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Abstract

Affecting 1 in 5 Americans, chronic pain has become the most common reason
individuals seek out medical care. Those suffering from daily pain often endure mobile
restrictions, anxiety, depression, and an overall reduced quality of life. Currently, pain
management relies heavily on non-steroidal anti-inflammatory drugs (NSAIDs) and
opioid analgesics, but these options only provide relief for ~25% of patients. Opioids,
which are considered the most effective at relieving pain, are associated with very
serious side effects such as addiction, dependence, and tolerance. As a result of their
addictive properties, we now face an epidemic of opioid overdose. Since 1999 the
number of deaths resulting from opioid overdose has steadily increased with ~70,000
deaths in 2020. Consequently, the discovery of safe, effective, and noraddictive
analgesics is imperative to end this epidemic and treat those suffering from daily pain.

As natural products have had a long -standing role in the identification of
bioactive compounds for drug development, they may provide an excellent starting
point for the development of non -opioid analgesics. Grayananetype natural products
are diterpenoids extracted from the plants of the Ericaceae family. They exhibit a unique
5/7/6/5 ring system and a wide variety of bioactivities. Among them, rhodojaponin I
has recently been reported to possess potent analgesic activity in an acute,
inflammatory, and diabetic neuropathic pain model. Notably, rhodojaponin 11l does not
affect the endogenous opioiE wx | x UPET UT PEwUaUU]l QOWEUUwPbUz UwlI EIT

be established. As the total synthesis of rhodojaponin Il has yet to be reported, we aim



to develop an efficient route to access rhodojaponin Il for further development as an
analgesic and a ctemical probe for mechanistic studies.

Our synthetic strategy relies on a convergent approach in which two fragments
are synthesized separately and then coupled together to provide the skeleton of
grayanane-type natural products. Herein, the synthesis of th e two fragments will be
discussed with an emphasis on the enantioselective construction of the key
bicyclo[3.2.1]octane fragment. Synthesis of the bicycle is centered around a copper()
mediated conjugate addition to a shielded enoate, cyclization of an alkynyl ketone via
Mn(lll) -mediated radical cyclization and a stereoselective ketone reduction with Sml 2.

In addition to natural product synthesis, our efforts towards the development of
non-opioid analgesics includes the structure-guided design of adenosine reuptake
inhibitors (AdoRIs). The analgesic effect of adenosine has gained recent attraction as an
alternative approach for pain -relief. One tactic for increasing extracellular adenosine is
to inhibit the intracellular transport by equilibrative nucleosi de transporters (ENTS).
Consequently, our work takes advantage of the co-crystal structure of hENTL in
complex with two known inhibitors, dilazep and NBMPR, to rationally design novel
inhibitors with improved potency, selectivity, and pharmacological prope rties. Herein,
the generation of a small library of hENT1 inhibitors with promising analgesic activity in
a streptozotocin (STZ) induced diabetic neuropathic pain model will be reviewed.
Additionally, the design and synthetic progress towards a macrocyclic inhibitor and

hENT3 selective compounds will be discussed.
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1. Introduction

1.1 Pain Prevalence and the Opioid Overdose Crisis

In 1994, the International Association for the study of Pain (IASP) defined pain as
PEOwWUOx Ol EUEOQUwWUI OUOUawEOEwWI OOUDPOOEEta Rxi UDPI OE
UPUUUI wEEOET | wOUWEIT UE UD EiAkhouiOpait i swigedtiveandul UE T wE E
can be caused by a variety of stimuli, the mechanism for detection and perception
follows a consistent path. Put simply, the pain mechanism involves four major
processes: transduction, transmission, perception,and modulation (Figure 1).2

When a painful stimulus (mechanical, heat or chemical) causes damage to the
peripheral tissue, inflammatory mediators such as substance P, serotonin, bradykinin,
prostaglandins, and others, sensitize primary afferent nociceptors (transduction). The
signal is then transmitted from the periphery to the central nervous system through the
dorsal root ganglia, up the spinal cord to the brain stem and thalamus. Finally, the signal
reaches the somatosensory cortex, and the painful stimuli is perceived. Perceptionis
subjective as it integrates many sensory messages and is influenced by attention,
expectation, and interpretation. Lastly, modulation refers to the process by which

transmission of the pain signal is reduced by the release of neurotransmitters such as



opioid peptides, norepinephrine, glycine, or GABA. 23

Tissue injury Central perception .
\', *—— Cortex
l . /"f
Inflammation Thalamus S Sl (S

Substance P l /{)

Prostaglandins -
Serotonin Mediator release opioid peptides, norepinephrine,
glycine, and GABA | |

Acetylcholine ) L
/T Descending inhibitory pathway —— #— Spinothalamic tract
" |
Peripheral stimulus _F}Nociception '

Signal transduction

Dorsal root
ganglion

Conduction /

; / Transmission
Peripheral nerve

\ "
\\T/ e’

Spinal cord

Figure 1. Pain pathway involving transduction, transmission, perception, and
modulation. Figure adapted from ref 3.

Pain is broadly classified under two categories, acute or chronic. Acute pain is a
physiological response to noxious stimuli (i.e., laceration or b roken bone), typically at a
well -defined location, and although it can be quite severe, it recedes relatively quickly.
Whereas chronic pain generally exceeds 3 months and does not resolve with treatment
and/or normal tissue healing. 4 Chronic pain can furthe r be classified by the source of
pain including, nociceptive, neuropathic, visceral, or mixed pain. 5

Chronic pain affects roughly 1 in 5 America ns and has become the most common

reason individuals seek out medical care.* Patients with chronic pain often suffer from



mobile restrictions, anxiety, depression, and an overall reduced quality of life. ¢ Pain
management options rely heavily on analgesic therapeutics such as nonnarcotic
analgesics, nonsteroidal anti-inflammatory drugs (NSAIDS) and narcotics (opioids),
with ~65% of the total market share attributable to NSAIDs and opioids. > Examples of
analgesics therapeutics are depicted in Figure 2.Disappointin gly, ~25% of patients with

daily pain find relief from these therapeutic treatments. 5

0 HO _0
o % f g
o}\© : } AN
HO' HO'
acetylsalicyclic acid (aspirin) morphine oxycodone
NSAID opioid opioid
H
(0]
N
/©/ \ﬂ/ 0 N J\/\/\/\(
(o) HO o ]@A H
| naproxen acetaminophen (tylenol) HO capsaicin
NSAID non-narcotic analgesic non-narcotic analgesic

Figure 2. Selected analgesic therapeutics

Mechanistically, NSAIDs reduce inflammation by inhibiting the cyclooxygena se
isoenzymes COX1 and COX2 from converting arachidonic acid to prostaglandins, which
are key mediators in promoting signal transduction. While NSAIDs provide relief for
many patients, serious side effects such as gastrointestinal bleeding and cardiovascur
risks make them unsuitable for some and preclude them from long -term use.”
Contrastingly, opioids produce an analgesic effect by preventing the release of
neurotransmitters such as substance P, glutamate, and caitonin gene-related peptide

(CGRP) in the dorsal horn of the spinal cord, which prevents transmission of the pain



impulse to the brain stem. Although opioids are considered most effective for relieving
pain, they too are accompanied by very serious side dfects such as addiction,
dependence, and tolerance?
As a result of their addictive properties, we now face an epidemic of opioid
overdose. As seen n Figure 3, since 1999 the number of deaths resulting from opioid
overdose has steadily increased with ~70,000 deaths in 2020This has also placed a huge
economic burden on society with an estimated $1.02 trillion spent in 2017 on costsfor
opioid use disorder and fatal opioid overdose. 1 Ongoing efforts to combat this crisis
DOEOUEI wEOwWPOPUPEUDYI WwOEUOET I EwEaw- (' wBOw!l YhWuw
Ul UOwmp' $ + A ~aid b GaedlificEdsdanchfdd pueventing opioid misuse and
addiction and enhance pain management!: EEDUDOOEOOaOwUT 1T w" #" zUw? . \
EUPOOQuwm. #1 K2 wxUOT UEOQwDPUwP OU @atdiespandtaDET OUDI a w
overdoses, provide care, and increase public awareness? Importantly, significant
research efforts are being made towards analgesics with novel strategies such as

targeting ion channels, enzymes, and G-protein -coupled receptors (GPCRs)13
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Figure 3. National overdose death involving any opioids.  Figure adapted from
ref 9.

Although considerable efforts have been made to overcome the opioid overdose
crisis, identifying safe, effective, and non -addictive analgesics is paramount to end this
epidemic and treat those suffering from daily pain. In this regard, the focus of this
dissertation will be on the development of analgesic compounds for the development of
non-opioid therapeutics. In the second chapter, our efforts towards the total synthesis of
rhodojaponin lll, a grayanane -type natural product with potent antinociceptive
properties will be discussed. Our synthetic strategy is based on a convergent approach
that relies on the enantioselective construction of a key bicyclo[3.2.1]octane fragment,
which will be the primary goal of this chapter. The third chapter describes the role of

equilibrative nucleoside transporters (ENTS) in analgesia and our progress towards the



rational design and synthesis of ENT inhibitors with promising activity in a

streptozotocin (STZ)-induced diabetic neuropathic pain model.



2. Synthetic Progress Towards the Total Synthesis of
Rhodojaponin Il

2.1 Introduction

2.1.1 Grayanane-type Natural Products

Natural products (NPs) have a long -standing role in medicine; dating back to
2600 B.C. Mesopotamia where oils fromCupressus semperens(Cypress) and
Commiphorgmyrrh) were used to treat coughs, colds, and inflammation. NPs are
secondary metabolites that are uniquely produced by an organism as an adaptation to
the surrounding environment and are generally not essential for growth, de velopment,
or reproduction. 4 They have immense scaffold diversity, structural complexity, and are
sOxUPOPAl EzwUOOwWUI UYT WEWEDOOOT PEEOQwi UBGEUDPOOOWDI

discovery processis

3
(0]
HO
acetylsalicyclic acid (aspirin) morphine artemisinin
anti-inflammatory pain relief antimalarial

J/—~OH
penicillin
antibiotic

erythromycin
antibiotic

Figure 4. Natural product derived therapeutics



In addition to traditional herbal remedies, NPs and NP -derived compounds have
had a key contribution in FDA approved drugs from 1981 to 2019, having key roles in
cancer, infectious disease, cardiovascular disease, and multiple sclerosis therapeutics,
including many widely recognized drugs (Figure 4).15 As many novel NPs continue to be

isolated and characterized with potent biological activity, NPs maintain a promising role

in drug development.
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cleavage of
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o)
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B —
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ON - =
H i H g 3
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Figure 5. Biosynthetic pathw ay of grayanane-type & related diterpenoids. Figure
adapted from ref 17

The plants of the Ericaceae family are a rich source of terpenoids, especially

grayanane-type diterpenoids, which possess a unique 5/7/6/5tetracyclic core derived



from rearrangement of the entkaurane skeleton (Figure 5).17 Over 290 grayanoids have
been isolated and characterized with 18 different carbon skeletons. Biologically, they
have shown a plethora of activities, including analgesic, PTP1B inhibition, antitumor,
antiviral, antinoc iceptive, anti-inflammatory, insecticidal, immunomodulatory and ion
channel activities.1” Many of these, termed grayanotoxins, have also shown severe
toxicity due to their ability to bind to the group Il receptor site in voltage -gated sodium
channels, preventing channel inactivation and resulting in hyperpolarization. 18
Additionally, limited structure activity relationship data for these compounds is

available and is outlined in Figure 6.17

1C



Grayanoid Structure Activity Relationship Data:

Analgesic Agents: PTP1B Inhibitors:

rhodomollane,

‘
micranthane < grayanane < kalmanel grayanane < mollebenzylane,
2,3:5,6-disecograyanane

Anti-inflammatory Agents:

i Q Essential modification
} O Nonessential modifications

' O Detrimental modifications

Figure 6. Grayanoid -Activity Relationship Data. Figure adapted from ref 17.

2.1.2 Isolation and Analgesic Activity of Rhodojaponin lli

In traditional Chinese medicine, plants belonging to the Ericaceae family have
been used to relieve pain clinically for thousands of years. In particular, the flowering
plant Rhododendron moll@. Don has been shown b be one of the most potent herbal
remedies. Motivated by its potent activity and lack of defined analgesic components, Yu
and co-workers extracted 20 grayananetype diterpenoids (Figure 7), 9 new and 11

known, from the roots of Rhododendron molknd assessed their antinociceptive

11



properties. The structures of the 9 new diterpenoids were determined via HRESIMS, 1D

and 2D NMR data.1®

2 3 Ry =glc, Ry = a-OH
10 Ry =H, Ry = a-OH
11 Ry =glc, Ry = #-OH
12 Ry=H,Ry=H
13 Ry=glc, Ry =H

5 Ry =glc, Ry = f-OH
15 Ry =H, Ry = «-OH
16 Ry=H,R,=H
17 Ry =glc, Ry = «-OH

8 Ry=H, Ry =-OH 18 19
9 Ry =dglc, Ry = p-OH

Figure 7. Grayanane-type diterpenoids extracted from the roots of Rhododendron
molle. Figure adapted from ref 19.

To begintheirasUl UUOT OO0 wOi wiOi 1 wEDPUI Uxl OOPEU7z wEOUD O«
co-workers utilized an acetic acid -induced writhing test for an acute pain model. As
shown in Figure 8, two diterpenoids rhodojaponin Il ( 14) and rhodojaponin VI ( 15)
were even more potent than morphine at reducing writhing events even at a lower dose
(0.08 mg/kg vs. 0.8 mg/kg). Excited by these results, rhodojaponin Il & VI were assessed
further at three doses (0.02, 0.04 and 0.08 mg/kg) in respect to both chemicand thermal
stimuli. As shown in Figure 8B, thodojaponin Il & VI reduced acetic acid induced
writhes in a dose-dependent manner. In response to thermal stimuli, only rhodojaponin

Il showed licking latency at the highest dose of 0.08 mg/kg (Figure 8C).
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Figure 8. Analgesic activity of extracted diterpenoids

A) acetic acid-induced writhing test of the 20 extracted diterpenoids. B) acetic acid-
induced writhing test of rhodojaponin Ill & VI at three doses. C) licking latency in
response to thermal stimuli. Figure reprinted with permission from ref  19.

Next, Yuandco-b OUOIT UUwbi Ul wbOUI UT UUT EwbOwUT OEONE x
activity in response to inflammatory pain. Therefore, a formalin assay was designed to
induce a biphasic pain response to assess both acute and persistent inflammatory pain.
While ibuprofen (a nonsteroidal anti -inflammatory (NSAID)) only decreased behavioral

activity in phase Il, morphine (opioid) showed activity in both phase | and phase II

13



(Figure 9A). Comparatively, rhodojaponin Il & VI showed a dose-dependent response

in both phases, similar to that of morphine, but at a lower dose.
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Figure 9. Further evaluation of rhodojaponin Il & VI analgesic activity.

A) biphasic response in the formalin assay. B) analgesic activity in the presence of
naloxone. C) response to neuropathic pain in (STZ}induced diabetic mouse model.
Figure reprinted with permission from ref 19.

The final pain model used by Yu and co-workers was a streptozotocin (STZ)-

induced diabetic mouse model to study diabetic peripheral neuropathic pain. For this
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neuropathic pain. As shown in Figure 9C, rhodojaponin Il & VI showed comparable
potency to gabapentin but at a much lower dose.

Lastly, the effect of naloxone, a non-selective opioid antagonist, on rhodojaponin
(((wdws(zZUwWEOEOT I UDE wE malddievisaadriinistarediead ® O1 E 6 w6 |
acetic acid-induced writhing test with rhodojaponin 11l & VI, there was no significant
effect on analgesic activity. Whereas the presence of naloxone reversed the effect
produced by morphine. These results suggest that rhodojaponin Il and VI do not affect
the endogenous opioid peptidergic system and may provide an alternative mechanism
of action for pain relief.

Taken together, these studies identify two compounds (rhodojaponin Il & VI) to
be more potent than morphine in acute and inflammatory pain models and 100 -fold
more potent than gabapentin in a diabetic neuropathic pain model. Excitingly, they do
not affect the endogenous opioid peptidergic system and may provide a novel
mechanism of action for pain-relieving ther apeutics. With such promising analgesic
activity and unigue structural complexity, rhodojaponin Ill is an excellent target for total
synthesis. Therefore, in this chapter we aim to develop an enantioselective route to

access key fragments in the total synhesis of rhodojaponin IlI.



