3.72 (d, J = 10.7 Hz, 1H), 3.62 (d, J = 10.7 Hz, 1H), 2.01 (m, 1H), 1.89 (m, 1H),
1.8-1.61 (comp. m, 4H), 1.23 (s, 3H), 1.21 (app. d, J = 0.5 Hz, 3H); 3C NMR (125 MHz,
CDCly) & 148.2, 130.5, 125.7, 111.9, 83.0, 71.5, 69.3, 66.3, 40.4, 39.9, 36.4, 30.9, 24.3,
22.5, 15.1, 12.4; IR (Neat film NaCl) 2961, 2873, 1756, 1185, 1122, 1084 cm*; HRMS

(FAB+) [M+H]* calc'd for [C,6H2205+H]*: m/z 295.1545, found 295.1533.

[o]
)]\ O OTES
[o) (o]
X 1) NaOH, MeOH
2) Mn0O,, acetone
D
3) H,, PtO,, EtOAc
3) TESCI, DMAP o__°©
0.0 imid., DMF é
é (75% yield, 4 steps)
346 347

Ketone 347. To a solution of carbonate 346 (1.214 g, 4.123 mmol, 1.0 equiv) in MeOH
(65 mL, 0.06 M) was added 0.2 M NaOH (41 mL, 8.25 mmol, 2.0 equiv), and the
solution was stirred at ambient temperature 70 min. The MeOH was removed by rotary
evaporation, and the resulting solution was brought to pH 7 by addition of solid NH,Cl,
diluted with EtOAc (50 mL), and the aqueous layer was extracted with EtOAc (3 x 50
mL). The combined organics were dried over MgSO, and concentrated.

The crude diol was redissolved in acetone (137 mL, 0.03 M), MnO. (12.65 g, 123.7
mmol, 30 equiv) was added, and the resulting suspension was stirred 2.5 h, filtered
through #2 Whatman paper, and concentrated to an oil.

The crude enone was dissolved in EtOAc (260 mL, 0.016 M), PtO. (93.6 mg, 0.412
mmol, 0.1 equiv) was added, and the suspension was sparged with H. until it turned

from brown to black. The reaction mixture was then stirred under H, (1 atm) 10.5 h,
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filtered through #2 Whatman paper, and concentrated to an oil, which was carried on
without further purification.

The primary alcohol was then dissolved in DMF (3 mL, 1 M) and DMAP (365.3 mg,
2.99 mmol, 1.0 equiv), imidazole (610.7 mg, 8.97 mmol, 3.0 equiv), and TESCI (653.1 uL,
3.89 mmol, 1.3 equiv) were added. The mixture was stirred at ambient temperature for
17 h, then additional TESCI (300 uL, 1.79 mmol, 0.6 equiv) was added. The reaction was
stirred an additional 3 h then diluted with sat. NH,Cl (100 mL) and extracted with
EtOAc (5 x 25 mL). The combined organics were washed with brine (25 mL), dried over
MgS0O,, and concentrated to an oil. The crude product was purified by flash
chromatography (10 to 40% EtOAc in hexanes) to provide silyl ether 347 (863 mg, 3.081
mmol, 75% yield over 4 steps) as an oil. Rf0.56 (25% acetone in hexanes); 'H NMR (300
MHz, CDCl;) 6 4.67 (dd, J = 11.7, 5.0 Hz, 1H), 4.02 (d, J = 10.8 Hz, 1H), 3.91 (d, J = 10.0
Hz, 1H), 3.52 (d, J = 10.8 Hz, 1H), 3.51 (d, J = 10.0 Hz, 1H), 2.59 (m, 1H), 2.44 (ddd, J =
14.9, 5.0, 1.8 Hz, 1H), 2.08-1.61 (m, 10H), 1.03 (s, 3H), 0.94 (t, H 8.2 Hz, 9H), 0.93 (s,
3H), 0.59 (app. dd, J = 15.8, 7.6 Hz, 6H); 3C NMR (125 MHz, CDCl,) 6 211.7, 110.8, 70.5,
68.0, 66.3, 55.5, 40.2, 39.9, 38.2, 31.0, 27.3, 24.3 22.5, 14.8, 14.0, 6.7, 4.2; IR (Neat film
NaCl) 2956, 2879, 1721, 1336, 1118, 1084, 1008, 977, 813, 747 cm*; HRMS (FAB+) [M]*

calc'd for [C.;H350,4Si]*: m/z 382.2539, found 382.2543.

OTES OTES OTES
LDA, THF, -78 °C
then HMPA, —40 °C
then Mel
-40 - -10°C
(79% vyield)
347 348 348¢c

Methyl ketone 348. To a solution of DIPA (97.6 uL, 0.696 mmol, 1.3 equiv) in THF
(5.0 mL, 0.1 M to n-BuLi) at 0 °C was added n-butyllithium (245 uL, 2.16 M, 0.530

mmol, 0.99 equiv) dropwise. The solution was stirred at 0 °C 30 min, then cooled to —78
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°C. Ketone 347 (204.9 mg, 0.5355 mmol, 1.0 equiv) was added as a solution in THF (5.5

mL, 0.1 M) dropwise, then stirred at —78 °C 2 h. HMPA (279.5 uL, 1.607 mmol, 3.0
equiv) was added and stirred 20 min. The solution was then warmed to —40 °C and Mel
(667 ul, 10.71 mmol, 20 equiv) was added all at once. The reaction was stirred an
additional 90 min, while slowly warming to —10 °C, then was quenched with H.O (1 mL)
and allowed to come to ambient temperature. Brine (25 mL) was added, and the mixture
was extracted with EtOAc (5 x 20 mL), dried over MgSO,, concentrated to an oil, and
purified by flash chromatography (0 to 10% Et.O in hexanes, slow gradient) to provide a
mixture of partially separable methyl ketones 348 (168.6 mg, 0.425 mmol, 79% yield) as
well as a small amount of bis-methylated ketone 348c. (Use of > 0.99 equiv n-BuLi
resulted in significant formation of this undesired product.)

Methyl ketone 348a. (high Rrdiastereomer) Rr0.39 (20% Et.O in hexanes); 'H NMR
(500 MHz, CDCl;) 6 4.65 (dd, J = 12.0, 4.6 Hz, 1H), 3.97 (d, J = 11.0 Hz, 1H), 3.96 (d, J =
10.0 Hz, 1H), 3.52 (d, J = 10.0 Hz, 1H), 3.51 (d, J = 10.7 Hz, 1H), 2.68 (m, 1H), 2.06-1.97
(comp. m, 2H), 1.94-1.81 (comp. m, 3H), 1.77-1.61 (comp. m, 5H), 1.05 (d, J = 6.3 Hz,
3H), 0.97 (s, 3H), 0.93 (t, J = 7.8 Hz, 9H), 0.57 (comp. m, 6H); 3C NMR (125 MHz,
CDCly) 6 212.2, 110.8, 70.4, 68.1, 66.0, 55.4, 40.89, 40.87, 39.9, 36.3, 31.0, 24.3, 22.5,
14.8, 14.6, 14.2, 6.7, 4.2; IR (Neat film NaCl) 2956, 2876, 1718, 1458, 1335, 1109, 1084,
1003, 816, 745 cm™; HRMS (FAB+) [M]* calc'd for [CoH400,4Si]: m/z 396.2696, found
396.2690.

Methyl ketone 348b. (low Rrdiastereomer) Rr0.30 (20% Et.O in hexanes); 'H NMR
(500 MHz, CDCly) 6 4.61 (dd, J = 11.5, 5.9 Hz, 1H), 4.07 (d, J = 11.0 Hz, 1H), 3.67 (d, J =
10.0 Hz, 1H), 3.57 (d, J = 10.0 Hz, 1H), 3.43 (d, J = 10.7 Hz, 1H), 2.64 (m, 1H), 2.00-1.85
(comp. m, 3H), 1.80 (t, J = 7.1 Hz, 1H), 1.68-1.54 (comp m., 5H), 1.13 (d, J = 7.6 Hz, 1H),
1.09 (s, 3H), 0.88 (t, J = 7.8 Hz, 9 H), 0.85 (s, 3H), 0.53 (q, J = 7.8 Hz, 6H); 3C NMR

(125 MHz, CDCl;) 6 216.1, 110.6, 68.4, 68.0, 67.0, 54.7, 41.1, 40.0, 39.0, 33.2, 31.2, 24.2,
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22.6, 18.7, 16.6, 15.8, 6.8, 4.1; IR (Neat film NaCl) 2955, 2979, 1706, 1456, 1336, 1114,

1083, 1006, 812, 745 cm™; HRMS (FAB+) [M]* calc'd for [C.oH400,4Si]: m/z 396.2696,
found 396.2681.