2.1.3 Synthesis of Structurally Related Diterpenoids

Due to their various skeletons, unigue structural features, and diverse biological
activities there has been long standing interest in synthesizing grayanane-type
diterpenoids. Although synthetic efforts began in 1972 with the partial synthesis of
TUEAEOOUORDPOW( (wEaAawWw EOEOEOEWEOEW, EQCUUOOUI OwlT 1
until 1994 when Shirahama and co-workers published the first total syn thesis of
grayanotoxin Ill. 20.21Since then, an advanced intermediate of kalmanol (tetracyclic 7-
oxy-5,6-dioxykalmanol), a synthetic approach for pierisformaside C, and the total
synthesis of principinol D and E, r hodomolleins XX and XXII , and glaucocalyxin A have
been published. Herein, each of these synthetic accomplishments will be briefly

discussed.

2.1.3.1 Total Synthesis of (- )- Grayanotoxin IlI

s 3

H
HO H ‘?_'
SN
OH
- \/ OH
HO OH

Grayanotoxin Il
(2.001)

Shirahama and co-workers accomplished the first total synthesis of (- )-
grayanotoxin Il in 1994. This was accomplished via a linear approach in 38 steps and a
0.05% overall yield. Their synthetic strategy was creatively centered around three
stereoselective Smi-mediated radical cyclizations to form the A, B and D rings of

grayanane diterpenoids. Their synthetic efforts are outlined in Scheme 1 and 22t
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1. NaH, BnClI
NaSPh . 2. NalO - H PhgP=CHCO,Me N
TSOJ\ —— HO R -0 H{ 8 2 BnO |
93% 3. (CF3C0),0 80%

OH SPh ™ 679 (3 steps) © MeO,C
2.002 2.003 2.004 2.005
1. .
//_\\—OTMS BnO" NaH BnO"
p-hydroquinone PDC n propargyl bromide .
2.10% HF 87% MeO,C'\ 72% MeO,C I
100% (2 steps)
O v
2.008 2.009
< H < H * H
NaBH,
FeCl, O CeCly7H,0 O NaAuCl,-H,0
84% 63% 87%
° (0] 0 (0] OH 0 (0]
Y Y o
2.011 2.012 2.013
- o
Smil, 1. MOMCI H
(0] HMPA 2.1 N KOH
86% 3. CH,N, §
O / OH 4. Jones reagent ~ MeO,C' . OX
Y 79% (4 steps) 19) 4
2.014 2.015 2.016 X =MOM

Scheme 1. Synthesis of the 5/6 bicycle of grayanotoxin I
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SPh

1. LIN(SiMeg), 1. DIBAL
Tf,NPh 2. DMP

2. Li,CUCN(CH,SPh), 3. PhyP=CH,
57% (2 steps) MeOoC ~OX  54% (3 steps)

Ox
2,017 2,018

1. TBSOTf
2.019 2.DDQ
2. (PhS), 3. DMP

48% (2 steps) 59% (3 steps)

TBSO
Sml,, HMPA 9-BBN 1. mCPBA
78% 99% .0x 2.DIBAL

40% (2 steps)

1. DMP
2. MOMCI Sml,, HMPA
3. TBAF 54%

38% (3 steps)

1. Ac,0
2. RuCl3'nH,0, NalO,4
94% (2 steps)

3.1 NKOH
86%

.OH

grayanotoxin Il
2.001

Scheme 2. Total synthesis of grayanotoxin 11|
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2.1.3.2 Highly Functionalized B -homo-C-nor Grayanotoxin

kalmanol
2.027 2028

In 1995, Paquette and Borrelly reported the synthesis of highly functionalized B -
homo-C nor grayanotoxin (2.027, which is structurally related to kalmanol (2.028. Their
work establishes an enantioselective route to a key bicyclic diquinane subunit and
demonstrates the viability of a Tebbe- Claisen sequence for building the backbone of

kalmanol. Their synthetic efforts are outlined in Scheme3.22
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1.

£y 2.030 OTf

o %/\/MgBr 1. Pd(OAc),, CO, EtsN CO;Me
M\ PhsP, MeOH
CuBr-SMe,, TMSCI O O 87% (0]
g 2. CHaLi; PhNTH, TBSG 2. TsOH
TBSO 91% (2 steps) S 85% TBSO
2.029 2.031 2.032
OTBS o]
H = 1. HC(OMe); H
T MeOH, p-TsOH T
KOtBu | 93% | 1. LDA, TMSCI
S g =0 2. TPAP, NMO MeO. s 5 =0 2. NBS, O
o= H /./ ) H [/ . f Me
N\ med 86% Meo>\ MeO EtN
86% (2 steps)
2.033 (60%) 2.034
1. NaOH, H202
78%
2. PhyP=CH,
50% ~“OH 1. BnBr
—————————  MeO_. |
3. Pd(dba)s-CHCl, >\ H 2. p-TsOH
NH4HCO,, PhgP MeO MeO 98% (2 steps)
91%
2.036 2.037

TBSO, ~~(~OBn
: L H 1. Tebbe, Py
e O o 2. p-cymene o
85% (2 steps)
2.039 2.040

1. TBAF

2. m-CPBA 1. superhydride
3. TPAP, NMO 2. TBSOTf

4. Hyp, Pd/C 84% (2 steps)

60% (4 steps)

1. superhydride
2. Li, NH3
3. DMP

23% (3 steps)

Scheme 3. Synthesis of highly functionalized b -homo-c-nor grayanotoxin
2.1.3.3 Synthetic Approach towards Pierisformaside C

In 2011, Williams and co-workers were interested in developing a synthetic route

to pierisformaside C, as it was the first grayanane-type diterpene to possess three central

2C



double bonds. Retrosynthetically, they proposed pierisformaside C could be obtained by
late-stage construction of the central sevenrmembered ring 2.044(Scheme4), which they
would access via an aldol or Claisen cyclization, controlled by the cis-double bond of
2.045 2.045accessedby a Sonogashira coupling of a bicyclo[3.2.1]octane fragment
(2.049 and five-membered ring fragment 2.047 From their synthetic efforts (outlined in
Scheme5 and 6), Williams and co-workers successfully synthesized an advanced
intermediate (2.060 of pierisformaside C in 15 steps. This work will pave the way for the

asymmetric total synthesis of pierisformaside C and structurally related diterpenes. 23

H
glcO .
OH

pierisformoside C (2.043) 2.044

OoP
' COR
| E— + ﬁ\
- PO, X
: s ///g

2.045 2.046 2.047

PO

Scheme 4. Williams' retrosynthet ic analysis of pierisformaside C

o&o 1. NaBH, Bzo’Q“OH TPAP
2. BzCl, pyridine 95%

2048 58% (2 steps) 2.049
CO,Et
1. LDA, EtO,CCN
BzO™, =0 3 DA T1,0 B207 % oT
“ 67% (2 steps) “
2,050 2.051

Scheme 5. Williams' synthesis of fragment 2.051
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1. Br

OMe o) 0
Br\/&
Br n-BuzSnH
Li, NH, AIBN 1. LiAIH,
HO.C 83%  MeO,C 2. TPAP
2. CH,N
68% (2 steps) CcO:Me 51% (3 steps)
2.052 2.053 2.054
CO,Et
oTBS 2.051 2
Ac\n/ PO(OEt),
BzO oTf
N, 2056 g
ol KoCO3 FZ Pd(PPhj),, Cul, NEt,
71%
2.055 2.057 72%
1. Pd, CaCO,4
mCPBA Pb, H,
dr=6:1 2. NaOMe
71% brsm 47% (2 steps)

2.060

Scheme 6. Williams' synthesis of an advanced intermediate of pierisformaside C

2.1.3.4 Total Synthesis of Principinol D

HO HO H H
Me
Me
OH
OH sdition” . OR
principinol D L2-addition™ 5 og
(2.061)
Hfragmentcoupling
vicinal
difunctionalizatign
Me ORG R 6 R0
B N
O I
L4
o) Me e OR |
2.065 dithiane addition a-vinylation
2.064 2.063

Scheme 7. Newhouse's retrosynthetic analysis of principinol D

Newhouse and co-workers contributed to the synthetic progress of grayanane -

type diterpenes with their report on the total synthesis of principinol D in 2 019. They
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were interested in developing a synthetic route that would enable efficient synthesis of
structurally diverse analogs. Previous synthetic efforts towards this class of compounds
followed linear cyclization strategies to introduce the stereochemic al complexities but
Newhouse envisioned that a convergent approach would be better suited towards
analog development. Therefore, two major fragments would be joined together via two
C- C bond-forming reactions, a 1,2-addition between 2.064and the bicyclo[3.2.1]octane
fragment 2.063and a reductive cyclization using Sml2(Scheme?) . As outlined in
Scheme§, the total synthesis of principinol D was accomplished in 19 steps following

this strategy.2*
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1. NaH

o) 0O O .
vinylMgBr 2,3-dibromopropene LiHMDS
CuBr-SMe, OEt 2. Zn(TMP),, LiBHzNMe, ~otes  NiClo(PCya),
then DMPU 0y 3. TBSCI 0 then HCI
E1029CN 35% (3 steps) 74%

2.066 75% 2.067 2.068
H H H
- Smly, PhSH - 1. Iy, PPhgy, imid. =
HMPA 88% |
HO 95%, dr>201 MO 2. MOMCI, 87% H
0 o OMOM
2.069 2.070 2.071
1.
Momok_é,oms
Hey
hl TBSO,RO H ORO H
O 2,072 N 1. TBAF, 96% N
t-BulLi, 62%, dr 5:5:1:1 Me A 2. DMP, 79% Me N
2. MOMCI, 88% RO 3. 0sO,, DABCO RO
Me H NalO,, 84% Me H
OR OR
2.073 2.074
R = MOM
0 RO H o) RO H
_Smly, H0. _DMP, py. Me;SiCH,Li
e Me RO HOH oo 87%
2.075 2.076
SiMe 1. Mn(dpm)3
o R H T’ Oj, PhSiH, Ho HO H
Me 2 I§I2E°}3I(32H steps)
RO~ ° P
Me ~ HOH 3. H,S0,, 78%
OR OH
2.077 principinol D

2.061

Scheme 8. Newhouse's synthesis of principinol D
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2.1.3.4 Total Syntheses of Rhodomolleins XX and XXII

Me OH

Q HolLH o
R (\;H o H
Me o o}
Me RAEH OH = Me —~<,
HO l\_/|eH|f| OH
rhodomollein XX (2.078) R = OH 2.080
rhodomollein XXII (2.079) R =H H
Q o H e
Beckwith-Dowd | Gm-H O o
rearrangement
[ — »
Me=—"~%on N
Me™H OTiCp,ClI
2.081

reductive
epoxide-opening

(\-QH o " 0 ODI-

OM Diels-Alder
E
Me =~

H:OH o

Me g

2.083 2.084
Scheme 9. Ding's retrosynthetic analysis of rhodomollein XX & XXII

Prompted by previously reported synthetic routes that were lengthy and
required many functional group manipulations to access the [3.2.1] bicyclic skeletons of
tetracyclic diterpenoids, Ding and co-workers sought to develop a more versatile route
to access the [3.2.1] bicyclic motif. To achieve this goal, a new titanium(lll)-mediated
reductive epoxide -opening/Beckwith - Dowd rearrangement process was developed
(Scheme9). As shown in Schemez U why wBEntetndddlogy was utilized in the first

total synthesis of rhodomolleins XX (2.078 and XXII (2.079.25
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OMe 1. TiPSCI, Et3N
_ OH 2. NaBH,
© 3. CBry, PPhg
64% (3 steps)
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1. Hg(OAc),, AcONa
n-BuOCH=CH,

2. NchCOQEt, SnC|2
72% (2 steps)

X

Me' -/Me

OMe

OMe
B OH Mg, CHBr>  Me. OTiPS
then 3-methyl-2-butenal
88% Me OH
2.086 2.087
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_(CH,0TMS), OTiPS 2. tBUOK, Pd/C, Hp
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Me” Me OH
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Scheme 10. Ding's synthesis of tetracycle 2.09 4
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Scheme 11. Ding's synthesis of rhodomollein XX & XXII
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2.1.3.4Total Synthesis of Glaucocalyxin A

intramolecular
Diels-Alder reaction

late-stage
manipulation

glaucocalyxin A 2.104
2.103
TBSO
Yamamoto Mn(lll)-mediated
aldol reaction radical cycllzatlon
EtO,C
OR &p 0 \wTMS
2.105 2.106
asymmetric

conjugate addition/

acylatlon cascade ij + '|',\/|S/\H/MQBr \/

2.108 2.109 2.110
Scheme 12. Jia's retrosynthetic analysis of glaucocalyxin A

Among the naturally produced diterpenes, about half contain the 14( b)-
oxygenation pattern for the bicyclo[3.2.1]octane fragment. As this motif has been
notoriously difficult to introduce employing previous strategies, Jia and co -workers set
out to develop a practical method for the formation of the C14 oxygenated
bicyclo[3.2.1]octane moiety and complete the total synthesis of glaucocalyxin A. They
envisioned glaucocalyxin A could be generated by late-stage manipulation of 2.104
which would be assembled by an intramolecular Diels - Alder (IMDA) of intermediate
2.105 The Diels- Alder substrate obtainable from the 14-oxygenated bicycle 2.106via a
Yamamoto aldol reaction. The 5/6 bicycle 2.106introduced by Mn(lll) -mediated radical
cyclization of 2.107 which will be synthesized from readily available compounds.

Through their efforts, they accomplished the total synthesis of glaucocalyxin Avi a a
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Mn(IIl) -mediated oxidative cyclization to access the key oxygenated bicyclo[3.2.1]octane

ring system (Scheme13).26

T™S T™MS
MgB
TMS/A\ﬂ/ gBr //f/ K»CO4 H
., TMSCCH,Br 1 M HCI
cat. Cul-DMS 61% (2 steps) 85%
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0 then, NCCO,Et o 6 ™S
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1. Mn(OAc);-2H,0 H
mlcrowave 1. NaBH,
\\ 5% 2. TBSOTH, Et;N OHC
EtO,C N :
2 N 2. TFA, 73% Etozc 3. DIBAL TBSO"
4. DMP H
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2107 2114 72% (4 steps) 2115

/ﬁ/cone
M802C

AlMe;3, 2,6-DPP, n-BuLi
99% (dr = 3:1)
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1.MeMgBr  TBSO BHT TBAF
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2. TBSOTf xylene, 200 °C 86%
97% (2 steps)
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1. TASF
. 2. DMP
1. L-selectride 97% (2 steps)
2. Ac,0, DMAP -
94% (2 steps) 3. Li/NH;
NH5

73%

M
Me

HO
Me 1. Se0, Me
i 2. DMP T
MeOR 3 HOl MeOH

33% (3 steps)
2.122 glaucocalyxin A (2.103)

Scheme 13. Jia's synthesis of glaucocalyxin A
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2hud t 6 K WotalSPrghBses of Grayanane Diterpenoids

||| principinol E
2.123 2.078

redox/
1,2-migration

triflation

suzuki coupling

MeO Mukaiyama aldol/ - ; ( /
Hosoml-Sakural
2.128 ™S
2.129

2.126 H oxidation/

A
0 HO
Br

2127

Scheme 14. Luo's retrosynthetic analysis of grayanane diterpenoids

In 2022, Luo and coworkers presented a synthetic strategy that allowed for late -
stage manipulation of an advanced intermediate (2.124 to access three grayanane
diterpenoids, grayanotoxin Ill, principinol E and rhodomollein XX. It was proposed that
advanced intermediate 2.124could be accessed by intramolecular cyclization of the
bridgehead tertiary carbocati on of 2.125 Precursor 2.126prepared by oxidation and
Suzuki coupling of 2.127 which is accessed from starting ketal 2.128and ketone 2.129

via a Mukaiyama aldol reaction followed by intramolecular Hosomi - Sakurai reaction.
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Indeed, following this approach Luo and co-workers completed the total synthesis of

grayanotoxin I, principinol E and rhodomollein XX, outlined in Scheme 15, 16and 17.27

2.131 /
OMe TMSO T™MS
cat. TMSOTf, 2.132
Acoﬁ 1. PBr, AcO OMe then EYAICI,
i 2. p-TsOH . 58% AcO
= 0 " Hcome), : B
54% (2 steps
2130 (2 steps) 2128 p127

ZOBFK MeQ

Pd(PPhg), 0 Acs0, Oy

then NaOH 1. DMP, NaHCO3 then cat. [IrCl(cod)]»

90% 2. szo! py. v": 63%
then PrOH
then 4-Ph-py 2.124
44% (2 steps)
MeQ 1. KHMDS
then H,O EtAICI,
o O,
2. O,, then mCPBA 50%
2 then Zn, AcOH
- 65% (2 steps)
2.134 2.135

1. TBSOTf, EtzN 1. H,SO,, dioxane

83% 92% (brsm)
2. MeLi, 95% (brsm) 2. DIBAL, 75%
3. VO(acac), 3. Mn(dpm)3
TBHP, then Ph(/PrO)SiH,
DBU, then HCI 64% (brsm)
65%

grayanotoxin Il
2.001

CF3

(0]
Ar 2132
Ar = 1-pyrenyl

Scheme 15. Luo's synthesis of grayanotoxin 11|
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1. VO(acac),, TBHP

2. Sml,, D-valinol
76% (2 steps)

EOMCI, DIPEA
68%

1. TMSCH,Li
2. LiEtzBH
3. Hy,SO,
78% (3 steps)
principinol E
2.123

Scheme 16. Luo's synthesis of principinol E

OH 1. NaHMDS
1. MeLi 2 then Davis’
77% (brsm) o . Q oxaziridine
2. Mn(dpm)3 + . 'OH 2.K,CO3
PhSiHg, O, OH 31% (3 steps)
59% HO

rhodomollein XX
2.078

Scheme 17. Luo's synthesis of rhodomollein XX

2.2 Results and Discussion
2.2.1 Retrosynthetic Analysis

Motivated by the evident need for novel non -opioid analgesics and the
promising antinociceptive activity of rhodojaponin Ill, we sought to establish a
convenient route to access rhodojaponin 1l to fu rther assess its potential as an analgesic
therapeutic as well as for the development of a chemical probe to investigate the

mechanism of action of this natural product.