Bis-methyl ketone 348c. Rr0.47 (20% Et.O in hexanes); 'H NMR (300 MHz, CDCl;)
d 4.70 (dd, J = 5.0, 4.7 Hz, 1H), 4.74 (d, J = 11.1 Hz, 1H), 3.66 (app. dd, J = 12.3, 10.0 Hz,
2H), 3.49 (d, J = 11.1 Hz, 1H), 2.00 (comp. m, 2H), 1.86 (comp. m, 2H), 1.77-1.62 (comp.
m, 6H), 1.55 (s, 3H), 1.20 (s, 3H), 1.05 (s, 3H), 0.943 (t, J = 8.2 Hz, 9H), 0.59 (q, J = 7.9
Hz, 6H); 13C NMR (125 MHz, CDCl,) 8 217.5, 110.6, 68.2, 67.9, 67.4, 55.8, 44.3, 40.7,
40.1, 39.4, 31.1, 28.5, 27.9, 24.3, 22.6, 16.5, 16.1, 6.8, 4.1; IR (Neat film NaCl) 2956, 2876,
1696, 1461, 1335, 1117, 1084, 1016, 815, 745 cm; HRMS (FAB+) [M]* calc'd for

[Co3H420,Si]: m/z 410.2852, found 410.2870.

o]
o]
\/\O)l\o
o KHMDS, THF, -25 °C
O._ then allyl chloroformate o
“ng o
0 (95% yield) g
(0]
249 364

Allyl methyl ketone 364. To a solution of KHMDS (546.1 mg, 2.737 mmol, 1.3 equiv)
in THF (27 mL, 0.1 M) at —25 °C was added a solution of ketone 249 (505.9 mg, 2.106
mmol, 1.0 equiv) in THF (20 mL + 2 x 0.5 mL rinse). The solution was stirred at —25 °C
for 2 h then allyl chloroformate (314.6 uL, 2.948 mmol, 1.4 equiv) was added and stirred
at —20 °C an additional 1 h. The reaction was quenched with sat. NaHCO; (25 mL) and
allowed to warm to ambient temperature. Further dilution with H.O (25 mL) was
followed by extraction with EtOAc (50, 3 x 20 mL). The combined organics were washed
with brine (25 mL), dried over MgSO,, and concentrated to an oil, which was purified by
flash chromatography (25 to 55% EtOAc in hexanes) to provide allyl enol carbonate 364

(646.8 mg, 1.994 mmol, 95% yield) as a clear oil. Rr0.50 (50% EtOAc in hexanes); 'H
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NMR (500 MHz, CDCl,) 6 5.93 (dddd, J = 17.1, 10.5, 5.9, 5.6 Hz, 1H), 5.39 (ddd, J = 17.1,

2.7, 1.5 Hz, 1H), 5.30 (ddd, J = 10.5, 2.4, 1.2 Hz, 1H), 4.67 (ddd, J = 4.6, 2.2, 1.0 Hz, 1H),
4.58 (app. t, J = 2.7 Hz, 1H), 3.73 (s, 3H), 2.44 (app. t,J = 1.22 Hz, 1H), 1.61 (s, 3H), 1.37
(s, 3H), 1.29 (s, 3H); 3C NMR (125 MHz, CDCl,) 6 175.1, 172.8, 152.8, 138.7, 130.9, 122.1,
119.4, 77.7, 69.3, 54.4, 52.7, 50.1, 33.7, 15.3, 12.7, 8.9; IR (Neat film NaCl) 2989, 2953,
1790, 1761, 1732, 1454, 1252, 1225, 1200, 1159, 1075, 1033, 976, 782 cm™*; HRMS (FAB+)

[M+H]* calc'd for [CicH200,+H]*: m/z 325.1287, found 325.1272.

Cul, Ph,PH
N,N-dimethylethylenediamine
(o) > (o)
\J Cs,CO0;, PhMe, 110 °C \J
PPh, N

Br N
(86% yield)
365a 365

Phosphine 365: A 250-mL Schlenk flask was charged with Cul (66.7 mg, 0.35 mmol),
Ph.PH (4.12g, 3.85 mL, 22.1 mmol) and then N,N-dimethylethylenediamine (156 mg,
191 uL, 1.77 mmol) followed by toluene (18 ml). The solution was stirred at 23 °C for 20
min. Oxazole 365a (4.0 g, 17.7 mmol) was azeotroped with toluene (2 x 5 ml) under
reduced pressure, then dissolved in toluene (18 mL) and transferred quantitatively to the
Schlenk flask by use of positive pressure cannulation. Cs.CO; (8.65 g, 26.5 mmol) was
added in one portion, and the flask was evacuated and backfilled with Ar (x 3). The
Teflon valve was sealed and the yellow heterogenous reaction mixture was placed in an
oil bath, heated to 110 °C, and stirred vigorously. After 20 h stirring at 110 °C, the
mixture was allowed to cool to ambient temperature and filtered through a pad of celite
using CH.Cl. (2 x 50 mL). The filtrate was concentrated under reduced pressure to afford
a clear orange oil. The crude oil was flushed through a plug of silica gel (5.0 x 10 cm SiO,,
hexanes — 10% Et.O in CH.Cl.) to afford 365 (5.03 g, 86% yield) as a colorless viscous

oil that crystallized upon standing; Ry = 0.50 (30% EtOAc in hexanes); 3'P NMR (121

MHz, CDCl3) & -3.99 (s); tH NMR (500 MHz, CDCl3) % 7.85 (dd, J = 7.6, 3.4 Hz, 1H),
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7.37—7.26 (comp. m, 12H), 6.89 (dd, J = 7.6, 4.1 Hz, 1H), 4.08 (t, J = 9.5 Hz, 2H), 3.78 (t,

J = 9.5 Hz, 2H); 13C NMR (125 MHz, CDClg) 6 164.5 (d, Jcp = 2.8 Hz), 139.1 (d, Jepr =
24.9 Hz), 138.0 (d, Jepr = 11.5 Hz), 134.1 (d, Jcp = 20.7 Hz), 133.7 (d, Jcp = 1.8 Hz), 131.9
(d, Jer = 18.9 Hz), 130.5, 129.9 (d, Jep = 2.8 Hz), 128.7, 128.5 (d, Jep = 7.4 Hz), 128.1,
67.2, 55.0; IR (Neat Film NaCl) 3053, 3000, 2971, 2901, 2876, 1650, 1585, 1562, 1478,
1434, 1354, 1326, 1248, 1133, 1089, 1070, 1041, 974, 942, 898, 743 cm™1; HRMS (FAB+)

[M]*m/z calc'd for [C.:H:oNOP]*: 332.1204, found 332.1218; mp = 99—101 °C.

0,
[0}
\/\OJLO PPh, N‘J \
365 _ o
~ Pd,(dba);, PhH, 40 °C 7 N
o< "0
“ud (88% yield, o
o single diastereomer)
364 366

Allyl methyl ketone 366. To a 50-mL round-bottomed flask in the glovebox was
added Pd.(dba); (35.3 mg, 0.0385 mmol, 0.05 equiv) and PHOX ligand® 365 (56.2 mg,
0.1696 mmol, 0.22 equiv). The flask was removed from the glovebox, purged for 5 min
under vacuum and refilled with N, (3x). Benzene (25.7 mL, 0.03 M, sparged with argon
30 min) was added via cannula, and the pre-catalyst mixture was heated to 40 °C for 30
min (a color change from red to orange was observed). A solution of allyl enol carbonate
364 (250 mg, 0.7708 mmol, 1.0 equiv) in benzene (1 mL, sparged with argon 5 min) was
transferred via cannula to the catalyst solution (a color change from orange to green was
observed after 5 min). The reaction was stirred at 40 °C for 4 h then cooled to ambient
temperature. The reaction mixture was concentrated then loaded directly onto a flash
column and purified (10 to 40% EtOAc in hexanes), yielding allyl methyl ketone 366
(191 mg, 0.681 mmol, 88% yield) as a white solid. m.p. 77—78 °C; Rr0.62 (50% EtOAc in
hexanes); *H NMR (500 MHz, CDCl;) 6 5.60 (dddd, J = 16.8, 10.2, 7.8, 7.0 Hz, 1H), 5.12

(dd, J = 11.0, 0.7 Hz, 1H), 5.06 (dd, J = 16.8, 1.22 Hz, 1H), 4.90 (dd, J = 3.7, 2.0 Hz, 1H),
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3.76 (s, 3H), 2.46 (dd, J = 15.4, 3.7 Hz, 1H), 2.33 (dd, J = 14.2, 7.1 Hz, 1H), 2.22 (dd, J =

13.9, 7.8 Hz, 1H), 1.77 (dd, J = 15.4, 2.0 Hz, 1H), 1.28 (s, 3H), 1.19 (app. s, 6H); 3C NMR
(125 MHz, CDCl;5) 8 204.0, 173.2, 171.6, 131.8, 120.1, 80.4, 61.7, 57.4, 53.0, 47.4, 46.7,
36.5, 24.5, 15.0, 10.3; IR (Neat film NaCl) 3079, 2985, 2954, 1789, 1732, 1715, 1640,
1440, 1342, 1261, 1228, 1157, 1094, 976 cm; HRMS (FAB+) [M+H]* calc'd for
[Ci5H2005+H]*: m/z 281.1389, found 281.1376. Stereochemistry assigned via X-ray

crystallographic analysis.

j\ 0 OTES
[o] OTES
R N-"No" Yo otes Q\(o X
PPh, N\J
KHMDS, THF, —20 °C 365
then allyl chloroformate Pd,(dba)s, PhH, 40 c 0_ 90
(o) o
(33% yield) 0 © (90% yield, 6
é single diastereomer)
348 367 368
R =H, Me

Allyl methyl ketone 368. To a solution of KHMDS (33.2 mg, 0.1665 mmol, 1.3 equiv)
in THF (2.0 mL, 0.08 M) at —20 °C was added a solution of ketone 348" (50.8 mg,
0.1281 mmol, 1.0 equiv) in THF (1 mL + 2 x 0.5 mL rinse). The solution was stirred at —
20 °C 2 h then allyl chloroformate (19.1 uL, 0.1793 mmol, 1.4 equiv) was added and
stirred an additional 1.5 h. The reaction was quenched with H.O (1 mL), diluted with
EtOAc (1 mL) and allowed to warm to ambient temperature. Further dilution with H.O
(20 mL) was followed by extraction with EtOAc (4 x 15 mL). The combined organics
were washed with brine (25 mL), dried over MgSO,, and concentrated to an oil, which
was purified by flash chromatography (0 to 10% EtOAc in hexanes, slow gradient) to
provide allyl enol carbonate 367 (20.5 mg, 0.0427 mmol, 33% yield) as well as recovered

bis-methyl ketone 348c (17.8 mg, 0.0434 mmol, 34% yield).