32



H

1,4 Ho™ "
addition N N L HO«QX
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HO oH
rhodojaponin il 2.146 2.147
2.144
cyclization H
R2 N
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D —
o
&
2.149 2.148

Scheme 18. Retrosynthetic analysis of rhodojaponin I

To accomplish the total synthesis of rhodojaponin Ill, a convergent approach was
devised, in which two major fragments are synthesized separately and coupled together
to give the 5/7/6/5 ring system of grayanane-type natural products. This strategy relies
on the construction of the bicyclo[3.2.1]octane fragment (2.146 via conjugate addition
and subsequent propargylation of a simple cyclic enone (2.149. Cyclization of the
resulting alkynyl ketone ( 2.148 will provide the desired 5/6 bridged system, which can
be coupled to the vinyl moiety of the 5 -membered ring fragment (2.147. The goal of this
chapter is to develop a synthetic strategy to access the two coupling fragments, with an
emphasis on the enantioselective synthesis of the key bicyclo[3.2.1]octandragment
(2.146. The work presented in this chapter was achieved in collaboration with Dr. Hyeri

Park, a former member of the Hong Lab.
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2.2.2 Synthesis of the 5-membered Ring Fragment

Mel, KOH NaBH,
0 O dioxane/m,0 (3/1) 07 > O MeOH/H,0
reflux, 12 h, 67% " 010 25 °C, 30 min

2.150 2.151 54%
HO o TBSCI, imidazole TBSO o
CH,Cl,, 0 to 25 °C
2.152 48, quant 2.153

Scheme 19. Synthesis of the 5-membered rin g fragment

The racemic synthesis of the 5membered ring fragment began with the
methylation of commercially available 2 -methylcyclopentadione, followed by sodium
borohydride reduction and subsequent protection of the newly formed secondary
alcohol with TBS, quantitatively ( Scheme 19).28.2929Fgr the enantioselective synthesis we
plan to utilize the Corey -Bakshi-Shibata catalyst (CBS) for the reduction of2.151 which
has been previously reported.30

Next, we turned towards the formation of a vinyl species. Initially, we attempted
the formation of a vinyl bromide ( Scheme 20) from 2.153using triphenyl phosphite,
bromine and triethylamine in hopes to co uple to the bicyclo[3.2.1]octane fragment via
lithium halogen exchange. 3! Unfortunately, this reaction only produced an

unidentifiable product.
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(PhO)3, Bry, EtgN
CH,Cl, -601025°C, 181 1BSO™ >~ "Br

2.154
1) LDA, n-BugSnH,

o THF, -78 °C, 30 min
TBSO 2) MsCl, EtsN TBSO Sn(n-Bug)

- 0 i
2153 78 to 25 °C, 30 min

NS

trace 2.155
LiHMDS, PhNTf,
THF, —78 10 25 °C, 3 h TBSO ; oTf
84% “
2.156

Scheme 20. Formation of vinyl triflate 2.151

Next, we focused our attention on the formation of a vinyl tin species, in which a
lithium -metalloid or a Stille -type reaction could be attempted. The formation of the vinyl
tin species began with in situ generation of LDA, followed by addition of tributyltin to
the ketone of 2.153 MsCl is then added to form a mesylate intermediate that is
eliminated by EtsN to provide the desired vinyl tin species. 32 Although the desired vinyl
tin 2.155 was obtainable by this route, poor yields and the generation of tetrabutyltin as
a side product, which was extremely difficult to remove, pushed us to seek out another
route. Finally, vinyl triflate  2.156was generated in 84% yield upon treatment with
LIHMDS and PhNTT. 33 We envision a Nozaki-Hiyama -Kishi type coupling reaction will

allow us to couple our vinyl triflate to the aldehyde of our bicyclo[3.2.1]octane fragment.
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2.2.3 Formation of the Bicyclo[3.2.1]Joctane Fragment

2.2.3.1 Formation of the Alkynyl Ketone Substrate

OMe KOt-Bu, lig. NHg
CO,H THF -33°C 2N HCI _DIPEA, PMBCI
then Li MeOH 150 °C 2h
BrCH,CH,CI reflux, 48 h 829

0, 4 0,
2.157 67% 2.158 8% 2.159
0 C/B\ S'\"'\%Bf OTMS MeLi-LiBr, THF
uBr-SMe, 0°C,1h
OPMB ™ Tmsci OPMB then
HMPA, THF = CHCCH,Br
—78°C, 3 h, 76% HMPA, —78 to 25 °C
2.160 2.161 16h 2.162 (37%)
=
o # N
: OPMB OPMB
+ +
" -
H H
2.163 (35%) 2.164 (15%)

Scheme 21. Synthesis of alkynyl ketone 2.157

The synthesis of the bicyclo[3.2.1]octane fragment began with the preparation of
alkynyl ketone 2.162 as outlined in Scheme 21. Starting from commercially available 2 -
methyoxybenzoic acid, Birch reduction with liquid ammonia followed by alkylation of
the resulting anion provided spirolactone 2.15834Hydrolysis of the spirolactone with 2
N HCI provided primary alcohol 2.159 which was protected with PMBCI under basic
conditions. Copper-catalyzed 1,4-addition of vinylmagnesium bromide with subsequ ent
enolate trapping with TMSCI provided intermediate 2.161, poised for alkylation. With
the addition of MeLi-LiBr and propargyl bromide, we obtained a 1:1 diastereomeric
mixture of the alkynyl ketone. Additionally, we observed the formation of the O -
alkyl ation product 2.164(15%). As the stereochemistry of diastereomers2.162and 2.163

could not be distinguished by *H NMR, one attempt at crystallization via liquid -liquid
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diffusion was made. Gratifyingly, the crystal of the desired diastereomer 2.162was

obtained and x-ray crystallography confirmed the structure ( Figure 10).
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Figure 10. X-ray crystallographic data of 2.1 62
2.2.3.2 Coniaene Type Cyclizations
Classic ene reaction Thermal Conia-ene reaction
1 0
w— 0 | T
" . M
e — 1) - —_— Kz R <M

Figure 11. Conia-ene cyclization
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With alkynyl ketone 2.162in hand, we began our investigation of cyclization
conditions to form the 5/6 bridged system of the bicyclo[3.2.1]octane fragment. One of
the most powerful to ols to accomplish the intramolecular addition of enols to alkynes
for the formation of carbon -carbon bonds is the Conia-ene reaction. Coniaene reactions
were first reported in 1975 by Conia and Le Perche, in which, they described the thermal
cyclization of enolizable carbonyl compounds with a tethered alkyne or alkene moiety,
leading to valuable 5 or 6 membered carbocycles3® Mechanistically, the Conia-ene
proceeds similarly to that of the classic ene reaction but an enolizable carbonyl replaces
the ene component Figure 11). Traditionally, the necessity of high temperatures (due to
a relatively low population of the enol taut omer) restricted the use of many functional
groups but recent reports on transition -metal catalyzed cyclizations of 6-keto esters or
silyl enol ethers, as well as basemediated conditions has widened the scope for Conia-

ene type reactionss¢
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D. J. Dixon & co-workers
(0]
(0]
AN i;\ KHMDS @‘
THF, 40 °C
MeO NBn H COOMe
BnN o
O O
2.165 2.166
D. Trauner & co-workers
/\% NBoc
—X— 0] ﬁ
2.168
/\/\ NBoc ﬁ /
o H Me "
| | KOtBu B
0C
J DMSO, rt N
Me ., o L/
2.167
M 2.169
€ H

Although base-mediated Conia-ene reactions are less common compared to
transition -metal catalyzed, several examples have been reported in the literature. For
example, in the synthesis of Daphniphyllumalkaloids, Dixon and co-workers treated
terminal alkyne 2.165with KHMDS to form cyclized product 2.16637 Additionally,
Trauner and co-workers reported the use of a basemediated Conia-ene reaction in the
total synthesis of (- )-lycoposerramine R. Initially, they intended to convert terminal
alkyne 2.167to the rearranged internal alkyne 2.168under basic conditions but instead

obtained the cis-hydrindane product ( 2.169.38
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D. F. Toste & co-workers

o O o)

[(PPhsAu);01BF,  MeO
Me OMe HOTf
CH,Cly, 25 °c ~ Me
X 95% o)
2.170 2171

E. M. Carreira & co-workers

OTBS

5 ° a
| (MeCN)[((2-biphenyl)(tBu),P)Au]SbF
(H;C),CO, 45 °C, 65%

Me‘: Me

2,173

First reported by Toste and co-workers, cationic gold complexes have become

one of the most influential catalysts for transition -metal catalyzed Conia-ene cyclizations

and have been readily utilized in natural product synthesis. 3°In 2012, Carreira and co

workers reported the first and only total synthesis of gomerone C, a chlorinated

sesquiterpene that possesses a bicyclo[3.2.1]octane moiety, analogous to rhodojaponin

lI. Utilizing a Johnphos gol d complex, TBS-enol ether 2.172was cyclized to form the

desired 6-exoproduct (2.173.4

Me
0o FZ# ol
a~_OPMB __ KOtBu .~ OPMB
DMSO, 25 °C
0, 1.5 h, 23% -,
H H
2.162 2.174

Scheme 22. Attempt at base-mediated Conia -ene cyclization

Excited about the applicability of the Conia -ene reaction to our system, we

started with the simpler base-O1 EPEUI EWExx UQOEET 6w xx0ab
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our substrate, we treated alkynyl ketone 2.162with KO t-Bu in DMSO for 1.5 h but rather
than obtaining the cyclized product, we observed isomerization to form the internal
alkyne 2.174 This result is not altogether that surprising as terminal alkynes are known
to isomerize under basic conditions and similar reports have been made, such as the

example below by Jamison and coworkers. 4!

s 3

T. F. Jamison & co-workers
(0]

H OH H OH
S Fs omso S Fs
S 6 H

M M
2.175 \\\ 2176 ||

Table 1. Gold-catalyzed Conia-ene cyclization

Z TBSO Z o 0
w~_0OPMB  TBSCI w~_-OPMB w~_-OPMB ~~_-OPMB
Nal, Et3N conditions +
 Z MeCN, reflux 0 0 0
H 16 h, 84% H H H
2.162 2177 2.178 2.179
entry catalyst conditions result
1 [(CyJohnphos)Au(MeCN)]SbFs acetone, 45 °C,5h 2.179
2 [(CyJohnphos)Au(MeCN)]SbFg CH.Cl,, 25°C,5h 2.179

As basemediated Conia-ene simply gave us undesired by-product 2.174 we
synthesized the silyl enolate 2.177to attempt the gold -catalyzed version. Therefore,
upon treatment of our alkynyl ketone 2.162with TBSCI, Nal and EtsN under refluxing

conditions we formed silyl enolate 2.177 We then subjected2.177to the gold-catalyzed
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Conia-ene cyclization with the [(CyJohnphos)Au(MeCN)]|SbF & ligand (Table 1) but
regrettably, the undesired 6-endedig product (2.179 was obtained. The structural
determination was m ade by *H NMR, as we see a multiplet at ~5.6 ppm corresponding
to the two methine protons of the 6-endaedig product as they are split by additional
vicinal protons, whereas we would expect to see two doublets for the exo-methylene

protons of the 5-endedig product (Figure 12).

,.\\\/OPMB

o

1.09-1
120 ==
EI -

1.04-T
1.01-=
1.09
1.12
122

2.04
- 1.083‘E
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1 100
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1.82—

| 3.06-=

w1037

3.0 7.5 7.0 6.5 6.0 5.5 4.0 .5 3.0 2.5 2.0 1.5 1.0

5.0 4.5
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Figure 12. tHNMR (CDCI s, 500 MHz) of 6-endo-dig product 2.179

As initial attempts at the gold -catalyzed Conia-ene reaction with terminal alkyne
2.162afforded the undesired 6-endadig cyclized product, we synthesized the TMS-

protected alkyne 2.181(Scheme 23) to block the free terminal alkyne and attempted
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cyclizatio n with the [( t-BuJohnPhos)Au(MeCN)]SbFs ligand (Table 2). Similar to
previous attempts, byproduct 2.179was obtained or unidentifiable products. Although
frustrating, obtaining the 6 -endodig cyclized product was corroborated by work
published by Barriault and co-workers and may proceed in a similar manner to their

transition state depicted below .#2

QTS MelLi-LiBr, THF TBSCI
eLi-LiBr,
OPMB 0°C,1h OPMB  Nal, EtN
v, then, 0, MeCN, reflux
O,
H &/«\ix\ H 16 h, 78%
2.161 TMS 2.180
HMPA, —78 to 25 °C
16 h, 34%

Scheme 23. Formation of TMS -protected Conia -ene substrate 2181

Table 2. Gold-catalyzed conia-ene cyclization of TMS -protected alkyne

TMS
TBSO _Z 0 0
OPMB w~_-OPMB w~_-OPMB
conditions +
P - -,,/ o
H H H
2.181 2.178 2179
entry catalyst conditions result
1 [(t-BuJohnPhos)Au(MeCN)]SbFg acetone, 45 °C,5h 2.179
2 [(t-BuJohnPhos)Au(MeCN)]SbFg CH.Cly, 25°C,5h unidentified
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L. Barriault & co-workers
TBS\O® 0 O\ o
\
6-endo-dig OR OR
L ® LAu \ In \ )n
R, Au__R, R, Ro
880 _FZ TBSO 2% Ri ™ 2184 Ri™ 2185
Ro OR |a; Re OR 8S. ®
o)
(0] 0 \ 0o
n n OR \
2.182 2.183 ) OR
n
5-exo-dig  LAU- /R n
L - ", 2 /R2
R4 2.186 2.187
Ry
2.2.3.3 Mn(lll) -mediated Radical Cyclization
B.B. Snider & co-workers
R
o F N O R. O
CO,Et Mn(OAc)3 CO,Et CO,Et
EtOH/HOAc +
90 °C
2.188 (R = H) 2.191 (R = H, 2%) 2.194 (R = H, 38%)
2.189 (R = Me) 2192 (R=Me, 29%)  2.195 (R = Me, 29%)
2.190 (R = TMS) 2.193 (R = TMS, 40%) 2.196 (R = TMS, 5%)

J

As Conia-ene type cyclizations failed to provide our desired 5 -exadig product,

we explored other types of cyclization reactions and came across work published by

Snider and co-workers, in which they reported the Mn(lll) -mediated radical cyclization

of alkynyl ketones. In their studies they explored the effect substituents on the alkyne

have on the formation of the 5-exccyclization product versus the 6-endo They observed

an increase in yield and regioselectivity for the 5-exacyclization product with the

addition of a terminal trimethylsilyl group compared to a proton or methyl group. They

postulated that the trimethylsilyl may make the al kyne more electron rich to react faster
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with the deficient a-keto radical, stabilize the intermediate cyclic vinyl radical, facilitate

hydrogen abstraction and/or stabilize the final product. 43

TMS TMS

(0] X\ O
Mn(OAc -
w~_OPMB _Mn(OAc)s | | w~_OPMB _PTsOH ~_OPMB
EtOH/HOAC MeCN
o 100 °C, 72 h o 0°C,2h "
L 50% b 73% Z
2.180 2.197 2.178

Scheme 24. Mn(lll) -mediated radical cyclization
(OUxDPUI EwEa w2 OPEIT Uz U wb Protexedstkyny ketokeRI180 1T E wd U L

to Mn(OACc) s in ethanol and acetic acid at 100 °C for 72 hours. Satisfyingly, we obtained

the desired 5-exocyclized product in 50% yield. As shown in Figure 13, the *H NMR now

shows a broad singlet at ~5.5 ppm coming from the exo-methylene proton of the desired

product. The TMS group can be removed under acidic conditions with p-toluenesulfonic

acid in 73% vyield (Scheme24). In congruence with our findings, Jia and co-workers

reported a Mn(lll) -mediated radical cyclization for the preparation of a

bicyclo[3.2.1]octane fragment in their synthesis of glaucocalyxin A (described in section

2.1.3.9.26
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Figure 13.'H NMR (CDCI s, 500 MHz) of 5-exo-dig product 2.197

2.2.4 Formation of the Equatorial Alcohol
2.2.4.1 PMB Protected g-hydroxyl Ketone

Table 3. Direct reduction of PMB protected g-hydroxyl ketone

“ OPMB reducing
SN conditions H'

O
H
2.178 equatorial (2.198) axial (2.199)
entry reagents result
1 NaBH,4 2.199
2 DIBAL-H 2.199
3 L-Selectride 2.199
4 (R)-Me-CBS 2.199
5 (S)-Me-CBS 2.199

Having achieved the cyclization of alkynyl ketone 2.180to form the desired 5/6
bridged ring system, we turned our attention to the stereoselective reduction of the C14

ketone. We began with the direct reduction of 2.178with sodium borohydride.
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Unfortunately, under these conditions we obtained a single produc t, the undesired axial
alcohol 2.199 Further attempts at direct reduction with various reducing reagents such
as DIBAL-H, L-Selectride, (RYMe-CBS and (S)Me-CBS (Table3) only provided
undesired axial alcohol 2.199 At this stage, we believed the nucleophile could not
readily approach the more hindered Siface and inversion of the axial alcohol may be a

more practical approach.

H1

Figure 14. Stereochemical model of 2.198 and 2.19

The stereochemical assignment of the newly formed C14 hydroxyl was
determined via *H-NMR. First, the theoretical coupling constants between protons
labeled H! and Hz (Figure 14) for each stereocisomer were calculated from their dihedral
angles using Maestro (12.6.144, Schrodinger). Equatorial alcohoR.198has a dihedral
angle of | 76.7 °, therefore we would expect to see a small coupling constant around 1.54

Hz. In contrast, the axial alcohol 2.199has a dihedral angle of 53.3 ° with a calculated
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coupling constant of 4.11 Hz. Looking at the *H NMR spectral data for 2.199(Figure 15),
we see H appears as a triplet with a coupling constant of 4.4 Hz, as it is coupled to H?2
and another vicinal proton. Likewise, H 2is a triplet with a coupling constan t of 4.4 Hz,
as itis coupled with H * and the hydroxyl proton. Taken together, we determined the

single isomer obtained was the undesired axial alcohol.

T T T T T l’.
3.75 3.70 2.80 275 2.70 265 260 255 250
fl (ppm)

OH

1.0 9.5 9.0 8.5 8.0 7.5 1.0 6.5 6.0 5.5 5.0 4.5
1 (ppm)

Figure 15 'H-NMR (CDCI s, 500 MHz) spectrum of axial alcohol 2.19 9

As direct nucleophilic attack only provided the undesired axial alcohol, the
inversion of axial alcohol 2.199under Mitsunobu -type conditions was attempted.

Unfortunately, this only resulted in the recovery of axial alcohol or decomposition

(Scheme 25).
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=0
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DIAD or DEAD
w~_-OPMB 4-nitrobenzoic acid w~_-OPMB
R
) PPhs, THF )
“Z 2010 40 °C H"f/
2.199 2.198

Scheme 25. Attempt at the inversion of axial alcohol 2.19 9

2.2.4.2 b-keto Ester Substrate

(e} 1. PhSeBr (o) 0
pyridine, CH,Cl, Z~ "MgBr H KOtBu, +-BuOH
COEL  55.c, 19h COEL (- BrSMe, COEL T Shiux, 30 min
2.H0,,0°C, 1h THF, -78 °C w2 then
quantitative 1 h, 54% H TMSCCCH,Br
2.200 2.201 2.202 reflux, 1 h, 73%

p-TsOH
\CO,Et Mn(OAC); H.- MeCN Hie. CO,Et
., EtOH/HOAc 0to0 25°C,2h ., P
H Z 90°C, 48 h 69% H Z
43%
2.203 2.204 2.205

Scheme 26. Preparation of the b-keto ester substrate

Having had no success with obtaining the C14 equatorial alcohol from the PMB -
protected g-hydroxyl ketone, we synthesized b-keto eser 2.205 as several reports have
utilized esters as chelation control for the stereoselective reduction of ketones with Smil.
The preparation of the b-keto eder substrate began with phenylselenylation and
elimination of 2.200to provide enone 2.2014 Cu(l)-mediated conjugate addition of
vinylmagnesium bromide provided 2.202in 54% vyield. Treatment of 2.202with KO t-Bu
followed by TMS -protected propargyl bromide provided intermediate 2.203in 73%
yield, poised for cyclization with Mn(OAc) s. Lastly, the TMS group was removed with p-

toluenesulfonic acid in 69% yield.
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Corey & co-workers

0} OH
S M
CO,Me Smly-H,0 CO,Me

THF, 0°C
2.206 THF, 0 2.208

Synthesis of atractyligenin

CO,Me

H

Smi,-H,0  TBMSQ

THF, RT
90%, d:r = 93:7

2.209 2.210

Inspiration for the chelation -controlled reduction of £-keto ester 2.205came from
work reported by Corey and co -workers in their synthesis of atractyligenin , in which
they utilized an ester directed Smlzreduction in a 90% yield and d:r = 93:745 Therefore,
varying conditions for the Smlz reduction of our b-keto eger were attempted (Table 4).
Excitingly, Smlzreduction in the presence of PhSH and HMPA in THF gave a 1:3
mixture (2.211 2.212 of products but unfortunately this ratio could not be improved

under several different condit ions for the Smlz reduction (entry 2 -4).46
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Table 4. Smlzreduction of b-keto ester substrate

.CO,Et reducing
’ conditions  H'-

P
H
2.205 equatorial (2.211) axial (2.212)
entry reagents result
1 PhSH, HMPA, Sml,, THF 1:3 mixture (2.211: 2.212)
2 MeOH, HMPA, Sml,, THF unidentifiable
3 Sml,, THF/MeOH 2.212
4 Smly, THF/H,O 2.212

As shown in Figure 16, the stereochemistry of the b-keto ester substrate was also
determined via H-NMR. For the axial alcohol (2.212, H* appears as a triplet with a
coupling constant of 4.7 Hz, and H2 as a doublet of doublets with coupling constants 5.2

and 1.8 Hz. Conversely, H2 of the equatorial alcohol (2.21]) is a broad singlet.
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Figure 16. 'H-NMR (CDCI 3, 500MHz) spectrum of axial alcohol 2.2 12
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Figure 17. 'H-NMR (CDCI s, 500 MHz) spectrum of equatorial alcohol 2.2 11

With very limited success with Sml 2, we screened a very wide range of reducing

conditions including NaBH 4, ruthenium catalyzed reductions with chiral ligands 2.214

and 2210 WEOEWEOwI O4aO0EUPEwWUI EVUEUDPOOwWPDPUT w! EOQI Uz Uu

obtain the desired equatorial alcohol 2.211(Table 5).47
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Table 5. Direct reduction of b-keto ester substrate

.CO,Et reducing
’ conditions  H-

W
H
2.205 equatorial (2.211) axial (2.212)
y entr condition result
1 NaBH, 2.212
2 Zn(BHy),, THF, 0°C,1h 2.212
3 Me4sNBH(OAC)s, MeCN/AcOH, 10 °C, 5.5 h 2.212
4 (L2214, [RUCly(p-cymene)],, sodium formate, H,O, 30 °C, 3d 2.212
5 (L2.215, [RUCly(p-cymene)],, sodium formate, H,O, 30 °C, 3 d 2.212
6 Baker 6s yeas®25txs40%Ur48h e, I no reaction
7 H,, PtO,, EtOH, 25 °C, 1 h olefin reduction
8 MnCl,, NaBH,, MeOH, 0 °C, 15 min 2.212
10 H3N-BHj3, isopropanol, 25 °C, 3 h 2.212
11 Zn(tmp),, LiBHsNMe,, THF, 0 °C 2.213
HO, HO,
NHZ’% NH,* %
2.214 2.215

After thoroughly screening reducing conditions, we studied the inversion of
axial alcohol 2.212through activation by assorted activating reagents and inversion with
KO: (Table 6). Firstly, activation of 2.212with chloromethanesulfonyl chloride followed
by inversion with KO 2 provided the desired equatorial alcohol 2.211in 5% vyield as well
as undedred axial alcohol 2.212in 14% yield. Although activation of 2.212with
methanesulfonyl chloride (entry 2) was successful, inversion with KO 2provided
undesired by-product 2.217 We also attempted the inversion of the triflate (entry 3) but
an unidentifia ble mixture was obtained. Lastly, activation of 2.212with p-

toluenesulfonyl chloride was unsuccessful and only starting material was recovered.
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Table 6. Inversion of b-keto ester substrate

R
KO,
" '\CO.Et 18-crown-6 H
DMSO
7 25°C,2h
H
2.216
entry activating reagent result

1 chloromethanesulfonyl chloride 5% (2.211), 14% (2.212)
2 methanesulfonyl chloride 2.217
3 triflic anhydride unidentified
4 p-toluenesulfonyl chloride no reaction

2.2.4.3b-hydroxy Ketone

( R
T. R. Newhouse & co-workers

PhSH OH
_ HMPA, sml, -
" OH 959, dr>20:1 H' OH
oz Wz
H H

As previously discussed (section 2.1.3.4), Newhouse andco-workers published
the total synthesis of principinol D, a grayanane -type diterpenoid in 2019.24In their
synthetic approach, they utilized a Smlzreduction of a 4-hydroxy ketone substrate to
stereoselectively reduce the C14 ketone to provide equatorial alcohol2.219 Therefore,
we decided to adopt their substrate to our synthetic approach and convert our b-keto
ester substrate to the-hydroxy ketone.

The formation of the &-hydroxy ketone started with LIAIH 4 reduction of our &
keto ester2.205 to form a diol. Following TBS protection of the primary alcohol, PCC

oxidization reforms the ketone in a 79% yield and the TBS protecting group is removed
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in the desired equatorial alcohol 2.219in 78% yield.

1. LiAlH,4, THF

0 0°C,1h OH 1. PCC, CH,Cl,,
{CO,Et _ 81% ~ 25°C,1h,79%
H 2. TBSCI, imidazole 1" © OTBS 5 gNHCI, THF
W CH,Cl,, 25 °C o 0°C, 4h, 67%
H

24 h, 84% H
2.205 2.220

0 PhSH OH
___HMPA, Sml, -
Hi © OH'throec,5h  H™ © OH
o 78% o

H H
2.218 2.219

Scheme 27. Smlz reduction of the b-hydroxy ketone

In addition to the direct reduction of the b&-hydroxy ketone, we also attempted
the inversion of TBS-protected substrate 2.220(Table 7). Activation using
chloromethanesulfonyl chloride was achieved gquantitatively but attempts to invert the
stereochemistry with KO 2 or Cs(OAc)z2 were unsuccessful, resuting in the recovery of
the axial alcohol 2.2200r in the case of Cs(OAc} as the nucleophile, the activated

substrate 2.221 was obtained.
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Table 7. Attempts to invert b-hydroxy ketone

o SOCHCI
CICH,SO,CI = - .
~"SoTRg _26-utidine_ ... “Ngrgg _inversion
P CH,ClI, 7
’ 0°C,1h y
H quantitative H
2.220 2991
entry nucleophile result
1 KO, 2.220
2 Cs(OAc), 2.221

2.2.5 Enantioselective Synthesis of the Bicyclo[3.2.1]Joctane Fragment

2.2.5.1 Asymmetric Conjugate Addition with Maduit  -type Ligand

A. Alexakis & co-workers:

0 1) NHC ligand o .
Cu salt R
Grignard reagents R \\§
Mg 2)ER" M, PFe ™
R’ N+ OoH
n=1,2 up to 90% ee (\
o N
2.223 up to 99:1 dr
2.224 O O
o ligand 2.226 = 2.226

Cu(OTf),, i-PrMgBr, Et,0
Me —30°C,4h
then, HMPA, propargyl bromide

—30t025°C,12h “i-Pr
2.225 2.227
40%
(80% ee)
(99:1d.r.)

During our efforts to reduce the C14 ketone stereoselectively, we simultaneously
worked on the development of an enantioselective route towards our key
bicyclo[3.2.1]octane fragment. Our focus was on methodology to asymmetrically
introduce substituents to the b-position of cyclic enones. In 2015, Alexakiset al.reported

the use of a Maduit-type N -heterocyclic carbene (NHC) ligand in the copper -catalyzed
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conjugate addition of Grignard reagents to a-substituted cyclic enones. Specifically,
copper(l)-mediated addition of i-PrMgBr to 2-methylcyclohexanone (2.229 provided the
magnesium enolate intermediate and subsequent addition of propargyl bromide

afforded 2.227in 40% yield and 80% ee*

Oy _O._~
oy T
1. Mg, TH.F,. reflux, 3 h NH, o) 10) NH
Br 2. o-tolunitrile, THF
reflux, 20 h O EtsN O O
3. LiAIH,, THF, reflux 19 h CH,Cl,
46% (3 steps) 0to25°C,18h
2.228 2.229 36% 2.230

el

>§A O« _NH OH FeN
OH 4
I LiAlH,, THF, 0 °C to reflux, 8 h [ ) OH

NH D
2 O™ “\H 2) 2 N HCI/MeOH, Et,0, 0 °C N
toluene, microwave ;
140 °C, 30 min 3) gréng?,‘é‘yugr:]hofomate, toluene
0, ’
74% 4) KPFg, H,O
9% (4 steps)
2.231 2.226

Scheme 28. Preparation of Maduit -type ligand

To apply this methodology to our system we first began by synthesizing ligand
2.226in 9 steps following previously reported procedures, outlined in  Scheme 284 We
then subjected our PMB-protected g-hydroxyl ketone ( 2.160 to Cu(l)-mediated conjugate
addition of vinylmagnesium bromide in the presence our newly synthesized ligand
(Table 8). Initially, 1 mol% of ligand 2.26, 0.75 mol% of Cu(OTfr and 1.2 equiv. of
vinylmagnesium bromide provided our desired product 2.232asa racemic mixture,
determined by chiral HPLC (Figure 18). As shown in entry 2 of Table 8, we then

increased ligand 2.226to 20 mol%, while keeping the Cu mol% and Grignard the same,
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this reaction did not provide any desired product but recovery of the sta rting material.
Lastly, we attempted to increase not only the ligand mol% but the Cu(OTf) 2 and
vinylmagnesium bromide proportionally and unfortunately a racemic mixture of ~ 2.232

was obtained.