* The sample was a mixture of methyl ketone 348 and bis-methyl ketone 348c.
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To a 20-mL vial containing allyl enol carbonate 367 (20.5 mg, 0.0427 mmol, 1.0
equiv) was added a flame-dried stirbar and it was cycled into the glovebox and benzene
(0.4 mL) was added. In a separate 1-dram vial in the glovebox, Pd.(dba);, PHOX ligand
365, and benzene (1 mL) were combined, sealed, and heated to 40 °C for 30 min (a color
change from red to orange was observed). At this point, it was transferred via syringe to
the vial containing allyl enol carbonate 367, sealed, and removed from the glovebox (a
color change from orange to green was observed). The reaction was stirred at 40 °C 6.5 h
(a color change from green to brown was observed), then cooled to ambient temperature.
The reaction mixture was loaded directly onto a flash column and purified (0 to 10%
EtOAc in hexanes, slow gradient), yielding allyl methyl ketone 368 (16.7 mg, 0.0391
mmol, 90% yield) as a clear oil. 'H NMR (500 MHz, CDCl;) 8 5.68 (m, 1H), 5.10 (m, 1H),
5.03 (ddd, J = 17.2, 3.4, 2.2 Hz, 1H), 4.68 (dd, J = 12.2, 4.9 Hz, 1H), 4.11 (d, J = 11.0 Hz,
1H), 3.68 (d, J = 10.0 Hz, 1H), 3.62 (d, J = 10.0 Hz, 1H), 3.49 (d, J = 11.0 Hz, 1H), 2.34
(dd, J = 13.7, 8.1 Hz, 1H), 2.28 (dd, J = 13.9, 6.6 Hz, 1H), 1.98 (comp. m, 2H), 1.87-1.60
(comp. m, 10 H), 1.07 (s, 3H), 1.05 (s, 3H), 0.97 (s, 3H), 0.94 (comp. m, 9H), 0.60 (q, J =
8.1 Hz, 6H); 3C NMR (125 MHz, CDCl;) & 217.1, 133.6, 118.5, 110.6, 67.89, 67.88, 67.6,
55.8, 47.5, 42.5, 40.0, 39.3, 37.5, 31.2, 25.2, 24.3, 22.5, 16.8, 16.3, 6.8, 4.1; IR (Neat film
NaCl) 2957, 2877, 1694, 1460, 1336, 1117, 1084, 1006, 813, 745 cm*; HRMS (FAB+) [M]*
calc'd for [Co5H440,4Si]: m/z 436.3009, found 436.2993. Stereochemistry assigned using

a combination of HSQC, HMBC, COSY, and NOESY 2D experiments.

OMe OMe OMe
OH Cs,CO;, BnBr OBn KOH, NH,;NH,°H,0 OBn
/ﬁ:[ ACN, reflux /C[ triethylene glycol /C[
OHC Br (97% yield) OHC Br 150°C Br
o i
278 276 (82% yield) 379

Aryl Bromide 379. To a flask equipped with a reflux condenser and containing a

mixture of phenol 378 (2.00 g, 8.66 mmol, 1.0 equiv) and Cs.CO; (3.53 g, 10.8 mmol,
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1.25 equiv) was added ACN (34.6 mL) followed by benzyl bromide (1.13 mL, 9.53 mmol,

1.1 equiv). The reaction was stirred at 85 °C (reflux) for 1 h then cooled to ambient
temperature. The mixture was diluted with H.O (100 mL) and extracted with EtOAc (3 x
25 mL). The combined organics were washed with brine (25 mL), dried over MgSO,, and
concentrated. The crude product was purified by flash chromatography (10 to 50% Et.O
in petroleum ether) to give benzyl ether 376 (2.70 g, 8.4 mmol, 97% yield) as a slightly
yellow powder. m.p. 48-48.5 °C; Rr0.4 (25% EtOAc in pet. ether).

To a flask equipped with a reflux condenser and containing a solution of aldehyde
376 (1.99 g, 6.2 mmol, 1.0 equiv) in triethylene glycol (12.4 mL) was added hydrazine
monohydrate (752 uL, 15.5 mmol, 2.5 equiv). The resulting mixture was heated to 110 °C
and to the resulting clear solution was added KOH pellets (1.74 g, 31.0 mmol, 5.0 equiv)
one-by-one through the condenser over 20 min. The mixture was then heated to 150 °C
and stirred for 30 min. The solution was cooled to ambient temperature then to o °C,
then diluted with 1 M HCI (aq., 40 mL) followed by H.O (40 mL), and extracted with
EtOAc (4 x 20 mL). The combined organics were washed with brine (25 mL), dried over
MgSO,, and concentrated to an oil, which was purified by flash chromatography (5 to
10% EtOAc in pet. ether) to provide aryl bromide 379 (1.56 g, 5.8 mmol, 82% yield) as a
clear, nonviscous oil. Ry 0.33 (10% EtOAc in pet. ether); 'H NMR (500 MHz, CDCl;) &
7.56 (comp. m, 2H), 7.38 (comp m, 2H), 7.33 (m, 1H), 6.97 (dd, J = 2.0, 0.7 Hz, 1H),
6.68 (d, J = 1.7 Hz, 1H), 4.99 (s, 2H), 3.84 (s, 3H), 2.30 (s, 3H); 3C NMR (125 MHz,
CDCly) 6 153.5, 143.0, 137.3, 135.2, 128.5, 128.3, 128.0, 117.6, 112.7, 74.7, 56.0, 21.0; IR
(Neat film NaCl) 3032, 2938, 2868, 1597, 1568, 1485, 1456, 1406, 979, 830, 728, 696 cm"

1. HRMS (FAB+) [M+H]" calc'd for [C;sH150.Br+H]*: m/z 307.0334, found 307.0325.
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OMe ?
0OBn + &0 Pd(OAc),, P(f'BU)s:
| D\ OMe  NaHNDS, THF, 70 °C
Br °5 (67% yield)
379 249

Aryl ketone 380. To a vial containing aryl bromide 379 (62 mg, 0.201 mmol, 1.0
equiv) and ketone 249 (50 mg, 0.221 mmol, 1.1 equiv) was added Pd(OAc). (4.5 mg,
0.020 mmol, 0.1 equiv). The mixture was brought into the glovebox under vacuum.
NaHMDS (5.5 mg, 0.302 mmol, 1.5 equiv), THF (0.8 mL, 0.25 M), and P(t-Bu); (5.1 mg,
0.025 mmol, 1.25 equiv) were added. The vial was sealed, removed from the glovebox,
and heated to 70 °C for 5 h. The reaction was cooled to ambient temperature and
extracted from 1M NaHSO, (aq, 10 mL) with Et.O (3 x 5 mL). The combined organics
were washed with brine, dried over MgSO,, and concentrated to an oil. Purification by
flash chromatography (15 to 33% EtOAc in hexanes) provided aryl ketone 380 (61 mg,
mmol, 67% yield). Rr~ 0.3 (33% EtOAc in hexanes); '"H NMR (500 MHz, CDCl;) 6 7.33
(comp. m, 5H), 6.73 (s, 1H), 6.40 (s, 1H), 4.95 (s, 2H), 4.85 (d, J = 3.7 Hz, 1H), 4.16 (app.
t,J = 9.6 Hz, 1H), 3.88 (s, 3H), 3.75 (s, 3H), 2.35 (m, 1H), 2.30 (s, 3H), 2.19 (dd, J = 13.9,
11.0 Hz, 1H), 1.29 (s, 3H), 1.21 (s, 3H); 3C NMR (125 MHz, CDCl,) 6 199.5, 173.9, 171.6,
152.3, 143.7, 137.1, 129.1, 128.8, 128.5, 128.1, 121.2, 113.1, 79.3, 74.7, 62.3, 57.7, 55.7, 53.0,
45.8, 33.1, 21.4, 14.3, 9.9; IR (Neat film NaCl) 2951, 1790, 1732, 1488, 1465, 1254, 1153,
1077, 1016, 734 cm™; HRMS (FAB+) [M+H]* calc'd for [C.sHo,O,+H]*: m/z 452.1825,

found 452.1852.