Table 8. Asymmetric conjugate addition attempts

0] 0]
ligand 2.219
OPMB ¢y (OTf),, vinyIMgBr OPMB
Et,0, -30 °C P
2.160 2.232
Ligand Cu(OTf), vinylMgBr
entry (mol%) (mol%) (equiv) result
1 1 0.75 12 racemic
20 0.75 1.2 no reaction
3 15 11.25 5.0 racemic

5¢



mvV

300+ @ @V/Vis Channel 1220nm
8 [l
<Peak Table> I
UV/Vis Channel 1 220nm ||
Peak# Ret. Time  Area = Area%
200+ 1 12518 6094007  40.614 \ ‘
| 2 13179 6493717| 43.278
] 3 15212 1142897 7.617 |
i 4 15842 1274185 8.492 \
| Total 15004806 100.000
100+ ‘ \I }
4 | o™
| | &
| l 2
o . — J
— _— R : _— :
0.0 25 50 7.5 10.0 12,5 17.5
min
mV
125 SUVAVis Channel 1 220nm
] 2 |
aI®
100-] <Peak Table> -
1 UV/Vis Channel 1 220nm \
1 Peak# Ret. Time  Area | Area% \
1 .1 12.360 2343226 34.812 |
75 2 12.990 2611067 38.791 |
3| 14.887 834574 12.399 \ |
1 4, 15420 942263 13.999
] Total 6731130 100.000 \ |
50 ] | | |
] |
| |
25 | \
| \ |
0_',_ j\_ﬂ Jho— - |/ ]
e - - : :
0.0 25 5.0 7.5 10.0 12.5 17.5
min

Figure 18 HPLC data for ACA reaction. (Top) racemic (bottom) attempt with maduit -

type ligand

2.2.5.2 Rhodium Catalyzed Conjugate Addition

P. von Zezschwitz & co-workers

1) {Rh(cod)Cl},], (R)-segphos

(0]
Cp20IZr\/\n_Bu
THF, 25 °C
2) MelLi, -78 °C

3)TMSCI, —78 °C
2.233

OTMS

2.234 ‘n-Bu
97%
95% ee
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As the Maduit -type NHC ligand failed to provide any enantioselectivity in our
copper(l)-mediated conjugate addition, we explored alternative ligands to accomplish
this task. In 2013, Zezschwitz et al reported the [(Rh(cod)Cl)]2 and (R)-segphos catalyzed
addition of an alkenylzirconocene to the &-position of cyclohexanone, followed by
enolate trapping with TMSCI. They reported an excellent yield of 97% and 95% ee°

Inspired by their work, we attempted the first step, introduction of the
alkenylzirconocene. Initially, 2.5 mol% of [(Rh(cod)CI)] 2, racemic BINAP (6 mol%), 1.3
1 gUDYS wOi w2 ET b ZIHYA)and W.2 égliv. ddhexyge"was used. Under
these conditions, no reaction was observed (Table9). Next, chiral (R)-Segphos was used
but again no reaction. Therefore, we increased the equiv. of [(Rh(cod)Cl)and (R)-
Segphos but the results remained the same. Lastly, to no avail we increased the equiv. of

Schwartz reagent and hexyne but could not obtain our desired product.

Table 9. Attempts at rhodium catalyzed conjugate addition

(0] (0]
ij conditions ij

\

2.233 2.235 n-Bu
Rh(cod)CI , ) Cp2Zr(H)CI
Entry (molo) Ligand (equiv) Hexyne result
25 (°)- BINAP (6 mol%) 13 1.2 no reaction
2 25 (R)-Segphos (6 mol%) 1.3 1.2 no reaction
3 5.0 (R)-Segphos (18 mol%) 1.3 1.2 no reaction
4 25 (R)-Segphos (6 mol%) 5.5 5.0 no reaction
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Helmchen’s Chiral Auxiliaries
Ar
N~50,Ph
OH N.
Ar’| "~S0,Ph
OH

2.236 2.237
Ar = 3,5-di-Me-Ph

Kniihl & co-workers
MeO.__O
Ar- N‘SozPh 1. organocopper g OH
0__0O compound \
o 2. methanolysis
2.238 2.239
Ar
\ H
N~S0,Ph MeO R_{
1. organocopper
compound o
2. methanolysis
© y HO
(0]
2.240 2.241

In 1981, Helmchen and coworkers introduced the sulfonamide -shielded alcohols
2.236and 2.237as valuable chiral auxiliaries for asymmetric synthesis with esters. 5!
Methodology that was exploited by Knuhl and co-workers during their synthesis of ( -)-
chokol A and (+)-heptelidic acid. 4 UDPODPaDOT w' 1 OOET 1 Oz UWEURDPOPEUA O
added to asymmetric protected 2-oxo-cyclohexenecarboxylates to prepare
enantiomerically pure 5 -substituted 2-oxo-cyclopentane-carboxylates and 6-substituted

2-oxo-cyclohexanecarboxylatess2
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poe

2.242

L.

2.245

p-TsOH
3,5-dimethylaniline /N KOH, Zn
benzene, reflux EtOH/H,O N
36 h O 50°C,1h Ar’o‘H
90% 92% (3:1 d.r.)
2.243 2.244
Ar = 3,5-di-Me-Ph
CgH5SOLCI
pyndlne CaCl,, NaBH,
CHCI3 25°C N EtOH/ H,0 (3/1 N
9d, 46% Ar-\5 “SO,Ph 879 ) Ar‘o H\SOZPh
2.246 2237

Scheme 29. Synthesis of Helmchen's Chiral Auxiliary

Following Kniihl and co -workers lead, 1 OOET 1 Oz UWEURDPOPEUa
4 steps from previously reported procedures (Scheme 29).53 The auxiliary was then
coupled to ethyl 2-oxocyclohexanecarboxylate by refluxing in toluene in the presence of
DMAP (Scheme 30). Phenylselenylation and elimination with  mCPBA provided shielded

enoate 2.238 Finally, vinyl cuprate addition provided 2.249in 68% yield.

;& ij)L ; sogph
N
Ar’|7~80,Ph

DMAP PhSeBr, pyridine

toluene, reflux CH.Cl, 25°C,2h

64% © s
Ar = 3,5-di-Me-Ph
2.237 2.247
Z > MgBr
lithium 2-thienyl-
N N N
ArlNsgo,pn —MCOPBA _ “Far|Nigq pp, _cyanocuprate  “#a IN.go ph
CH,Cl,, 25 °C 0.__0O THF, -78 °C, 3 h o}
PhSe 2h,54% o 68% o
=
2.248 2.238 2.249

Scheme 30. ACA with Helmch en's chiral auxiliary
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microwave at 135 °C for 3.5 h. Although the chiral auxiliary was recycled, product 2.250
was decomposed (Table10). We then attempted hydrolysis with LiOH, H 202 in
THF/MeOH but even after 48 h, no reaction occurred. Returning to methanolysis, we
attempted the reaction under milder conditions with a sealed tube rather than the
microwave. When the reaction was warmed to 135 °C for 4 h there was no reaction but
by increasing the temperature to 150 °C for 8 h, the desired methyl ester 2.250 was

obtained in 52% yield. Additionally, the ethyl ester was prepared by treating 2.249with

ethanol at 150 °C for 48 h in a 41% vyield.

Table 10. Removal of Helmchen's chiral auxiliary

Al N>s0,pn o 0
0.__0 conditions ij)koﬁ
/\5% W

2.249 2.250
entry conditions temp. (°C) ti(rE)e R result
1 microwave, MeOH 135 35 Me recovery of auxiliary
2 LiOH, H,0O,, THF/MeOH 25 48 Me no reaction
3 sealed tube, MeOH 135 4 Me no reaction
4 sealed tube, MeOH 150 8 Me 52%
5 sealed tube, EtOH 150 48 Et 41%
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2.3 Conclusion

Throughout history natural products have provided a rich source of therapeutic
compounds for treating a wide variety of ailments and may provide an excellent
platform for the development of non -opioid analgesics. Rhodojaponin Il is a grayanane-
type natural product that is extracted from the roots of Rhododendron molnd possesses
potent analgesic properties. In a mouse model, it was even more potent than morphine
in acute and inflammatory derived pain and 100 -fold more potent than gabapentin in a
diabetic neuropathic pain model. Notably, rhodojaponin Il does not affect the
endogenous opioid peptidergic system but the mechanism of action has yet to be
established. Therefore, for further assessment of its analgesic properties and for the
development of a chemical probe to study its mechanism of action we sought to
establish an efficient route to complete the total synthesis of rhodojaponin IIl.

Our synthetic strategy relies on a convergent approach in which two major
fragments are synthesized separately ard coupled together to give the 5/7/6/5 ring
system of grayanane-type natural products. The simpler 5 -membered ring fragment was
obtained in 4 steps from commercially available 2-methylcyclopentadione to provide a
vinyl triflate primed for coupling to the 5 /6 bicycle.

The construction of the key bicyclo[3.2.1]octane fragment was accomplished via a
copper(l)-mediated conjugate addition to a simple cyclic enone, followed by
propargylation to form an alkynyl intermediate poised for cyclization. Mn(lll)  -mediated

radical cyclization of a TMS-protected alkynyl ketone then provided the 5/6 bridged



system. Finally, stereoselective reduction of a &-hydroxy ketone substrate with Sml 2
provided the coveted equatorial alcohol. The enantioselective synthesis was achieved
UUDODaDOl w 1 OOET 1 Oz UwET D UE @nediait8 @qupdetadditithO wE D U1 E
to a shielded enoate. These efforts will aid in the total synthesis of rhodojaponin Il for

the development of novel non -opioid analgesic therapeutics.

2.4 Experimental

General Methods

All reactions were conducted in oven -dried glassware under nitrogen or argon.
Unless otherwise stated all reagents were purchased from commercial suppliers and
used without further purification. All solvents were American Chemical So ciety (ACS)
grade or better and used without further purification except tetrahydrofuran (THF),
which was freshly distilled from sodium/benzophenone each time before use. Analytical
thin layer chromatography (TLC) was performed with glass backed silica gel (60 A)
plates with fluorescent indication (Whatman). Visualization was accomplished by UV
irradiation at 254 nm, or by staining with p-anisaldehyde solution or potassium
permanganate solution followed by heating. Flash column chromatography was
performed EAa wUUDOT wUPOPEE Wl I QOwepx EUUMHNORand B& | wl + YNKY
NMR spectra were recorded with a Varian 400 (400 MHz) and a Bruker 500 (500 MHz)
spectrometer. All NMR yvalues are given in parts per million (ppm) and are referenced
to the residual isotopomer solvent signals (CDCls: = 7.26 ppm) for'H NMR spectra, or

the solvent signals for 13C spectra. Coupling constants (J) are given in Hertz (Hz) and
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multiplicities a re indicated using the conventional abbreviation (s = singlet, d = doublet,
t = triplet, g = quartet, m = multiplet or overlap of non -equivalent resonances, br =
broad). Electrospray ionization (ESI) mass spectrometry (MS) was recorded with an
Agilent 6224LC/MS-TOF (high resolution) spectrometer and performed to obtain the
molecular masses of the compounds. Infrared (IR) absorption spectra were determined

with a Thermo -Fisher (Nicolet iS50) spectrometer.

o _LHMDS, PhNTS,
TBSO™ THE, 7810 25°C” TBSO™ >, ~OTf
“ 3 h, 84% “

2.153 2.156

2.153(100 mg, 0.41 mmol) in (2.0 mL) THF was codted to ¢ 78 °C and LIHMDS
(0.82 mmol) was added dropwise. The reaction was allowed to stir for 1 h. PhNTf, (206
mg, 0.58 mmol) in 2.5 mL THF was added dropwise and the reaction was allowed to
warm to 25 °C over 3 h. The reaction was quenched with an addition of saturated
NH 4Cl, and the resulting mixture was diluted with EtOAc. The layers were separated,
and the aqueous layer was extracted with EtOAc. The combined organic layers were
dried over anhydrous Na SO, filtered, and concentrated in vacuo.The residue was
purified by column chromatography (hexanes) to afford 2.156(130 mg, 84%). NMR data

is in accordance with previously recorded data. 3°
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0] O

@/VOH DIPEA, PMBCI @/VOPMB
150 °C, 3 h, 82%
2.159 2.160

A mixture of PMBCI (0.11 mL, 0.79 mmol), DIPEA (0.15 mL, 0.87 mmol), and
2.159(101 mg, 0.72 mmal) in a sealed tube was stirred at 150 °C for 3 h. After cooling
down to 25 °C, the reaction was quenched with an addition of saturated aqueous
NaHCO s, and the resulting mixture was diluted with EtOAc. The layers were separated,
and the aqueous layer was extracted with EtOAc. The combined organic layers were
dried over anhydrous Na 2SOy, filtered, and concentrated in vacua The residue was
purified by column chrom atography (silica gel, hexanes/EtOAc, 5/1) to afford 2.160as a
pale yellow oil (154 mg, 82%):'H NMR (400 MHz, CDClsX w» wA $37.5 Wrg2E)O6B5
(d, J =7.2 Hz, 2H), 6.80 (tJ= 4.5 Hz, 1H), 4.41 (s, 2H), 3.78 (s, 3H), 3.50 (t=6.6 Hz, 2H),
2.48 (t,J =6.5 Hz, 2H), 2.40 (tJ= 6.2 Hz, 2H), 2.362.31 (m, 2H), 1.991.93 (m, 2H); IR
(neat, cm) 2929, 2863, 1663, 1611, 1510, 1245, 1173, 1081, 1024HRMS (ESI) m/z

283.1313 [(M+Na) calcd for CisH 2003 283.1305].

0 ZMgBr OTMS

opmB  CuBr-SMe, OPMB
TMSCI
HMPA, THF %

2160 -78°C, 3 h, 76% 2.161

To a cooled solution ($ 78°C) of CuBr-SMez (26 mg, 0.13 mmol) in THF (2 mL)
was added vinylmagnesium bromide (0.7 M in THF, 2.80 mmol) dropwise. After stirring

for 15 min, HMPA (0.19 mL, 1.11 mmol) was added att 78 °C. After 20 min, the solution
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of 2.160(145 mg, 0.56 mmol) and TM&CI (0.14 mL, 1.11 mmol) in THF (0.2 mL) was
added dropwise over 10 min at ¢ 78 °C. The stirring was continued for 3 h at+78 °C. EtN
(0.16 mL, 1.69 mmol) was added and after 10 min,n-pentane was added. The mixture
was poured into H 20, the layers were sepaated while each phase was still cold, and the
aqueous layer was extracted with EtOAc. The combined organic layers were dried over
anhydrous Na 2SO, filtered, and concentrated in vacua The residue was purified by
column chromatography (silica gel, hexanes/EtOAc, 8/1) to afford 2.161as a colorless oll
(153 mg, 76%)2H NMR (500 MHz, CDCIl & w wA B=8.k tdrg@H)Oa186 (d,J =8.6 Hz,
2H), 5.69 (ddd, J =17.0, 10.2, 8.0 Hz, 1H), 4.98 (@=9.9 Hz, 1H), 4.96 (d J=16.9 Hz, 1H),
4.42 (d,J =1.9 Hz, 2H), 3.80 (s, 3H), 3.443.41 (m, 2H), 2.782.75 (m, 1H), 2.592.53 (m,
1H), 2.121.96 (m, 3H), 1.721.53 (m, 3H), 1.481.43 (m, 1H), 0.17 (s, 9H); IR (CHG}, cm-L)

2935, 2864, 1708, 1610, 1512, 1247, 1214, 1171, 1092, 822.

oTMS MeLi-LiBr, THF o Z o Z 0N
0°C, 1h o~__OPMB : OPMB OPMB
OPMB on \_OPM _ M
=z

— CHCCH,Br ’ 0 =
HMPA, 78 to 25 °C H H H
2.161 16 h
2.162 2.163 2,164

To a cooled solution (0 °C) of 2.161(265 mg, 0.73 mmol) in THF (6.5 mL) was
added MeLi -LiBr (1.5 M in Et20, 0.81 mmol) dropwise. The resulting mixture was stirred
for 1 h and then cooled to ¢ 78 °C. Propargyl bromide (80% in toluene, 1.84 mmol) in
HMPA (1.8 mL) was added dropwise at ¢ 78 °C. The resulting solution was allowed to

stir for 16 h with gradual warmi ng to 25 °C. The reaction was quenched with an addition
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of H20, and the resulting mixture was diluted with EtOAc. The layers were separated,

and the aqueous layer was extracted with EtOAc. The combined organic layers were

dried over anhydrous Na 2SO, filtered, and concentrated in vacua The residue was

purified by column chromatography (silica gel, hexanes/EtOAc, 15/1) to afford 2.162

2.163 and 2.164 For 2.162(colorless oil, 88 mg, 37%)*H NMR (500 MHz, CDCl sA wy wA 6 | Y w
(d, J =8.5 Hz, 2H), 6.85 (d,J =8.5 Hz, 2H), 5.79 (ddd,J =18.4, 10.3, 8.4 Hz, 1H), 5.21 (d] =
17.1 Hz, 1H), 5.11 (dJ =10.4 Hz, 1H), 4.334.26 (m, 2H), 3.79 (s, 3H), 3.43.37 (m, 1H),

3.21 (ddd, J= 9.4, 7.2, 7.2 Hz, 1H), 2.92.83 (m, 2H), 2.56 (ddd,J =14.1, 14.1, 6.3 Hz, 1H),
2.34 (d,J =14.2 Hz, 1H), 2.23 (ddd,J =14.5, 7.3, 7.3 Hz, 1H), 2.11 (dd] =16.5, 2.6 Hz, 1H),
2.00 (t,J =2.6 Hz, 1H), 2.021.97 (m, 1H), 1.921.83 (m, 1H), 1.731.60 (m, 3H);23C NMR

(125 MHz, CDCl:&A wy wl huhud K OuBhek 1246 (2o hiv.4, §1g.9@cC), 82.0, 73.1, 71.0,
65.7, 55.4, 53.8, 48.8, 39.2, 32.2, 26.6, 25.1, 23.3; IR (ceat) 3306, 3273, 2943, 2859, 2112,
1704, 1611, 1513, 1245, 1174, 1103, 1082, 1032, 918 HRMIS (ESI)m/z 327.1946 [(M+HY
calcd for C2iH2603 327.1955]; For2.163(colorless oail, 35%): *H NMR (400 MHz, CDCl sA wy w
7.20 (d, J =8.6 Hz, 2H), 6.85 (d,J =8.6 Hz, 2H), 5.67 (ddd,J =16.9, 10.1, 10.1 Hz, 1H), 5.16
(dd, J =16.9, 1.9 Hz, 1H), 5.07 (dd,) =10.2, 1.9 Hz, 1H), 4.32 (s, 2H), 3.78 (s, 3H), 35550

(m, 1H), 3.35% 3.30 (m, 1H), 2.792.71 (m, 2H), 2.56 (dd,J =17.6, 2.7 Hz, 1H), 2.442.37 (m,

1H), 2.322.11 (m, 4H), 1.93 (t] =2.7 Hz, 1H), 1.931.85 (m, 2H), 1.641.58 (m, 1H); IR

(neat, cm) 3288, 2935, 2869, 2116, 1701, 1612, 1512, 1244, 1173, 1093, 1033, 920, 819;
HRMS (ESI)m/z 349.1780 [(M+Na} calcd for C21H 2603 349.1774]; For2.164(A colorless

oil, 15%): H NMR (400 MHz, CDCI s& w ¥ w A $48.6 MzgPENOa187 (d,J =8.6 Hz, 2H),
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5.69 (ddd, J =16.2, 10.9, 8.1 Hz, 1H), 5.02 (s, 1H), 4.99 (@z 5.5 Hz, 1H), 4.44 (s, 2H), 4.37
(d, J =2.4 Hz, 2H), 3.80 (s, 3H), 3.523.43 (m, 2H), 2.882.78 (m, 1H), 2.742.65 (m, 1H),
2.39 (t,J =2.4 Hz, 1H), 2.182.08 (m, 2H), 1.75158 (m, 4H), 1.531.45 (m, 1H); IR (neat,
cm) 3290, 2932, 2859, 2117, 1612, 1511, 1244, 1142, 1085, 1032, 91 HRUS (ESI) m/z

349.1779 [(M+Naj calcd for C21H2603 349.1774].