RhClg-H,0, K,CO;3
a > a /
Eingi EtOH, 60 °C i

o] o]
(84% yield)

386 387
(85% ee)
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Vinyl ketone 387. To a solution of allyl ketone 386 (905 mg, 4.35 mmol, 1.00 equiv)

in EtOH (45 mL) in a sealable Schlenk flask (100 mL) was added K.CO; (601 mg, 4.35
mmol, 1.00 equiv) and RhCl;*H.O (49.4 mg, 0.218 mmol, 0.05 equiv). The reaction
mixture was sparged with Ar for 10 min, sealed and heated to 60 °C for 12 h. After
cooling to ambient temperature, the reaction mixture was filtered, washed with EtOH,
concentrated, and purified by flash chromatography on silica gel (7.5 to 10% Et.O in
pentane) to give vinyl ketone 387 (759 mg, 84% yield of a 10:1 mixture containing allyl
ketone 386 as the minor component) as an amorphous solid. Ry 0.67, 0.46 (25% Et.O
in hexanes, 5% Et.O in hexanes developed twice); 'H NMR (300 MHz, CDCl;) 8 5.88 (dq,
J = 1.8, 15.5 Hz, 1H), 5.42 (dq, J = 15.3, 6.3 Hz, 1H), 2.53 (d, J = 13.2 Hz, 1H), 2.11 (dd, J
=13.5, 1.8 Hz, 1H), 1.85 (d, J = 14.4 Hz, 1H), 1.71 (dd, J = 6.5, 1.7 Hz, 3H), 1.42 (dd, J =
14.4, 1.8 Hz, 1H), 1.09 (s, 3H), 1.04 (s, 3H), 1.01 (s, 3H), 0.90 (s, 6H); 3C NMR (75 MHz,
CDCly) 6 214.1, 132.5, 126.2, 56.4, 50.7, 49.6, 40.6, 35.4, 33.7, 30.2, 26.9, 26.8, 18.6, 15.6;
IR (Neat film NaCl) 2957, 1707, 1458, 1391, 1370, 1283, 977 cm™'; HRMS (EI) [M]* calc'd

for [C,4H2,01*: m/z 208.1827, found 208.1820; [a]p25 —59.07 (¢ 1.04, CHCl;, 85% ee).

ethylene glycol .
PPTS, PhH &
A = y

Dean-Stark, reflux fo) (o)
(0] /
(69% yield)
387 388

Ketal 388. A solution of the vinyl ketone 387 (700 mg, 3.36 mmol, 1.00 equiv),
ethylene glycol (1.30 mL, 23.5 mmol, 7.00 equiv), and pyridinium p-toluenesulfonate
(211 mg, 0.84 mmol, 0.25 equiv) in benzene (70 mL) was fitted with a Dean-Stark
apparatus and refluxed at 100 °C for 30 h. The reaction mixture was cooled to ambient
temperature, diluted with saturated aqueous NaHCO; (40 mL), and extracted with Ph-H
(3 x 30 mL). The combined organics were washed with brine (20 mL), dried (Na.SO,),

concentrated, and purified by flash chromatography on silica gel (1 to 2% Et.O in
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hexane) to give acetal 388 (585 mg, 70% yield) as an oil: Ry 0.61, 0.67 (5% Et.O in

hexanes developed twice, 25% Et.O in hexanes); 'H NMR (300 MHz, CDCl;) 8 5.74 (dq, J
= 15.8, 1.5 Hz, 1H), 5.44 (dq, J = 15.8, 6.3 Hz, 1H), 3.92—-3.78 (m, 4H), 1.72 (dd, J = 6.5,
1.7 Hz, 3H), 1.52 (s, 2H), 1.37 (d, J = 14.1 Hz, 1H), 1.30 (d, J = 14.1 Hz, 1H), 1.03 (s, 6H),
1.02 (s, 3H), 0.96 (s, 3H), 0.95 (s, 3H); 3C NMR (75 MHz, CDCl;) 6 133.7, 124.3, 113.8,
64.6, 64.4, 49.8, 48.6, 42.2, 38.0, 32.3, 32.0, 31.5, 28.3, 27.7, 18.7, 14.2; IR (Neat film
NaCl) 2952, 1455, 1388, 1225, 1146, 1124, 1078, 981 cm™*; HRMS (EI) [M]* calc'd for

[Ci6H280]1*: m/z 252.2089, found 252.2090; [a]p24 +1.51 (¢ 1.11, CHCl;, 85% ee).

R _7Q © -
_

o\_/o (55% yield) o\_/o o
388 389

Aldehyde 389. Through a cooled (—78 °C) solution of acetal 388 (252 mg, 1.00 mmol,
1.00 equiv) in CH:Cl, (25 mL) was bubbled a stream of ozone until the reaction mixture
turned blue. The reaction mixture was quenched with dimethyl sulfide (0.20 mL),
allowed to warm to ambient temperature, concentrated to an oil, and purified by flash
chromatography on silica gel (2.5 to 10% Et.O in hexane) to give aldehyde 389 (132 mg,
55% yield) as an oil: Ry 0.41, 0.29 (25% Et.O in hexanes, 5% Et.O in hexanes developed
twice); 'H NMR (300 MHz, CDCl;) 6 9.93 (s, 1H), 3.98-3.85 (m, 4H), 1.69 (d, J = 14.4
Hz, 3H), 1.57 (dd, J = 14.4, 1.2 Hz, 1H), 1.50 (d, J = 14.4 Hz, 1H), 1.37 (dd, J = 14.4, 1.2
Hz, 1H), 1.08 (s, 3H), 1.07 (s, 3H), 1.06 (s, 3H), 1.04 (s, 3H), 1.03 (s, 3H); 3C NMR (75
MHz, CDCl;) 6 206.2, 112.1, 64.5, 64.3, 58.0, 50.3, 43.0, 38.1, 32.9, 31.6, 30.6, 27.8, 27.7,
11.1; IR (Neat film NaCl) 2954, 2899, 1722, 1241, 1110, 1075, 964 cm*; HRMS (EI) [M]*
calc'd for [Ci4H24045]*: m/z 240.1726, found 240.1720; [a]p24 —39.53 (¢ 0.385, CHCI;,

85% ee).
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noR
/JL“,RTOMG
OMe
\Y N2 \Y
< _H 390 _
o 0 o K,CO3, MeOH o o \\

(21% yield) /

389 (85% yield based on 391
recovered starting material)

Alkyne 391. To a solution of aldehyde 389 (75.0 mg, 0.312 mmol, 1.00 equiv), and
K.CO; (108 mg, 0.780 mmol, 2.50 equiv) in MeOH (3.10 mL) was added diazoketone
390 (89.9 mg, 0.468 mmol, 1.5 equiv). After 1 h, an additional portion of K.CO; (214
mg, 1.56 mmol, 5.00 equiv) and of diazoketone 390 (150 mg, 0.780 mmol, 2.5 equiv)
were added. After a further 4 h, a final portion of K.CO; (200 mg, 1.45 mmol, 4.65
equiv) and of diazoketone 390 (200 mg, 1.05 mmol, 3.37 equiv) were added. After
stirring for 20 h, the reaction mixture was diluted with H.O (10 mL), extracted with
CH.Cl. (8 x 5 mL), dried (MgSO,), concentrated, and purified by flash chromatography
on silica gel (1 to 7% Et.O in hexanes) to give recovered aldehyde 389 (55.6 mg, 74%
yeld) and alkyne 391 (15.5 mg, 21% yield, 85% yield based on recovered aldehyde 389)
as an oil: Rf 0.40 (5% Et.O in hexanes developed twice); 'H NMR (300 MHz, C¢Ds) 0
3.62—3.40 (m, 4H), 2.01 (d, J = 14.1 Hz, 1H), 1.93 (s, 1H), 1.72 (d, J = 14.1 Hz, 1H), 1.47
(dd, J = 13.8, 1.8 Hz, 1H), 1.36 (s, 3H), 1.34 (s, 3H), 1.22 (s, 3H), 1.17 (dd, J = 14.3, 1.7 Hz,
1H), 1.10 (s, 3H), 1.04 (s, 3H); 3C NMR (75 MHz, CDCl;) 6 112.5, 89.1, 76.6, 70.7, 65.5,
64.2, 49.8, 47.3, 42.5, 38.0, 34.6, 31.4, 29.8, 28.8, 24.9, 16.2; IR (Neat film NaCl) 3309,
2954, 2911, 2111, 1454, 1390, 1367, 1235, 1148, 1088, 1073, 984 cm*; HRMS (EI) [M]*

calc'd for [CisH240.]*: m/z 236.1776, found 236.1786; [a]p26 —20.35 (c 1.25, CH,Cl,, 85%

o KHMDS, THF, -30 °C
\\ then,-78°C o

Boc.

/ y

ee).

Y

TBSO

203
(33% yield, 2 steps)
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Ynone 392. To a cooled (—30 °C) solution of KHMDS (24.1 mg, 0.121 mmol, 2.20
equiv) in THF (1.00 mL) was added alkyne 391 (13.0 mg, 0.055 mmol, 1.00 equiv) in
THF (1.00 mL). The solution was maintained for 30 min each at —30 °C, 0 °C, and 22
°C. The alkyne anion was cooled to —78 °C, and caprolactam 203 (23.6 mg, 0.066
mmol, 1.2 equiv) in THF (1.00 mL) was added. After 1 h, additional KHMDS (12.0 mg,
0.061 mmol, 1.10 equiv) in THF (0.50 mL) was added. After a further 5 h, the reaction
mixture was quenched with saturated aqueous NaHCO; (0.50 mL), diluted with H.O (2
mL), brine (4 mL), and Et.O (4 mL), and extracted with Et.O (6 x 4 mL) and CH.CL (2 x
2 mL). The combined organics were dried (Na.SO,), and concentrated to an oil, which
was purified by flash chromatography on silica gel (2.5 to 15% EtOAc in hexanes) to give
ynone 392 (10.9 mg, 33% yield) as an oil: Ry 0.24, 0.50 (10% EtOAc in hexanes
developed twice, 20% EtOAc in hexanes); 'H NMR (500 MHz, CDCl;) & 4.78 (s, 1H),
4.07—4.02 (m, 1H), 4.00—-3.94 (m, 3H), 3.84 (bs, 1H), 3.38—3.30 (m, 1H), 2.97 (dt, J =
14.5, 6.0 Hz, 1H), 2.58 (dd, J = 15.5, 5.5 Hz, 1H), 2.38 (dd, J = 15.5, 8.0 Hz, 1H), 2.26—
2.16 (m, 1H), 1.76 (d, J = 14.0 Hz, 1H), 1.62—-1.44 (comp. m, 4H), 1.46 (s, 9H), 1.40—-1.30
(m, 1H), 1.26 (s, 3H), 1.17 (s, 3H), 1.14 (s, 3H), 1.07 (s, 3H), 1.01 (s, 3H), 1.00 (s, 3H),
0.91 (s, 9H), 0.09 (s, 3H), 0.08 (s, 3H); 3C NMR (125 MHz, CDCl,) 6 187.2, 155.9, 112.1,
98.7, 83.7, 79.1, 69.4, 65.5, 64.6, 53.2, 49.8, 48.1, 45.9, 43.0, 42.2, 38.7, 33.8, 31.4, 29.7,
29.6, 28.4, 28.0, 26.3, 25.9, 25.6, 20.2, 18.0, —4.5, —4.6; IR (Neat film NaCl) 3383, 2955,
2930, 2208, 1716, 1673, 1504, 1391, 1366, 1252, 1171, 1090, 836 cm?; HRMS (FAB+)
[M+H]* calc'd for [C33H;o0NO6Si+H]*: m/z 594.4190, found 594.4208; [a]p2® —36.12 (¢

0.545, EtOAc).

Pd/C, EtOAc
ﬁ
.Boc H, (1 atm)

Y Y N
o & omms” (75% yield)
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Ketone 393. To a solution of ynone 392 (10.9 mg, 18.3 umol, 1.00 equiv) in EtOAc (6

mL) was added 10% Pd/C (4.0 mg), and the reaction mixture was sparged with H. (5
min). After 18 h of vigorous stirring under an atmosphere of H. (balloon), the reaction
mixture was concentrated, and purified by flash chromatography on silica gel (5 to 10%
EtOAc in hexanes). NMR analysis of the chromatographed product indicated the
presence of some partially hydrogenated material. A solution of this material in EtOAc
(5 mL) was treated again with 10% Pd/C (5.0 mg) under an atmosphere of H. (balloon)
for 4 h. The reaction mixture was concentrated to an oil and purified by flash
chromatography on silica gel (5 to 10% EtOAc in hexanes) to give ketone 393 (8.2 mg,
75% yield) as a oil: Ry 0.53 (20% EtOAc in hexanes); 'H NMR (500 MHz, CDCl;) 8 4.79
(s, 1H), 3.96 (app. t, J = 6.8 Hz, 1H), 3.83 (app. q, J = 7.0 Hz, 1H), 3.79 (bs, 1H), 3.74
(app. q, J = 7.0 Hz, 1H), 3.34—-3.26 (m, 1H), 2.98 (dt, J = 13.5, 6.5 Hz, 1H), 2.60-2.50
(m, 1H), 2.48-2.36 (m 2H), 2.20 (dd, J = 16.3, 7.8 Hz, 1H), 2.12—2.02 (m, 1H), 2.00—
1.92 (m, 1H), 1.56—1.24 (comp. m, 9H), 1.44 (s, 9H), 1.15 (d, J = 14.0 Hz, 1H), 1.11 (s, 3H),
1.05 (s, 3H), 0.96 (s, 3H), 0.92-0.89 (m, 6H), 0.89 (s, 9H), 0.07 (s, 3H), 0.06 (s, 3H); 13C
NMR (125 MHz, CDCl;) 8 211.9, 156.2, 115.2, 79.3, 69.8, 64.9, 62.6, 50.6, 50.5, 46.2,
44.2, 42.7, 41.4, 40.9, 39.1, 34.7, 31.5, 30.0, 29.4, 28.7, 28.3, 26.8, 26.1, 26.0, 24.4, 20.6,
18.3, 16.8, —4.3; IR (Neat film NaCl) 3391, 2953, 2930, 1714, 1503, 1366, 1253, 1173,
1076, 836, 776 cm?; HRMS (FAB+) [M+H]* calc'd for [Cs3sHesNOeSi+H]*: m/z

598.4503, found 598.4489; [a]p2° 9.33 (c 0.105, CH.CL,).

o]

NBoc n-BuLi, PhMe BocHN/\/\/\”/\P(OMe)z Cs,CO3, PACHO BocHN/\/\/\n/vPh
—_— 1l —_—
H,;CPO(OMe), O o ACN, 25 °C o
(60% yield) (97% yield)
394 395 396

Enone 396. To a solution of dimethyl methylphosphonate (285 uL, 2.63 mmol, 1.05
equiv) in toluene (12.5 mL) at —78 °C was added n-butyllithium (1.47 mL, 2.63 mmol,

1.05 equiv). The solution was stirred at —78 °C for 20 min then transferred dropwise via
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cannula (20 gauge) over 30 min to a cooled (—78 °C) solution of Boc-caprolactam 394"
in toluene (12.5 mL). The reaction was stirred an additional 1 h at —78 °C then warmed
to ambient temperature over 30 min and quenched with KH.PO, (1 M, aq., 20 mL) and
extracted with EtOAc (3 x 20 mL). The combined organics were washed with brine (20
mL), dried over MgSO,, and concentrated to an oil. The crude product was purified by
flash chromatography to provide phosphonate 395 (0.507 g, 1.5 mmol, 60% yield) as a
clear viscous oil.

To a solution of phosphonate 395 (103 mg, 0.305 mmol, 1.0 equiv) in ACN (3.1 mL,
0.1 M) was added benzaldehyde (31 uL, 0.305 mmol, 1.0 equiv) followed by Cs.CO3 (124
mg, 0.381 mmol, 1.25 equiv). The heterogeneous mixture was stirred vigorously for 4 h
at 25 °C then extracted from KH.PO, (1 M, aq., 5 mL) with EtOAc (3 x 5 mL). The
combined organics were washed with brine (5 mL), dried over MgSO,, and concentrated.
The crude product was dissolved in a minimal amount of Et.O, loaded onto a flash
column, and purified (10 to 25% EtOAc in pet. ether) to give enone 396 (94 mg, 0.296
mmol, 97% yield) as a white solid. m.p. 62—64.5 °C; Rr0.29 (25% EtOAc in pet. ether);
'H NMR (300 MHz, CDCl;) 6 7.55 (comp. m, 3H), 7.39 (comp. m, 3H), 6.73 (d, J = 16.2
Hz, 1H), 4.55 (bs, 1H), 3.15 (d, J = 6.6 Hz, 1H), 3.10 (d, J = 6.6 Hz, 1H), 2.67 (app. t, J =
7.4 Hz, 2H), 1.70 (comp. m, 2H), 1.51 (comp. m, 2H), 1.44 (s, 9H), 1.37 (comp. m, 2H);
3C NMR (75 MHz, CDCl;) 6 200.3, 155.9, 142.4, 134.5, 130.4, 128.9, 128.2, 126.1, 40.6,
40.4, 28.4, 26.4, 23.8; IR (Neat film NaCl) 3381, 2979, 2946, 2867, 1688, 1527, 1364,
1251, 1178, 988, 742, 689 cm?; HRMS (FAB+) [M+H]* calc'd for [C,;H2,OsN+H]*: m/z

318.2069, found 318.2066.
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Synthesized according to: Tani, K.; Behenna, D. C.; McFadden, R. M.; Stoltz, B. M.
OrD. Lett. 2007, 9, 2529—2531.

Prepared according to: Lepifre, F.; Clavier, S.; Bouyssou, P.; Coudert, D. Tetrahedron
2001, 57, 6969—-6975.
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Figure E.2 Infrared spectrum (thin film/NaCl) of compound 341.
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Figure E.3 3C NMR (125 MHz, CDCl;) of compound 341.
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Figure E.5 Infrared spectrum (thin film/NaCl) of compound 342.
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Figure E.6 3C NMR (125 MHz, CDCl;) of compound 342.
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Figure E.8 Infrared spectrum (thin film/NaCl) of compound 343.
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Figure E.9 3C NMR (75 MHz, CDCl;) of compound 343.
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Figure E.11 Infrared spectrum (thin film/NaCl) of compound 344.
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Figure E.12 3C NMR (125 MHz, CDCl;) of compound 344.
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Figure E.14 Infrared spectrum (thin film/NaCl) of compound 346.
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Figure E.15 3C NMR (125 MHz, CDCl;) of compound 346.
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Figure E.17 Infrared spectrum (thin film/NaCl) of compound 347.
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Figure E.18 3C NMR (125 MHz, CDCl;) of compound 347.



469

"eg¥€ punodwod jo (([DAD ‘ZHIN 00€) YINN H: 6L a.unbif




470

1024 _
102 |

101
100
99 |
98 |
97
9 |
95|

T 94
9

92 |

91|

90|

89|

88|

87

86.0

T T T T 1
4000.0 3000 2000 1500 1000 700.0
em-1

Figure E.20 Infrared spectrum (thin film/NaCl) of compound 348a.
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Figure E.20 3C NMR (125 MHz, CDCl;) of compound 348a.
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Figure E.23 Infrared spectrum (thin film/NaCl) of compound 348b.

o Ul kel ) N R il il

Ll e J Wil | il i i s
bl f ki

I ! !

b
I Ll

200 180 160 140 120 100 80 60 40 20 ppm

Figure E.24 3C NMR (125 MHz, CDCl;) of compound 348b.
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Figure E.26 Infrared spectrum (thin film/NacCl) of compound 348c.
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Figure E.27 3C NMR (125 MHz, CDCl;) of compound 348c.