Me

o F oll
' ~~_OPMB KOt-Bu, DMSO w~_OPVB
o 25°C,1.5h )
! Z 23% H"/

2.162 2.174

To a solution of 2.162(22 mg, 0.07 mmol) in degassed DMSO (0.05 mLjvas
added KOt-Bu (8 mg, 0.07 mmol) in degassed DMSO (1.0 mL) at 25 °C. After stirring for
1.5 h, the reaction was quenched with an addition of H 20 and saturated aqueous NH4Cl,
and the resulting mixture was diluted with EtOAc. The layers were separated, and the
aqueous layer was extracted with EtOAc. The combined organic layers dried over
anhydrous Na 2SO, filtered and concentrated in vacua The residue was purified by
column chromatography (silica gel, hexanes/EtOAc, 10/1) to afford 2.174as a colorless
oil (5 mg, 23%).*H NMR (500 MHz, CDCI s& w % w A B=| 866 dzp EHD, ©.86 (d,)= 8.6 Hz,
2H), 5.79 (ddd, J= 17.1, 10.5, 8.2 Hz, 1H), 5.11 (d =10.9 Hz, 1H), 5.08 (d J= 17.2 Hz,
1H), 4.40 (d,J= 11.3 Hz, 1H), 4.34 (dJ= 11.3 Hz, 1H), 3.79 (s, 3H), B5t3.54 (m, 2H), 2.76
(ddd, J=13.8, 8.5, 5.7 Hz, 1H), 2.67 (ddd]= 7.6, 7.6, 4.0 Hz, 1H), 2.43 (ddd)= 13.3, 7.8,

5.5 Hz, 1H), 2.242.12 (m, 2H), 1.981.90 (m, 1H), 1.86 (s, 3H), 1.82L.75 (m, 1H), 1.73
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1.64 (m, 2H); IR CHCls, cmrt) 2937, 2865, 1716, 1612, 1513, 1247, 1214, 1098, 1035, 743,

HRMS (ESI)m/z 327.1958 [(M+H) calcd for CaiH 2603 327.1955].

Z TBSO FZ

w~__OPMB  TBSCI w~__OPMB
Y Nal, EtsN N
0 MeCN, reflux

H 16 h, 84% H

2.162 2177

To a solution of 2.162(50 mg, 0.15 mmol) in MeCN (2 mL) was added EtN (0.09
mL, 0.61 mmol), and then flame dried Nal (69 mg, 0.46 mmol) and TBSCI (69 mg, 0.46
mmol) were added. The mixture was allowed to reflux for 16 h. After cooling down to 25
°C, the reaction was quenched with an addition of saturated aqueous NaHCOs, and the
resulting mixture was diluted with EtOAc. The layers were separated, and the aqueous
layer was extracted with EtOAc. The combined organic layers were dried over
anhydrous Na 2SO, filtered, and concentrated in vacua The residue was purified by
column chromatography (silica gel, hexanes/EtOAc, 10/1) to afford 2.177as a colorless
oil (57 mg, 84%):'H NMR (400 MHz, CDCI sA w» w A H=8.K rgPH D687 (d,J =8.6 Hz,
2H), 5.78 (ddd, J =17.1, 10.3, 8.8 Hz, 1H), 5.14 (d} =17.1 Hz, 1H), 5.06 (dd,J =10.2, 1.9
Hz, 1H), 4.82 (dd, J =5.2, 2.3 Hz, 1H), 4.40 (s, 2H), 3.80 (s, 3H), 368.47 (m, 2H), 2.7%
2.67 (m, 1H), 2.60 (dd,J =16.3, 2.5 Hz, 1H), 2.182.09 (m, 2H), 2.041.97 (m, 1H), 192
1.91 (m, 1H), 1.8831.75 (m, 1H), 1.621.55 (m, 3H), 0.93 (s, 9H), 0.20 (s, 3H), 0.16 (s, 3H);
IR (neat,cm) 3307, 2928, 2855, 1661, 1612, 1512, 1246, 1194, 1093, 103HBSES (ESI)

m/z 441.2818 [(M+H) calcd for C27H4003Si 441.2820].
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OTMS MelLi-LiBr, THF o)

0°C, 1h
OPMB tron
_ TMSCCCH,Br
HMPA, —78 to 25 °C

.
H
2161 16 h, 34% 2.180

~~_OPMB

To a cooledsolution (0 °C) 022.161(516 mg, 1.43 mmol) in THF (10 mL) was added
dropwise MeLiLiBr (1.5 M in EtO, 1.50mmol). The resulting mixture was stirred for 1 h and
then cooled td 78 °C. (3Bromopropl-yn-1-yhtrimethylsilane (0.6 mL, 3.58 mmol) in HMPA
(2.5 mL) was added dropwiseiat8 °C. The resulting solution was allowed to stir for 16 h with

gradual warmingad 25 °C. The reaction was quenched vaittaddition of HO, and the resulting

mixturewas diluted with EtOAc. The layers were separated, and the aqueous layer was extracted

with EtOAc. The combined organic layers were dried over anhydros&diltered,and
concentratedh vacuo The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 20/1) to affo&l180as a colorless oil (194 m84%, d.r. = 1:3: *H NMR (400
MHz, CDCk) U 7J=B6 Hz 2H), 6.85 (d] = 8.6 Hz, 2H), 5.81ddd,J=17.2 10.3, &4

Hz, 1H), 5.19 (dJ = 17.1 Hz, 1H), 5.09 (dd] = 10.3, 1.8 Hz, 1H), 4.28 (d,= 4.8 Hz, 2H), 3.79

(s, 3H), 3.483.38 (m, 1H), 3.283.17 (m, 1H), 2.8i72.79 (m, 2H), 2.56ddd, J = 14.0,14.0,6.2

Hz, 1H), 2.2 (d,J = 14.4Hz, 1H), 2.5i 2.19 (m, 2H), 2.031.98 (m, 1H), 1.921.82 (m, 1H),

1.731 1.64(m, 3H), 0.13 (s, 9HHC NMR (125 MHz,CDG)) & 211. 2, 159. 3,
(2C), 117.1, 113.9 (2C), 104.9, 87.6, 73.1, 65.8, 55.4, 53.9, 49.4, 39.2, 32.2, 26.8, Z5(B224.
(3C); IR (CHCls, cnt) 2956, 2864, 2174, 1705, 1612, 1513, 1246, 1173, 1109, 1035, 911, 839;

HRMS (ESI)m/z 399.2346 [(M+HJ calcd for GsHs40sSi 399.2350].
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TBSCI
Nal, EtzN

', MeCN, reflux
H 7 16 h, 78%

OPMB

2.180
To a solution of 2.180(16 mg, 0.04 mmol) in acetonitrile (0.5 mL) was added E&N
(0.02 mL, 0.16 mmol), and then flame dried Nal (18 mg, 0.12 mmol) and TBSCI (18 mg,
0.12 mmol) were added. The mixture was allowed to reflux for 16 h. After cooling down
to room temperature, the reaction mixture was quenched with saturated aqueous
NaHCO sand diluted with EtOAc. The layers were separated, and the aqueous layer was
extracted with EtOAc. The combined organic layers were dried over anhydrous Na 2SO,

filtered, and concentrated in vacua The residue was purified by column chromatography

(silica gel, hexane/EtOAc, 20/1) to afford2.181as a colorless oil (55 mg, 78%)H NMR
(400 MHz, CDCls& w % w A B538.6 e D686 (d,J =8.6 Hz, 2H), 5.79 (ddd,J =16.9,
10.2, 8.8 Hz, 1H), 5.12 (dd,) =17.0, 2.2 Hz, 1H), 5.05 (dd,) =10.2, 2.3 Hz, 1H), 4.80 (dd,) =
5.3, 2.6 Hz, 1H), 4.39 (s, 2H), 3.80 (s, 3H), 3.63.45 (m, 2H), 2.74 (tdJ =9.0, 5.5 Hz, 1H),
2.59 (d,J =16.4 Hz, 1H), 2.16 (d,) =16.5 Hz, 1H),2.14 1.94 (m, 2H), 1.891.73 (m, 1H),

1.641.47 (m, 3H), 0.92 (s, 9H), 0.19 (s, 3H), 0.15 (s, 3H), 0.12 (s, 9H).

T™S T™S
0 Mn(OAc); X\, O
w~_OPMB _EtOHHOAC ~_OPMB
100 °C, 72 h
o 50% s
" g
2.180 197

A solution of 2.180(180 mg, 0.45 mmol) in EtOH (7.2 mL) and HOAc (0.8 mL)

was degassed with argon at¢78 °C for 25 min. After warming to 25 °C, Mn(OAc)s (1.05
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g, 4.52 mmol) was added and the reaction mixture was warmed to 100 °C for 36 h. The
reaction mixture was then cooled to 25 °C and additional Mn(OAc) s (1.05 g, 4.52 mmol)
was added. The reaction mixture was then heated to 100 °C for 36 h.Upon cooling to 25
°C, the reaction was diluted with EtOAc, washed with 10 % NaHSO 3z and saturated
aqueous NaHCOs. The organic layer was dried with anhydrous Na 2SQu, filtered and
concentrated in vacua The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 10/1) to afford 2.197as a mixture of E/Z isomers (colorless oil, 90 mg,
50%):1H NMR (400 MHz, CDCl :& wy wA 8JI=&5u8pFHz, M), 6.87 (ddJ =8.6, 2.8 Hz,
2H), 5.71 (dddd, J =16.9, 10.0, 9.7, 7.7 Hz, 1H), 5.46 (s, 1H), 5.04 (=10.2 Hz, 1H), 4.98
(d, J =17.1 Hz, 1H), 4.39 (d,J =4.1 Hz, 2H), 3.80 (s, 3H), 3.483.42 (m, 2H), 3.00 (d,J =3.4
Hz, 1H, minor), 2.79 (d, J =4.7 Hz, 1H, major) 2.732.64 (m, 3H), 2.242.06 (m, 2H), 1.93
1.79 (m, 2H), 1.741.67 (m, 1H), 1.41 (dJ =14.0 Hz, 1H), 0.11 (s, 9H, minor), 0.09 (s, 9H,
major); IR (CHCls, cm?) 2951, 1746, 1608, 1513, 1248, 1214, 1117, 1100, 1034 H3@LS

(ESI)m/z 399.2355 [(M+HY calcd for C2aH 2403Si 399.2350].

T™S
Ne p-TsOH 0
MeCN OPMB
OPMB ~
o~ 0°C,2h
Z 73% =
H H
2.197 2.178

To a cooled solution (0 °C) of 2.197(25 mg, 0.06 mmol) in MeCN (1.0 mL) was
added p-TsOH (24 mg, 0.12 mmol). After stirring for 2 h at 0 °C, the reaction was

guenched with an addition of saturated agueous NaHCOs, and the resulting mixture
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was diluted with CH 2Cl.. The layers were separated, and the aqueous layer was

extracted with CH 2Cl.. The combined organic layers were dried over anhydrous Na 2SO,
filtered, and concentrated in vacua The residue was purified by column chromatography
(silica gel, hexanes/EtOAc, 10/1) to afford2.178as a colorless oil (15 mg, 73%)*H NMR

(400 MHz, CDClsA w ¥ wA B=8.5 gl OM87 (d,J =8.5 Hz, 2H), 5.70 (ddd,J =16.8,

10.1, 10.1 Hz, 1H), 5.03 (ddJ= 10.3, 1.6 Hz, 1H)4.99 4.95 (m, 3H), 4.39 (d,) =4.5 Hz,

2H), 3.81 (s, 3H), 3.44 (t) =6.8 Hz, 2H), 2.87 (d,J =4.7 Hz, 1H), 2.74 2.62 (m, 3H), 2.2%

2.09 (m, 2H), 1.981.87 (m, 1H), 1.83 (ddd,J =14.1, 6.3, 6.3 Hz, 1H), 1.70 (ddd) =14.5, 7.1,
7.1 Hz, 1H), 1.41 (d,J =12.1 Hz, 1H);3C NMR (125 MHz, CDCl=&A wy wl huWd Yy Owhk N&+ Ou
137.5, 130.7, 129.3 (2C), 117.0, 113.9 (2C), 107.8, 72.6, 66.1, 55.4, 54.80, 54.79, 53.3, 39.4,
36.2, 30.3, 25.2; IRQHCI s, cmt) 2937, 2859, 1746, 1612, 1513, 1247, 1214, 1096, 1034,

HRMS (ESI)m/z 327.1955 [(M+H} calcd for CziH 2603 327.1955].

1. PhSeBr

O O
pyridine, CH,Cl,
CO,Et 25°C, 14 h CO,Et
2. H,0,, CH,Cl,
0°C,2h

2.200 96% for 2 steps 2.201

Compound 2.201was prepared according to a previously reported procedure.*
To a solution of PhSeBr (7.6 g, 32.31 mmol) in CHCI2 (345 mL) was added pyridine (2.6
mL) dropwise. After stirring for 25 min, ethyl 2 -oxocyclohexanecarboxylate (4.7 mL,
29.38 mmol) in CH2Cl2 (155 mL) was slowly added. After stirring for 14 h, the reaction
was quenched with 1 N HCI and the layers were separated. The organic layer was dried

over anhydrous Na 2SO, filtered and concentrated in vacuo.The residue was purified by
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column chromatography (silica gel, hexanes/EtOAc, 10/1) to afford the phenyl selenide
(9.8 g, quantitative). The phenyl selenide (9.8 g, 30.13 mmol) vas dissolved in CH:Cl>
(550 mL) and the resulting solution was cooled to 0 °C. H202 (7.5 mL) was then added
dropwise over 2 h. The reaction mixture was quenched with an addition of H 20 and the
layers were separated. The organic layer was washed with saturated aqueous NaHCOs,
dried over anhydrous Na 2SO, filtered, and concentrated in vacua The residue was
purified by column chromatography (silica gel, hexane/EtOAc, 5/1) to afford 2.201as a
yellow oil (4.7g, 96%) in about a 1:0.6 mixture of keto and enol tautomers, respectively.
H NMR (400 MHz, CDCl sA wy whul 8 KN woU O ul¥ 8.2 MzMEH, KetDa@s2d 6+ k wopU
(m, 0.3H, enol), 5.445.40 (m, 0.3H, enol), 4.2¥4.20 (m, 2H), 2.522.42 (m, 3.5H), 2.34
2.24 (m, 1H), 2.04 (ddd J= 12.8, 6.4, 6.4 Hz, 1H), 1.30 (§= 7.1 Hz, 3H);IR (neat, cm?)
2940, 1733, 1682, 1643, 1370, 1263, 1217, 1058, 1046 HFEAS (ESI) m/z 169.0863
[(M+H) * calcd for CeH 1203 169.0863].