475

‘¥9€ punodwoo jo (([DAD ‘ZHIN 00S) YN H: 8&'H a4nbL]

Z
,

€
,

14 S 9

W;ﬂ

T

- :ﬁ %ﬁ L




100.7

95

90

85

80

75

704

%T

65|

60|

55 |

50

45

40

35.0

T T T T
4000.0 3000 2000 1500 1000

em-1

Figure E.29 Infrared spectrum (thin film/NaCl) of compound 364.
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Figure E.32 Infrared spectrum (thin film/NaCl) of compound 365.
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Figure E.33 3C NMR (125 MHz, CDCl;) of compound 365.
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Figure E.35 Infrared spectrum (thin film/NaCl) of compound 366.
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Figure E.36 3C NMR (125 MHz, CDCl;) of compound 366.
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Figure E.38 Infrared spectrum (thin film/NaCl) of compound 368.
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Figure E.41 Infrared spectrum (thin film/NaCl) of compound 37o0.
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Figure E.42 3C NMR (125 MHz, CDCl;) of compound 379.
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Figure E.44 Infrared spectrum (thin film/NaCl) of compound 380.
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Figure E.45 3C NMR (75 MHz, CDCl;) of compound 380.
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Figure E.47 Infrared spectrum (thin film/NaCl) of compound 387.
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Figure E.48 3C NMR (75 MHz, CDCl;) of compound 387.
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Figure E.50 Infrared spectrum (thin film/NaCl) of compound 388.
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Figure E.51 3C NMR (75 MHz, CDCl;) of compound 380.
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Figure E.53 Infrared spectrum (thin film/NaCl) of compound 389.
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Figure E.54 3C NMR (75 MHz, CDCl;) of compound 389.
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Figure E.56 Infrared spectrum (thin film/NaCl) of compound 391.
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Figure E.57 3C NMR (75 MHz, CDCl;) of compound 391.
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Figure E.62 Infrared spectrum (thin film/NaCl) of compound 393.
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Figure E.63 3C NMR (125 MHz, CDCl;) of compound 393.
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X-RAY CRYSTALLOGRAPHY LABORATORY

Crystal Structure Analysis of:
Allyl ketone 366 (JLS04)
(CCDC 701675)

Contents:

Table E.1 Crystal data.

Table E.2  Atomic coordinates.

Table E.3  Full bond distances and angles.

Table E.4  Anisotropic displacement parameters.
Table E.5  Hydrogen atomic coordinates.

Figure E.67 Representation of Allyl ketone 366.
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Table E.1 Crystal data and structure refinement for JLSo4 (CCDC 701675).

Empirical formula
Formula weight
Crystallization Solvent
Crystal Habit

Crystal size

Crystal color

Type of diffractometer
Wavelength

Data Collection Temperature

0 range for 9397 reflections used

in lattice determination

Unit cell dimensions

Volume

Z

Crystal system

Space group

Density (calculated)
F(000)

Data collection program

6 range for data collection
Completeness to 6 = 35.00°
Index ranges

Data collection scan type
Data reduction program
Reflections collected
Independent reflections
Absorption coefficient
Absorption correction

Max. and min. transmission

Data Collection

Ci5sH2005

280.31
Diethylether/heptane
Block

0.33 X 0.17 X 0.17 mm3

Colorless

Bruker KAPPA APEX II
0.71073 A MoKo.
100(2) K

2.29 t0 34.60°

a=28.5338(4) A
b =11.6571(5) A B=103.172(2)°
¢ =14.1940(6) A

1374.86(10) A3

4

Monoclinic

P2,/c

1.354 Mg/m3

600

Bruker APEX2 v2.1-0

2.29 t0 35.00°

92.9 %
-13<h<13,-18<k<18,-22<l<21
 scans; 19 settings

Bruker SAINT-Plus v7.34A
56123

5626 [R, ;= 0.0566]

0.101 mm™

None

0.9830 and 0.9674
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Structure Solution and Refinement

Structure solution program
Primary solution method
Secondary solution method
Hydrogen placement

Structure refinement program
Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F2

Final R indices [I>20(I), 4781 reflections]
R indices (all data)

Type of weighting scheme used
Weighting scheme used

Max shift/error

Average shift/error

Largest diff. peak and hole

SHELXS-97 (Sheldrick, 2008)
Direct methods

Difference Fourier map
Difference Fourier map
SHELXL-97 (Sheldrick, 2008)
Full matrix least-squares on F?
5626 / 0 / 261

Unrestrained

3.518

R1 =0.0391, wR2 = 0.0840
R1 = 0.0464, wR2 = 0.0844
Sigma

w=1/02(Fo02)

0.001

0.000

0.473 and -0.278 e.A3

Special Refinement Details

Crystals were mounted on a glass fiber using Paratone oil then placed on the diffractometer under a

nitrogen stream at 100K.

Refinement of F2 against ALL reflections. The weighted R-factor (wR) and goodness of fit (S) are

based on F2, conventional R-factors (R) are based on F, with F set to zero for negative F2. The threshold
expression of F2 > 20( F2) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of
reflections for refinement. R-factors based on F2 are statistically about twice as large as those based on F,
and R-factors based on ALL data will be even larger.

All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full
covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances,
angles and torsion angles; correlations between esds in cell parameters are only used when they are
defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds
involving Ls. planes.
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Table E.2 Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for JLS04 (CCDC 701675). U(eq) is defined as the trace of the orthogonalized U% tensor.

X y Z Ueq
0(1) 8256(1) 3008(1) 5023(1) 20(1)
0(2) 6441(1) 4468(1) 2454(1) 23(1)
0(3) 6792(1) 2677(1) 1977(1) 16(1)
0(4) 9995(1) 3728(1) 1801(1) 20(1)
0(5) 11377(1) 2075(1) 2019(1) 17(1)
C(1) 3966(1) 3880(1) 4264(1) 28(1)
C(2) 4624(1) 2860(1) 4446(1) 21(1)
C(3) 5025(1) 2097(1) 3689(1) 17(1)
C(4) 6786(1) 1622(1) 3915(1) 14(1)
C(5) 7908(1) 2654(1) 4200(1) 13(1)
C(6) 8593(1) 3265(1) 3408(1) 12(1)
C(7) 9404(1) 2307(1) 2926(1) 11(1)
C(8) 7852(1) 1714(1) 2354(1) 13(1)
C(9) 7081(1) 988(1) 3008(1) 15(1)
C(10) 6997(1) 778(1) 4764(1) 21(1)
C(11) 9596(1) 4297(1) 3823(1) 17(1)
C(12) 7173(1) 3583(1) 2580(1) 15(1)
C(13) 10277(1) 2809(1) 2193(1) 13(1)
C(14) 12227(1) 2420(1) 1297(1) 22(1)

C(15) 10529(1) 1524(1) 3643(1) 14(1)
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Table E.3 Bond lengths [A] and angles [°] for JLSo4 (CCDC 701675).

0(1)-C(5) 1.2099(9) C(2)-C(3)-H(3A) 105.9(6)
0(2)-C(12) 1.1981(9) C(4)-C(3)-H(3A) 112.0(7)
0(3)-C(12) 1.3519(9) C(2)-C(3)-H(3B) 111.6(6)
0(3)-C(8) 1.4647(9) C(4)-C(3)-H(3B) 103.5(6)
0(4)-C(13) 1.2059(9) H(3A)-C(3)-H(3B) 108.3(8)
0(5)-C(13) 1.3341(9) C(5)-C(4)-C(10) 109.95(6)
0(5)-C(14) 1.4403(11) C(5)-C(4)-C(9) 112.52(6)
C(1)-C(2) 1.3145(13) C(10)-C(4)-C(9) 109.46(7)
C(1)-H(1A) 0.986(13) C(5)-C(4)-C(3) 106.81(6)
C(1)-H@1B) 0.976(12) C(10)-C(4)-C(3) 108.84(7)
C(2)-C(3) 1.4934(12) C(9)-C(4)-C(3) 109.16(6)
C(2)-H(2) 0.957(11) 0(1)-C(5)-C(4) 121.58(7)
C(3)-C(4) 1.5646(11) 0(1)-C(5)-C(6) 119.52(6)
C(3)-H(3A) 0.974(11) C(4)-C(5)-C(6) 118.90(6)
C(3)-H(3B) 0.947(11) C(11)-C(6)-C(12) 112.63(6)
C(4)-C(5) 1.5339(10) C(11)-C(6)-C(7) 118.25(7)
C(4)-C(10) 1.5343(11) C(12)-C(6)-C(7) 100.99(5)
C(4)-C(9) 1.5539(11) C(11)-C(6)-C(5) 110.77(6)
C(5)-C(6) 1.5534(11) C(12)-C(6)-C(5) 107.73(6)
C(6)-C(11) 1.5160(10) C(7)-C(6)-C(5) 105.58(6)
C(6)-C(12) 1.5290(9) C(13)-C(7)-C(15) 110.60(6)
C(6)-C(7) 1.5526(10) C(13)-C(7)-C(8) 107.75(6)
C(7)-C(13) 1.5276(11) C(15)-C(7)-C(8) 114.45(6)
C(7)-C(15) 1.5312(10) C(13)-C(7)-C(6) 111.12(6)
C(7)-C(8) 1.5495(9) C(15)-C(7)-C(6) 114.28(6)
C(8)-C(9) 1.5134(11) C(8)-C(7)-C(6) 97.94(6)
C(8)-H(8) 0.960(9) 0(3)-C(8)-C(9) 109.52(6)
C(9)-H(9A) 0.964(10) 0(3)-C(8)-C(7) 103.47(5)
C(9)-H(9B) 0.992(10) C(9)-C(8)-C(7) 111.55(6)
C(10)-H(10A) 1.000(11) 0(3)-C(8)-H(8) 105.8(5)
C(10)-H(10B) 0.959(11) C(9)-C(8)-H(8) 113.1(6)
C(10)-H(10C) 0.988(11) C(7)-C(8)-H(8) 112.7(5)
C(11)-H(11A) 0.950(12) C(8)-C(9)-C(4) 114.65(6)
C(11)-H(11B) 0.995(10) C(8)-C(9)-H(9A) 108.3(7)
C(11)-H(11C) 0.998(11) C(4)-C(9)-H(9A) 108.8(6)
C(14)-H(14A) 0.929(12) C(8)-C(9)-H(9B) 108.6(6)
C(14)-H(14B) 0.998(12) C(4)-C(9)-H(9B) 108.0(6)
C(14)-H(14C) 0.949(10) H(9A)-C(9)-H(9B) 108.4(8)
C(15)-H(15A) 0.981(11) C(4)-C(10)-H(10A) 109.3(6)
C(15)-H(15B) 0.985(11) C(4)-C(10)-H(10B) 109.3(6)
C(15)-H(15C) 0.974(10) H(10A)-C(10)-H(10B) 106.8(9)
C(4)-C(10)-H(10C) 112.4(6)
C(12)-0(3)-C(8) 109.13(5) H(10A)-C(10)-H(10C) 105.6(8)
C(13)-0(5)-C(14) 116.25(6) H(10B)-C(10)-H(10C) 113.2(9)
C(2)-C(1)-H(1A) 118.5(8) C(6)-C(11)-H(11A) 110.7(6)
C(2)-C(1)-H(1B) 122.5(6) C(6)-C(11)-H(11B) 110.4(6)
H(1A)-C(1)-H(1B) 118.8(10) H(11A)-C(11)-H(11B) 108.4(9)
C(1)-C(2)-C(3) 123.75(9) C(6)-C(11)-H(11C) 109.6(6)
C(1)-C(2)-H(2) 119.3(6) H(11A)-C(11)-H(11C) 108.9(9)
C(3)-C(2)-H(2) 116.9(6) H(11B)-C(11)-H(11C) 108.8(8)

C(2)-C(3)-C(4) 115.50(6) 0(2)-C(12)-0(3) 122.43(6)



0(2)-C(12)-C(6)
0(3)-C(12)-C(6)
0(4)-C(13)-0(5)
0(4)-C(13)-C(7)
0(5)-C(13)-C(7)
0(5)-C(14)-H(14A)
0(5)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
0(5)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(7)-C(15)-H(15A)
C(7)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(7)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)

128.19(7)
109.37(6)
123.97(8)
125.29(7)
110.72(6)
109.1(7)
103.7(7)
113.6(9)
108.5(6)
109.7(9)
111.9(9)
111.6(5)
111.3(6)
108.5(8)
109.6(5)
106.1(8)
109.6(8)
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Table E.4 Anisotropic displacement parameters (A2x 104) for JLS04 (CCDC 701675). The
anisotropic displacement factor exponent takes the form: -2x2[ h2a*2U" + ... + 2 hk a* b* U2 ].

Uu U22 Uss3 U23 U U2
0(1) 187(3) 267(3) 135(3) -37(2) 41(2) -38(2)
0(2) 215(3) 215(3) 253(3) 43(2) 57(2) 93(2)
0(3) 131(2) 201(3) 132(2) -3(2) 11(2) 25(2)
0@4) 222(3) 171(3) 212(3) 46(2) 90(2) 13(2)
0(5) 160(3) 204(3) 168(3) 2(2) 88(2) 27(2)
C(1) 246(4) 260(4) 381(5) -62(4) 141(4) -20(4)
C(2) 134(3) 294(4) 205(4) -36(3) 59(3) -18(3)
C(3) 111(3) 230(4) 180(4) -18(3) 42(3) -14(3)
C(4) 117(3) 167(3) 148(3) 0(3) 40(3) -20(3)
C(5) 98(3) 158(3) 138(3) -4(3) 27(2) 18(3)
C(6) 117(3) 115(3) 124(3) -12(2) 30(3) 8(2)
C(7) 100(3) 106(3) 132(3) -9(2) 33(2) -1(2)
C(8) 119(3) 142(3) 137(3) -29(3) 27(3) o(2)
C(9) 133(3) 149(3) 182(4) -32(3) 51(3) -29(3)
C(10) 211(4) 211(4) 205(4) 41(3) 71(3) -20(3)
C(11) 199(4) 135(3) 195(4) -33(3) 58(3) -34(3)
C(12) 134(3) 177(3) 142(3) 20(3) 47(3) 22(3)
C(13) 111(3) 148(3) 132(3) -22(3) 26(2) -13(3)
C(14) 186(4) 333(5) 164(4) 5(3) 88(3) -2(3)

C(5) 126(3) 140(3) 157(4) 19(3) 31(3) 12(3)
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Table E.5 Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103) for
JLS04 (CCDC 701675).

X y Z Uiso
H@A) 3788(16) 4183(11) 3599(9) 49(4)
H(B) 3733(14) 4372(10) 4771(8) 34(3)
H(2) 4851(13) 2572(9) 5094(8) 29(3)
H(3A) 4773(13) 2536(9) 3090(8) 28(3)
H(3B) 4383(13) 1425(9) 3601(7) 24(3)
H(8) 8014(11) 1306(8) 1796(6) 12(2)
H(9A) 7765(13) 335(9) 3217(7) 24(3)
H(9B) 6029(12) 706(8) 2628(7) 22(2)
H(10A) 8136(14) 503(9) 4934(7) 31(3)
H(10B) 6335(13) 116(9) 4567(7) 32(3)
H(10C) 6809(13) 1141(9) 5357(7) 25(3)
H(11A) 9975(14) 4689(10) 3332(8) 31(3)
H(11B) 10542(13) 4054(8) 4333(7) 24(3)
H(11C) 8929(13) 4836(9) 4114(7) 30(3)
H(14A) 11493(15) 2516(9) 709(8) 35(3)
H(14B) 13007(14) 1783(9) 1296(7) 35(3)
H(140) 12756(13) 3127(8) 1492(7) 22(3)
H(15A) 10863(12) 854(9) 3318(7) 26(3)
H(15B) 10012(12) 1252(9) 4155(7) 22(2)

H@150) 11512(12) 1937(8) 3933(6) 18(2)
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NOTEBOOK CROSS-REFERENCES

The following notebook cross-references have been included to facilitate access to the
original spectroscopic data obtained for the compounds presented in this thesis. For
each compound, both hard copy and electronic versions of the original 'H NMR, 3C
NMR, “F NMR, 3'P NMR, and IR spectra are stored in the Stoltz group archives.

Compounds from Chapter 2 - Early Efforts Toward the Synthesis of Zoanthenol

Compound Procedure H NMR 3C NMR IR
OMe
TBSO. !
DCBX_339 DCBXII_239_H DCBXII_239_C DCBXII_239
172
OMe O
"o H DCBXI_Benzalde | DCBXI_Benzalde | DCBXXVI_93
DCBX_299 hyde H hyde_C _HighRf
173
OMe O
1880 H DCBXXVI_93_ DCBXXVI_93_ | DCBXXVI_93
ID)L DCBX_299 LowRf H LowRf_C LowRf
e
TBSO.
IDAOH DCBXXVIIL 225 2D2CB)§IXVIII_ DCBXXVIII_ DCBXXVIII_
5_ 225 C 225
175
OMe
TBSO.
ﬁsr DCBXII_ 217 DCBXII_217_H DCBXII_217_C DCBXII_ 217
168
o
ij/\%
>< DCBXXIII_g7 DCBXXIII_g97_H | DCBXXIII_g7_C | DCBXXIII_97
/
(-)-170
[o}
o
Oru DCBXXV_101 DCBXXV_99_ DCBXXV_99_C | DCBXXV_99
o\_/o 41_H
(+)-180
o
o]
mau DCBXXV_103_Hi | DCBXXV_103_H | DCBXXV_103
5 DCBXXV_103 | shpf 1 ighRf_C _HighRf
(+)-177
o
\ij/\fo
OtBu DCBXXV_103_Lo | DCBXXV_103_L | DCBXXV_103
% DCBXXV_103 | \rf H owRf_C LowRf
(-)-177
oTf
o]
tj/\f DCBX_175 DCBXXVIIL_ DCBXXVIII_ DCBXXVIII_
0" Yo 235_H 235_C 235
/
178
H o
o]
6/\5“ DCBXI 59 DCBXXVIII_ DCBXXVIII_ DCBXXVIII_
o o 237_H 237_C 237
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DCBXI_67

BBG_Grignard_H

BBG_Grignard_
Pdt_C

BBG_Grignar
d_Pdt

DCBXXVIIL 227 2D2C73_)§IXVHI— E;Bjéxvm— 2D2C7BXXVIII_
DCBVII_189 DCBVII_189_H DCBVII_189_C | DCBVII_189
DCBX_281-285 DCBX_185_H DCBX_185_C DCBX_185

DCBXII_93 DCBXXVIIL Tf H gCBXXVIII_Tf_ ?CBXXVIII_T
DCBX_235 DCBVIII_115_H | DCBVIII_115_C | DCBVIII_115

DCBVIII_223,22 | DCBXXVIII_ DCBXXVIII_ DCBXXVIII_
7,231 257_final_H 257_C 257
DCBXXVIII_ DCBXXVIII_ DCBXXVIII_
DCBIX_69 259_CDCI3_H 259A_C 259
DCBXXVIII_ DCBXXVIII_ DCBXXVIII_
DCBIX 131 261_H 261_C 261
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DCBXXVIIL 260 | DEBXXVIIL DCBXXVIIL_ DCBXXVIIL_
269 H 269_C 269
S JTBIIL 71 JTB-A-HNMR JTB-A-CNMR JTB-A-IR
(-)-210
U5 oms JTBII_289 JTB-B-HNMR JTB-B-CNMR JTB-B-IR
(-)-211
[o]
“\‘.@m JTBI 243 JTB-C-HNMR JTB-C-CNMR JTB-C-IR
(-)-212
[e]
“ﬁ;"yo” JTBIIL 53 JTB-D-HNMR JTB-D-CNMR JTB-D-IR
(-)-213
[e]
o 0.
Meﬁﬁi&ii Q JTBIIL_57 JTB-E-HNMR JTB-E-CNMR JTB-E-IR
214 °
0
o Me OTBS
~y ";(< JTBII 227 JTB-F-HNMR JTB-F-CNMR JTB-F-IR
OMe o]
215
Boc 4
N
. Q JTBII_295 JTB-G-HNMR JTB-G-CNMR JTB-G-IR
203
[e] OTBS
SAA N weee | 3BT 49 JTB-H-HNMR JTB-H-CNMR JTB-H-IR
168