9 c = MgBr 9 c
OoEt CuBr-SMe, O,Et
TMSCI W
1

THF, =78 °C, 1 h,
2.201 54% 2.202

To a cooled solutiori 78 °C) of CuBrSMe; (1.8 g, 8.2 mmol) in THF (150 mL) was
added vinylmagnesium bromide (1.0 M in THF, %n@imol) dropwise. Afterstirring for 30 min,
2.201(2.5 g, 1486 mmol) in THF (10 mL) was added dropwiatl 78 °C After stirring for1 hat
the same temperatynhe reaction waguenched wittanaddition of saturated aqueous NH
and the resulting mixtur@as diluted with EtOAc. The layers were separgaed the aqueous

layer was extracted with EtOAc. The combined organic layers were dried over anhydrous
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NaSQy, filtered and oncentratedn vacuo The residue was purified by column chromatography
(silica gel, hexanes/EtOAc, 10/1) to aff@®02as acolorless 0i(1.36 g, 54%) in about a 5:1
mixture of enol and keto tautometsl NMR (500 MHz, CDCJ) U152 (6,24H, enol), 81 (ddd,
J=16.9,10.2, 6.1 Hz, 1H, enol),/2.(ddd,J = 17.4, 10.4, 7.3 Hz, 0.2H, keto),18.(d,J=17.2
Hz, 0.2H, ket0)5.04(d, J = 10.4 Hz, 0.2H, keto}.00(ddd,J = 10.2, 1.4, 1.4 Hz, 1H, enol), .8
(ddd,J=17.1, 1.6, 1.6 B 1H, enol), £2i 414 (m, 2.4H keto/enol), 3% 3.26 (m, 1H, enol),
3.24i 3.22 (m, 0.2H, keto), 2.8(dddd,J = 11.3, 11.3, 7.3, 3.9 Hz, 0.2H, ketopR.2.46 (m,

0.2H, keto), 41 2.29 (m, 0.2H, keto), 2. 2.24 (m, 2H, enol), 23/ 2.20 (m, 0.2H, keto)2.10i
2.05(m, 0.2H, keto)2.00' 1.95 (m, 0.2H, keto), BOi 1.73(m, 0.2H, keto), .0i 1.59 (m, 4H,
enol), 125(t, J= 7.12 Hz, 3.6H, keto/enol)R (neat, crit) 2938, 1744, 1714, 1643, 1611, 1298,
1264, 1215, 1175, 1086, 913, 8BRMS (ESI)m/z197.1178 [(M+H]J calcd for GiH1603

197.1172].

(6] KOt-Bu, +-BuOH

reflux, 30 min
CO,Et then
., TMSCCCH,Br
H reflux, 1 h, 73%
2.202 2.203

To a solution of 2.202(600 mg, 3.06 mmol) int-BuOH (14 mL) was added KOt-Bu
(343 mg, 3.06 mmol) at 25 °C. The reaction mixture was heated to reflux for 30 min and a
solution of (3-bromoprop -1-yn-1-yl)trimethylsilane (585 mg, 3.06 mmol) in t-BuOH (1.0
mL) was added. After refluxing for 1 h, the reaction was quenched with an add ition of
H20, and the resulting mixture was diluted with CH :Clz. The layers were separated, and
the aqueous layer was extracted with CH2Cl.. The combined organic layers were dried

over anhydrous Na 2SO, filtered, and concentrated in vacuo.The residue was purified by
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column chromatography (silica gel, hexanes/EtOAc, 20/1) to afford 2.203as acolorless

oil (686 mg, 73%, d.r.>10:1H NMR (500 MHz, CDCl s wy wk 6 UH 1810p &£ & 4Hn,
1H), 5.18 (d,J= 17.0 Hz, 1H), 5.09 (dJ= 10.3 Hz, 1H), 4.184.09 (m, 2H), 2.98 (d,J= 16.8

Hz, 1H), 2.89 (t,J= 10.3 Hz, 1H), 2.712.54 (m, 1H), 2.60 (dJ= 16.8 Hz, 1H), 2.50 (dJ=

15.2 Hz, 1H), 2.132.04 (m, 2H), 1.791.69 (m, 2H), 1.24 (tJ= 7.0 Hz, 3H) 0.11 (s, 9H):C
NMR (125 MHz, CDCls& wy wl Y k 837.2) uifu4, NB.6, 67.8, 63.4, 61.6, 48.6, 39.9, 27.7,
23.9, 23.6, 14.2, 0.2 (3CIR (neat, cm?) 2957, 2177, 1738, 1711, 1249, 1222, 1201, 1030, 838;

HRMS (ESI)m/z 307.1729 [(M+HY calcd for CiH 260sSi 307.1724].

T™MS
Mn(OAc)3 JMS
EtOH/HOACc
~COgEt g4 °C,48h ... \CO,Et
43%

W P
H H
2.203 2.204

A solution of 2.203(400 mg, 1.31 mmol) in EtOH (23.6 mL) and HOAc (2.62 mL)
was degassed by bubbling argon through the mixture at ¢ 78 °C for 25 min. After
warming to 25 °C, Mn(OAc) 3 (2.28 g, 9.83 mmol) was added and the reaction mixture
was warmed to 90 °C for 24 h. The rea&tion mixture was then cooled to 25 °C and
additional Mn(OAc) 3(1.52 g, 6.55 mmol) was added. The reaction mixture was then
heated to 90 °C for 24 h. After cooling down to 25 °C, the reaction was diluted with
EtOAc, washed with 10 % NaHSOs and saturated agueous NaHCOs. The organic layer
was dried with anhydrous Na 2SO, filtered, and concentrated in vacua The residue was
purified by column chromatography (silica gel, hexanes/EtOAc, 20/1) to afford 2.204as a

mixture of E/Z isomers (colorless oil, 175 mg, 43%)*H NMR (400 MHz, CDCI sX wy duk 6 NY
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5.79 (m, 1H), 5.545.52 (m, 1H), 5.155.07 (m, 2H), 4.264.10 (m, 2H), 3.25 (br s, 1H), 3.09
2.87 (m, 3H), 2.382.22 (m, 1H), 2.1%2.05 (m, 1H), 1.931.89 (m, 1H), 1.621.57 (m, 1H),
1.271.22 (m,3H), 0.11 (d,J= 17.3 Hz, 9H);IR (neat, cm?) 2952, 1757, 1730, 1629, 1445,

1247, 1233, 1201, 1109, 1094, 1019, 8BRMS (ESI)m/z 307.1725 [(M+H} calcd for

o}
p-TsOH m
MeCN oo CO,Et
0t025°C, 2 h .
69% 7z

To a cooled (0 °C) solution 0f2.204(175 mg, 0.57 mmol) in MeCN (5.7mL) was

C17H 2603Si 307.1724].

added p-TsOH (217 mg, 1.14 mmol). The reaction mixture was warmed to 25 °C and
stirred for 2 h. The reaction was quenched with an addition of saturated agueous
NaHCO s, and the resulting mixture was diluted with CH 2Clz. The layers wereseparated,
and the aqueous layer was extracted with CH2Cl.. The combined organic layers were
dried over anhydrous Na 2SO, filtered, and concentrated in vacua The residue was
purified by column chromatography (silica gel, hexanes/EtOAc, 10/1) to afford 2.205as a
colorless oil (92 mg, 69%):*H NMR (500 MHz, CDCI 34 685 (ddd, J=17.3, 10.5, 7.7 Hz,
1H), 5.12 (d J= 17.3 Hz, 1H), 5.09 (dJ=10.7 Hz, 1H), 5.065.04 (m, 2H), 4.234.12 (m,
2H), 3.24 (t,J= 6.8 Hz, 1H), 3.06 (ddd,J= 17.4, 2.6, 2.6 Hz, 1} 2.96 (br s, 1H), 2.90 (dJ=
17.4 Hz, 1H), 2.28 (dddd,J=13.2, 13.2, 4.8, 2.2 Hz, 1H), 2.15 (dddd= 13.7, 13.7, 5.5, 5.5
Hz, 1H), 1.93t1.89 (m, 1H), 1.681.59 (m, 1H), 1.24 (tJ= 7.1 Hz, 3H);23C NMR (125 MHz,

CDClsA wy wl huy 8 hOwhA Y8 k OwhKl 8 k Owhit + 6 WOwhhut 6 WOwhy W
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IR (CHCl3, cmrt) 2945, 1757, 1728, 1661, 48, 1259, 1229, 1096, 1024, 9HRMS (ESI)m/z
235.1336 [(M+H} calcd for CiaH 1603 235.1329].

Q OH
Hi CO,Et NaBH,, MeOH H... “CO,Et
., 0°C, 2h, 65% .,
H

H
2.205 2.212

To a cooled solution (0 °C) of 2.205(124 mg, 0.53 mmol) in MeOH (10.5 mL) was
added NaBH 4 (60 mg, 1.59 mmol). After stirring for 30 min at the same temperature, the
mixture was quenched with an addition of saturated aqueous NaHCO s, and the
resulting mixture was diluted with EtOAc. The layers were separated, and the aqueous
layer was extracted with EtOAc. The combined organic layers were dried over
anhydrous Na 2SO, filtered and concentrated. The residue was purified by column
chromatography (silica gel, hexanes/EtOAc, 20/1) to afford 2.212as acolorless oil (80
mg, 65%):*H NMR (500 MHz, CDCI s& w #6.38 (Kny1H), 4.97 (tJ= 2.6 Hz, 1H), 4.90
4.86 (m, 3H), 4.23 (ddJ =5.2, 1.8 Hz,1H), 4.1 4.13 (m, 2H), 2.75 (dJ= 2.5 Hz, 1H), 2.73
(t, J= 4.7 Hz, 1H), 2.672.64 (m, 1H), 2.50 (tJ= 2.3 Hz, 2H), 2.24 (dddd,J= 13.4, 13.4, 5.2,
1.8 Hz, 1H), 1.98 (dddd, J= 13.9, 13.9, 6.0, 6.0 Hz, 1H), 1.50 (dd= 14.2, 4.9 Hz, 1H), 1.34
1.29 (m, 1H), 1.26 (tJ= 7.1 Hz, 3H);*C NMR (125 MHz, CDCl& wy whiA t 6§ O whKA & k Ow
114.1, 107.6, 74.4, 60.7, 54.5, 46.8, 45.6, 39.4, 22.9, 22.4 |R4A@HCIs, cm™) 3527, 3072,
2979, 2939, 2870, 1717, 1662, 1633, 1301, 1226, 1087, 1036, 914HRBES (ESI)m/z

237.1492 [(M+H) calcd for CiaH 2003 237.1485].
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o S0CHeCI

m 2,6-lutidine
HE.\COZB CH,Cl,y HEACOQB
. 0°C,1h ,
" quantitative Z

H H
2.205 2.216

To a cooled (0 °C) solution of 2.205(40 mg, 0.17 mmol) in CHzClz (3.4 mL) was
added chloromethanesulfonyl chloride (0.23 mL, 2.54 mmol) and 2,6-lutidine (0.39 mL,
3.4 mmol). After stirring for 1 h at the same temperature, the reaction was quenched
with an addition of saturated aqueous NH 4Cl, and the resulting mixture w as diluted
with CH 2Clz. The layers were separated, and the aqueous layer was extracted with
CH2Cl2. The combined organic layers were dried over anhydrous Na SO, filtered, and
concentrated in vacua The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 20/1) to afford2.216as ayellow oil (59 mg, quantitative): *H NMR (500
MHz, CDCl :A wy wt & Brhlw@p EOR PG iz, 1H), 5.11 (d= 5.4 Hz, 1H), 5.05 (t)= 2.4
Hz, 1H), 4.99 4.94 (m, 3H), 4.87 (dJ= 12.3 Hz, 1H), 4.73 (dJ= 12.3 Hz, 1H), 4.224.12
(m, 2H), 3.00 (t,J= 3.9 Hz, 1H), 2.892.86 (m, 1H), 2.58 (dJ= 17.4 Hz, 1H), 2.49 (ddd,J=
17.4, 2.6, 2.6 Hz, 1H), 2.22 (ddddJ= 13.5, 13.5, 5.2, 1.9 4 1H), 2.00 (ddd,J= 20.2, 13.8,
6.0 Hz, 1H), 1.58 (dd,J= 14.3, 5.0 Hz, 1H), 1.48L.43 (m, 1H), 1.27 (tJ= 7.1 Hz, 3H);IR
(CHCIls, cn?) 3020, 2946, 1723, 1635, 1368, 1309, 1262, 1214, 1180, 1095, 1046, 985, 890;

HRMS (ESI) m/z 349.0876 [(M+H} calcd for C1sH2ClOsS 349.0871].
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_SO,CH,Cl KO,
% 18-crown-6
E\\cozgt _DMSO E COEt B \CO,Et
H 25°C, 2h
,/
H
2.216 2.211 2.212
To a stirring solution of KO 2 (52 mg, 0.73 mmol) in DMSO (2.5 mL) was added
18-crown -6 (95 mg, 0.36 mmol) at 25 °C. After 30 min2.216(32 mg, 0.09 mmol) in
DMSO (0.5 mL) was added dropwise. After stirring for 2 h, the reaction was quenched
with an addition of H 20, and the resulting mixture was diluted with CH 2Cl.. The layers
were separated, and the aqueous layer was extracted with CHClz. The combined
organic layers were dried over anhydrous Na2SO filtered and concentrated. The residue
was purified by column chromatography (silica gel, hexanes/EtOAc, 20/1) to afford2.211
(1 mg, 5%) and2.212(3 mg, 14%);For 2.211 *H NMR (500 MHz, CDCI sA wx wk 6 BHUwmE E E Ou
17.0, 10.4, 8.2 Hz, 1H), 5.05 (dl = 10.8 Hz, 1H), 5.02 (d,J =17.3 Hz, 1H), 5.00 (br s, 2H),
4.2004.14 (m, 3H), 3.42 (br s, 1H), 2.82 (dddJ=17.0, 2.6, 2.6 Hz, 1H), 2.42.76 (m, 1H),
2.71(d,J=4.3 Hz, 1H), 2.46 (dJ= 16.8 Hz, 1H), 1.88 (dddd,J=13.3, 13.3, 5.6, 5.6 Hz, 1H),
1.79 (dddd, J=13.4, 13.4, 4.51.9 Hz, 1H), 1.591.56 (m, 1H), 1.49 (ddJ= 13.8, 4.6 Hz,

1H), 1.27 (t,J= 7.1 Hz, 3H); IR (CHCls, cm?) 3533, 2938, 1710, 1662, 1447, 1294, 1213,

1066, 920, 88%KIRMS (ESI)m/z 237.1483 [(M+HY calcd for CiH 2003 237.1485].
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fo) OH OH
O Smly, PhSH P :
e | (CO,Et H(l\)/lfé,;:F e LCOEt | (COLEt
o [dr = 1:3] 0 o
H H H

2.205 2.211 2.212

To a cooled (0 °C) solution of 2.205(20 mg, 0.09 mmol) in THF (0.85 mL) was
added PhSH (0.05 mL, 0.51 mmol), HMPA (0.15 mL, 0.85 mmol), and Smd (0.1 M in
THF, 2.55 mL) dropwise. After stirring for 5 h at the same temperature, the reaction was
guenched with an addition of saturated aqueous Na:=S0s, and the resulting mixture was
diluted with EtOAc. The layers were separated and the aqueous layer was extracted
with EtOAc. The combined organic layers were dried over anhydrous Na 2SO, filtered

and concentrated in vacuo.The crude material showed a 1:3 mixture of 2.211and 2.212

Q oH
.CO,Et N
HE LiAIH,, THF E OH
7 0°C,1h,81% H/

H
2.205 2.213

determined by 'H NMR.