Compounds from Chapter 3 - Acid-Mediated Cyclization Approaches to the Densely
Substituted Carbocyclic Core of Zoanthenol

Compound Procedure H NMR 13C NMR IR
OTBS o
° DCBXXVI-77 ggeS‘SCha”—lHre ThesisChar1_13C | ThesisChar1
o
225
[o]
di\(io JLSIX 155 Diene_H Diene_C JLSX_ 295
226
[e]
OH
Ove JLSXI_25 ThesisCharg_1H ThesisCharg_13C | JLSVII_73
o
242
0
ﬁj\\f(o I ove JLSXI 27 JLSV_87 1 TIodoLact_C JLSV_153
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DCBXXVIII_14

3 ThesisChar2_1H ThesisChar2_13C | ThesisChar2
247a
OH
(o]
] OMle ?CBXXVHI—IS ThesisChar3_1H ThesisChar3_13C | ThesisChar3
o]
248
o
\ébfg DCBXXVI_ DCBXXVI 149 H | DEBXXVI_149_ | hepssvi 149
"o 1 149 C
250
OTf
(o]
@),\\/FWB %?BXXVI— DCBXXVI_ 191 H | DCBXXVI_191_C | DCBXXVI_191
o
251
/O
S owe DCBXXVI_ DCBXXVI 199 H | DEBXXVI_199_ | hepsxvi 199
o 199 C
DCBXXVI_ DCBXXVI_101_2 | DCBXXVI_147_ | popssr 1o
147 4_H C
?S%BXXVI— DCBXXVI_189_H BCBXXVI—189— DCBXXVI_189
%%BXXVI— DCBXXVI_193_H BCBXXVI—I%— DCBXXVI_193
256
TBSO
o
@5?0'“ JLSVIII_299 ThesisChar4_1H ThesisChar4_13C | ThesisChar4
o
257
OTBS
OH
- JLSVIII_303 ThesisChars_1H ThesisChars_13C | ThesisChars
OH OH
258
OTBS
(o]
X JLSX_49 SDCBXXVH—157—L JLSIX 47 2 C | JLSIX 47 2
OH
259
OTBS
d:“ JLSIX
'Ol JLSX_ 49 DCBXXVILI6ITS | > “pora ¢ | JLSIX-47_1
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X EE)BXXVH— JLSIX 25 1 H | JLSIX 25 1 C | JLSIX 25 1
261
[¢]
| ~o
\¢\’)< DCBXXVIL | DCBXXVIL 225 | DCBXXVII 225 | DCBXXVIL 22
| 225 HighRf H HighRf C 5_HighRf
262a
o
~
\¢ K DCBXXVIL | DCBXXVIL 211 3 | DCBXXVIII 33 | DCBXXVIIL_3
\—o0
e 225 9 LowRf _C 3_LowRf
262b
oTf
~V"°
X DCBXXVIL | DCBXXVIL_ DCBXXVIL_ DCBXXVIL_
| 219 243_SM_H 243 _SM_C 243 _SM
263
H (o]
2D§9BXXVIH DCBXXVIIL 51_H BCBXXVIH—E’I— DCBXXVIIL_ 51
DCBXXVIIL | DCBXXVIII_ DCBXXVIIL_ DCBXXVIIL_
243 243_H 243_C 243
DCBXXVIIL | DCBXXVIII_ DCBXXVIIL_ DCBXXVIIL g
247 95_H 95_C 5
DCBXXVIIL 9 | DCBXXVIIL 99 4 | DCBXXVIII 99 | DCBXXVIIL g
9 8_H 48_C 9_48
OH . .
i JLSIX 213 ThesisChar6_1HR | ThesisChar6_13C ThesisChar6
&' o edo Redo
X
272
OTBS
I DCBXXVIL 21 | DCBXXVIL 217 | DCBXXVIL 217 | DCBXXVIL 21
éxo 7 H C 7
273
o
CN
ij: DCBXXVIL 1458 | DCBXXVIL 1458 | DCBXXVIL 14
il JLSIX_105 M_H M_C 5SM
DaS
274
oTf
ﬁ:‘:" JLS IX_101 DCBXXVIL_153C6 | DCBXXVIIL 153C | DCBXXVIL 15
i) JLSIX_107 D6_H 6D6_C 3
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JLSX_21 DCBXXVIL 163_ | DCBXXVIL 163_ | DCBXXVIL 16
JLSIX 179 H C 3

ﬂfﬁ%j?i” }DICBXXVIII_97_ BCBXXVIII_97_ DCBXXVIIL g7
JLSXVII71 JLSXVII71_1a_1H ‘?{IéSXV 7112 1 51 oXVII71-1a
JLSXVII8g JLSXVII8g_1_1H ‘éLSXV 189 113 | 51 5xVII89-1
JLSXVII75 il LSXVII75_2a_1 g ESXV II75_2a_1 JLSXVII75-2a
JLSXVII91 JLSXVIIo1 1 _1H ‘éLSXV 91 113 | j1.8XVIIg1-1
JLSXIII61 JLSXIII61 1 1H | JLSXIII61 1 13C | JLSXIII61-1

Compounds from Chapter 4 — Radical Cyclization Approaches to the Tricyclic Core of
Zoanthenol
Compound Procedure 'H NMR B3C NMR IR
?S%BXXVI— DCBXXVI_189_H BCBXXVI—189— DCBXXVI_189
JLSXVI115 JLSXVI1i5 2 1H | 9PSXVIIS 2 13 | 51 axevrieh

C
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JLSXVI119_1_13

JLSXVI119 JLSXVI119_1_1H C JLSXVI119a

JLSX 31

JLSX_ 121 ThesisChar7_1Hb | ThesisChary_13C | ThesisChary

JLSX_ 135

JLSXVII JLSXVII

JLSX299 85_ab2 1H 85_4b2_13C JLSXVII85-4b2

DCBXXVIII_ DCBXXVIII_ DCBXXVIII_ DCBXXVIII_

251 159_H 159_C 159
DCBXXVIII_ DCBXXVIII_

DCBXXIX_49 DCBXXIX57_H 255 C 163 20B

DCBXXIX_59 DCBXXIX_59_H DCBXXIX_59_C | DCBXXIX_55




Compounds from Appendix D — Current and Future Investigations Toward Zoanthenol

Compound Procedure H NMR 13C NMR IR
[e]
Y
OMe
@i° JLSXV303 JLSXV303-1_1H ‘éLSXV 303113 | jisxv303a
TESO st
?H OH
QiOH JLSVII39 JLSXVi125-1_1H | JLSVII-39_13C JLSVII39
OTES
342
[e]
o
. W | JLSXVII49 JLSXVII4g-2_1H | YLSXVII49- JLSXVII49-2
o 2_13C
OTES o
343
[o]
o
on JLSXV263 JLSXV263-1_1H | JLSXV263-1_13C | JLSXV263-1
OTES
344
[o]
o
(;Ii JLSXVII53 JLSXVII53-1_1H | JLSXVII53-1_13C | JLSXVII53-1
060
346
[o] OTES
¢I< JLSXV253- JLSXV253- )
Oé ) JLSXV253 1a 1H 1a_13C JLSXV253-1
347
[o] OTES
\jS JLSXVIIg5- JLSXVIIg5- JLSXVIIg5-
°é° JLSXVII45 1a3_1H 1a3_13C 1a3
348a
[o] OTES
\jS JLSXVII45- JLSXVII45- JLSXVII45-
°é° JLSXVII45 2b3_1H 2b3_13C 2b3
348b
[o] OTES
\ﬁji JLSXVII45- JLSXVII45- )
oéo JLSXVIl45 \a 1H 12 13C JLSXVII45-1a
348¢c
o
\/\OJ\O
\@?g JLSXVIi59 JLSXVIi59-1_1H les?f(CV T159- JLSXVI159a
- ~ —
[o]
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TJ-1-263 TJ-PHOX-1H TJ-PHOX-13C TJ-1-263a
JLSXVIi47 JLSXVIi47-1_1H les?f(CV T47- JLSXVIi47a
JLSXVI231 JLSXVI231-1_1H les?f(CV T231- JLSXVI231-1a
AM-II-125 AM-II-125_1H AM-II-125_13C AM-II-125
DCBXXVI_ DCBXXVI_163_ DCBXXVI_163_C DCBXXVI_16
163 H 3
AM-TI- AM-TI- AMLIL
AM-II-265 %65_prepTLC_1 (2365_prepTLC_13 265_prepTLC
DCBXXV_31 DCBXXIV_249_ | DCBXXIV_249_1 | DCBXXIV_24
19_H 9 C 9_19
DCBXXV_39 DCBXXV_39
DCBXXV_39 | [ “py 0. C DCBXXV_39
DCBXXV_77 ??;JBEI(XV—W— DCBXXV_77 C | DCBXXV_77
DCBXXV_79 DCBXXV_83 H | DCBXXV_83 C | DCBXXV_83
DCBXXV_113 DCBChar11_H ll)CCB XXIX_Char1 DCBXXV_113
DCBXXV_115 DCBthesisChar DCBthesisChar DCBXXIX_the
10_H 10_C sisChar10o
B«mHN/\/\/\n/\/Prl
o AM-I-199 AM-I-199_1H AM-I-199_13C AM-I-199
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