To a cooled solution (0 °C) of 2.205(50 mg, 0.21 mmol) in THF (5.3 mL) was
added LiAIH 4 (2.0 M in THF, 0.84 mmol). After stirring for 1 h at the same temperature,
the reaction was quenched with an addition of Rochelle salt, and the resulting mixture
was diluted with CH 2Cl.. The layers were separated, and the aqueous layer was
extracted with CH2Cl2. The combined organic layers were dried over anhydrous Na 2SO,
filtered, and concentrated in vacuo.The residue was purified by column chromatography
(silica gel, hexanes/EtOAc, 5/1) to afford2.213as acolorless oil (33 mg, 81%):H NMR

(500MHz, CDCl s& wy wt & 04 1w8pE& € &Hz, 1H), 5.35.07 (m, 1H), 4.99 (dd,J=
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10.1, 2.0 Hz, 1H), 4.95 (tJ= 2.5 Hz, 1H), 4.85 (br s, 1H), 4.00 (d]= 5.3 Hz, 1H), 3.82 (d,J=
11.4 Hz, 1H), 3.66 (dJ= 11.4 Hz, 1H), 2.70 (tJ= 4.1 Hz, 1H), 233t 2.30 (m, 1H), 2.2%$2.19
(m, 2H), 2.16:2.14 (m, 2H), 1.98 (dddd,J= 13.9, 13.9, 6.0, 6.0 Hz, 1H), 1.46 (dd= 14.2, 4.9
Hz, 1H), 1.3 1.32 (m, 1H);IR (CHCls, cmt) 3356, 3068, 2932, 2869, 1658, 1632, 1420, 1151,
1088, 1068, 1001, 910, 8AARMS (ESI)m/z 201.1456 [(M+LiY calcd for Ci2H 1802 201.1461].
OH OH
E»*‘\OH imidazcl—?lg%HzCIzE»“\OTBS
S 25°C, 24 h, 84% -,
2|j|213 2|j|220

To a cooled solution (0 °C) 0f2.213(33 mg, 0.17 mmol) in CHzCl2 (1.7 mL) were
added imidazole (35 mg, 0.51 mmol) and TBSCI (51 mg, 0.34 mmol). The reaction
mixture was allowed to warm to 25 °C and stirred for 24 h. The reaction was quenched
with an addition of saturated aqueous NH 4Cl, and the resulting mixture was dil uted
with CH 2Cl.. The layers were separated, and the aqueous layer was extracted with
CH2Cl2. The combined organic layers were dried over anhydrous Na 2SQ, filtered, and
concentrated in vacua The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 20/1) to afford2.220as acolorless oil (44 mg, 84%):*H NMR (500 MHz,
CDClsA wy wt 6 B4 ludp FOBBEBQ Wz, 1H), 5.02 (dddl= 17.3, 1.7, 1.7 Hz, 1H), 4.97
(ddd, J=10.4, 2.0, 1.0 Hz, 1H), 4.92 (= 2.4 Hz, 1H), 4.84 (br s, 1H)3.89 (d,J= 5.3 Hz,
1H), 3.66 (d,J= 10.0 Hz, 1H), 3.58 (d,J= 10.0 Hz, 1H), 2.65 (tJ= 4.0 Hz, 1H), 2.342.31
(m, 1H), 2.29 (t,J= 2.6 Hz, 1H), 2.222.15 (m, 2H), 1.94 (dddd,J= 13.9, 13.9, 6.0, 6.0 Hz,

1H), 1.55 (dd,J= 14.2, 4.8 Hz, 1H), 1.371.33 (m, 1H), 0.89 (s, 9H), 0.05 (s, 3H), 0.04 (s,
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3H); IR (CHCls, cm) 3444, 3069, 2928, 2856, 1659, 1633, 1471, 1253, 1214, 1087, 1005, 834;
HRMS (ESI)m/z 309.2245 [(M+HY calcd for CisH :202Si 309.2244].

OH 0
EN\OTBS PCC, CH,Cl, EN\OTBS
Z 25°C, 1 h, 79% v

H H
2.220 s2.1

To a solution of 2.220(44 mg, 0.14 mmol) in CHzCl2 (1.4 mL) was added PCC (37
mg, 0.17 mmol). After stirring for 1 h, the reaction was diluted with Et 20 and washed
with H 20. The organic layer was dried over anhydrous Na 2SO, filtered, and
concentrated in vacua The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 20/1) to afford S2.1as acolorless oil (34 mg, 79%):*H NMR (500 MHz,
CDCl:& wy wk & A4 1616p EORF10.2Hz, 1H), 5.868.06 (m, 1H),5.04 (dd,J= 10.0, 1.8
Hz, 1H), 5.0145.00 (m, 2H), 3.62 (dJ= 10.2 Hz, 1H), 3.55 (dJ= 10.2 Hz, 1H), 2.922.89
(m, 1H), 2.86 (d,J= 4.2 Hz, 1H), 2.75 (ddd,J= 17.6, 2.6, 2.6 Hz, 1H), 2.68 (d= 17.7 Hz,
1H), 2.2#2.20 (m, 1H), 2.16 (dddd,J= 138, 13.8, 5.2, 5.2 Hz, 1H), 1.98..90 (m, 1H), 1.44
(dd, J=13.8, 4.4 Hz, 1H), 0.87 (s, 9H), 0.01 (s, 3H), 0.00 (s, 3Hy;(CHClIs, cm?) 3075,

2928, 2856, 1748, 1658, 1471, 1252, 1214, 1094, 834; HRMS (&#3B07.2090 [(M+HY

0 0
Il 1
~"SOTBS 6N HCI, THF “"OH
0 0°C,4h, 67% -,
H

H
S2.1 2.218

calcd for CisH3002Si 307.2@8].

To a cooled solution (0 °C) 0of S2.1(34 mg, 0.11 mmol) in THF (0.85 mL) was

added 6 N HCI (1.8 mL) and the reaction mixture was allowed to warm to 25 °C. After
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stirring for 4 h, the reaction mixture was diluted with the addition of H 20 and EtzO. The
layers were separated, and the aqueous Iger was extracted with Et-0O. The combined
organic layers were dried over anhydrous Na 2SO, filtered and concentrated in vacua

The residue was purified by column chromatography (silica gel, hexanes/EtOAc, 5/1) to
afford 2.218as acolorless oil (14 mg, 67%: *H NMR (500 MHz, CDCl sA wy wk 6 A=K wgpE EE Ow
16.8, 10.1, 10.1 Hz, 1H), 5.65.02 (m, 4H), 3.90 (dJ= 11.8 Hz, 1H), 3.34 (dJ= 11.8 Hz,

1H), 3.01 (ddd, J= 17.4, 2.5, 2.5 Hz, 1H), 2.89 (d,= 4.8 Hz, 1H), 2.68 (dd J= 9.9, 4.9 Hz,
1H), 2.60 (d,J= 175 Hz, 1H), 2.2742.18 (m, 2H), 1.961.93 (m, 1H), 1.55 (s, 1H), 1.49..41
(m, 1H); IR (CHCls, cmt) 3432, 3074, 2939, 1742, 1657, 1638, 1214, 1050, 1016, 920, 883;
HRMS (ESI)m/z193.1225 [(M+H} calcd for Ci2H1602193.1223] Data collected is

consistent with those previously reported in literature. 2

0 PhSH OH
_ HMPA, SmI, -
"~ OH THEo0°C,5h - OH
> 78% >
H

H
2.218 2.219

Compound 2.219 was prepared according to the previously reported
procedure.?*To a cooled (0 °C) solution 0f2.218(14 mg, 0.06 mmol) in THF (0.6 mL) was
added PhSH (0.04 mL, 0.36 mmol), HMPA (0.1 mL, 0.60 mmol), and Sm (0.1 M in THF,
3.6 mmol) dropwise. After stirring for 5 h at the same temperature, the reaction was
guenched with an addition of saturated aqueous Na 2503, and the resulting mixture was
diluted with EtOAc. The layers were separ ated, and the aqueous layer was extracted

with EtOAc. The combined organic layers were dried over anhydrous Na 2SO, filtered,
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and concentrated in vacuo.The residue was purified by column chromatography (silica
gel, hexanes/EtOAc, 5/1) to afford2.219as acolorless oil (11 mg, 78%):*H NMR (500
MHz, CDClsA wxy wt 6 Y Y wép@O(mH)ASDRifrdE,YLH), 5.005.00 (m, 2H), 4.06 (s,
1H), 3.98 (d,J= 11.6 Hz, 1H), 3.56 (dJ= 11.6 Hz, 1H), 2.82 (dddJ= 17.1, 2.5, 2.5 Hz, 1H),
2.62 (d,J= 4.3 Hz,1H), 2.39 (br s, 2H), 2.26 (ddJ= 9.3, 6.0 Hz, 1H), 2.07 (dJ= 17.1 Hz,
1H), 1.90t1.82 (m, 1H), 1.811.74 (m, 1H), 1.591.55 (m, 1H), 1.3%1.30 (m, 1H);IR

(CHClIs, cnrt) 3342, 3070, 2934, 1660, 1635, 1446, 1214, 1064, 1023, 9141B88S (ESI)
m/z 2011463 [(M+Li)* calcd for C12H1s02 201.1461] Data collected is consistent with those

previously reported in literature. 24

N
Ar‘O S0P 6o 0
cion é}oa
150 °C, 48 h
= © 41% Z
2.249 2.250

EtOH (2.0 mL) was added to 2.249(50 mg, 0.09 mmol) in a sealed tube, and the
resulting solution was warmed to 150 °C for 48 h. After cooling down to 25 °C, the
solvent was evaporated under reduced pressure and the residue was purified by column
chromatography (silica gel, hexanes/EtOAc, 30/1) to afford 2.250as a colorless oil (17

mg, ~41%) in about a 1:0.8 mixture of enol and keto tautomers, respectively.
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3. Design and Synthesis of Novel ENT Inhibitors

3.1 Introduction
3.1.1 Equilibrative Nucleoside Transporters

Nucleosides are vital components of human physiology as they are important
building blocks in RNA, DNA and ATP synthesis and function as signaling molecules in
a broad range of cellular events. Composed of a purine or pyrimidine nucleobase and a
5-carbon sugar (Figure 19), they are hydrophilic in nature and are unable to diffuse
across cell membranes without the aid of specialized Nucleoside Transporters (NTs).>
NTs belong to two different Solute Carrier (SLC) families, genetically encoded SLC28
and SLC29.Classically, the transporters were characterized by their dependence on
extracellular sodium, substrate preference and sensitivity to the inhibitor S-(4-
nitrobenzyl) -6-thioinosine (NBMPR). Therefore, NTs are classified as
concentrative/NBMPR -insensitive/tr ansports-thymidine ( cit), concentrative/NBMPR -
insensitive/transports -formycin ( cif), concentrativBNBMPR -insensitive/transports -both-
purines-and-pyrimidines ( cib), equilibrium/NBMPR -sensitive (e9 or

equilibrium/NBMPR -insensitive (ei).5
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Figure 19. Examples of purine and pyrimidine -based nucleosides

The concentrative nucleoside transporters (hCNT1, 2 and 3, €it, cif and cib)),
encoded by SLC28 mediate the uptake of nucleosides unidirectionally by coupling to
the influx of sodium ions. Although all CNTs transport uridine, hCNT1 preferentially
transports pyrimidines, hCNT2 purines and hCNT3 exhibits broad selectivities. ¢ The
equilibrative nucleoside transporters (hENT1, 2, 3 and 4), encoded by SLC29 passively
transport nucleoside and nucleoside drug analogs. hENT1 (€9, is potently inhibited by
NBMPR, whereas hENT2- 4 (ei), show little to no sensitivity to NBMPR. While hENT1 -3
exhibit broad tissue distributions and substrate preference (Table 11), hENT4, also
known as plasma membrane monoamine transporter (PMAT), specifically transports
adenosine and monoamines, such as serotonin and dopamine, and is highly expressed
in the heart and brain.>* In addition to nucleosides and nucleobases, hENTS are critical in
delivering >30 FDA/EMA approved nucleoside analog therapeutics to their intracellular

targets (examples shown in Figure 20).57 58
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Table 11. Equilibrative Nucleoside Transporter Family.

Adapted from ref 54

ENT Isoform T'SSUQ Subc_ellu_lar Permeant Selectivities Transport Inhibitors
Expression Localization
hENT1 Ubiquitous Plasma membrane Purllne, pyrlrr_udlne . N.BMPR’ dilazep, .
nucleosides, their analogs  dipyridamole, rapadocin
hENT2 Ubiquitous Plasma membrane Purine, Py””.“d'”e dilazep, dipyridamole
Nuclear membrane nucleosides, their analogs
Purine, pyrimidine .
hENT3 Kidney, lungs, liver Lysosomal membrane  nucleosides, their analogs, NBMPR' dilazep,
dipyridamole
ATP
hENT4 Brain and heart Plasma membrane Adenozg%,tgr?ir:‘amme, dilazep, dipyridamole
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Figure 20. Antiviral and antineoplastic nucleoside analog therapeutics.

from ref 58

Figure adapted

In addition to the transport of nucleoside analog drugs, inhibitors of hRENT

(Figure 21), also known as adenosine reuptake inhibitors (AdoRIs), have shown

significant clinical relevance due to their ability to regulate metabolic functions and cell

signaling cascades via increasing extracellular adenosine concentrations. Increased

adenosine concentrations in-turn activates four G-protein coupled receptors (GPCR9
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(A1R, A2aR, A2eR and AsR) which mediates many physiological responses including,
vasodilation, coronary blood flow, inflammation, neurotransmission, hypoxia, trauma,
ischemia, and analgesia® >’ While AdoRls are traditionally used for their antiarrhythmic
and cardioprotective effects, their ability to mediate pain holds great potential for the

development of novel non -opioid pain -relieving therapeutics.

H

o) o \©\/
MeO o "N N0 \KK( Sj\
OH
MeO . OMe N
OM i
e dilazep (DZ) NBMPR
Q
\L NG Y I C c
A PN
N OH soluflazme

%0 O QY

dipyramidole (DP) % draflazine NS
I OH

AN
5 e
o;%% Spa

T1-11

rapadocin

Figure 21. Selected ENT1 Inhibitors

As shown in Figure 22, extracellular adenosine levels are maintained by the
dephosphorylation of ATP by ectonuleosidase triphosphate diphosphohydrolase (CD39)
and dephosphorylation of ADP and AMP by ecto -k -pucleotidase (CD73). Adenosine
then mediates analgesia in a variety of ways by binding to adenosine receptors (ARs)5°

Consequently, there has been significant interest in the development of therapeutic
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agents that target the AR for the treatment of pain. Although several AR agonists have
made it to clinical trials, success in targeting the AR receptor has proven limited due to
unacceptable side effects(mainly cardiovascular). Additionally, intravenous infusion of

adenosine has been effective in relieving neuropathic, experimental, and perioperative

x EDOWEUUWEUT wU O wE-ié aantinbodd infusionisinédésshy o & O

o D39 cD73 ADA w

Agonists Agonists Antagonists Agonists Antagonists Agonists

M A:Rs i .[ AzaRs AzRs AsRs

Neuropathic, Neuropathic,

chronic inflammatory Neuropathic
pain pain pain

Figure 22. Analgesic effect of AR receptor acti vation. Figure adapted from ref. 59

Neuropathic, Neuropathic, Inflammatory,
inflammatory, inflammatory postoperative

postoperative, pain pain
visceral pain

Another tactic for eliciting the analgesic effect of AR activation, without the use
of an AR agonist, is inhibiting the intracellular transport of adenosine by hENT, thereby
increasing extracellular pools of adenosine (Fgure 23).62 Notably, ENT1 is colocalized

with the A:R and highly expressed in the superficial dorsal horn laminae, substantia

94



gelatinosa and the dorsal root ganglia, all of which are highly involved in the
modulation of pain transmission. 636465

The analgesic effect of ENT inhibition has been shown experimentally and
clinically. Firstly, Keil etal. showed intrathecal administration of dilazep could induce
antinociception by altering adenosine levels in a mouse tail flick assay.%¢ Additionally,
Maes et al demonstrated the antihyperalgesic effect of ENT inhibitors on guinea pigs in
induced) by inhibiting the A 1R and A2R subtypes¥®! Clinically, the ENT inhibitor
dipyridamole had beneficial effects in chronic pain patients and showed improvement
POwOUUI OEUUT UbB UBunction&ity @Herdddrokinedxwihea @w 8o€e of

prednisolone. 67 &8

o

O
) g ENT Inhibition | _ g
O
(@) A
\ 0o
" o ° v o

ENT [Illl[] AR O adenosine A ENT inhibitor

Figure 23. AR activation by ENT inhibition.  Figure adapted from ref 62.
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Although physiologically and clinically important, the development of  novel
inhibitors of ENT has been limited due to a lack of structural and functional data of
hENT. The first experimentally determined crystal structures of hENT were published
by Prof. Seok-Yong Lee and Dr. Nicholas J. Wright in 20195° In which they published the
co-crystal structure of hENT1 in complex with inhibitors dilazep and NBMPR. Their
studies shed light on both the molecular basis for NENT1-mediated adenosine transport,
EQwpi OOWE Uwh U0 wd Gof teEmstabzétidnoERENT 1 Ehéee paint) & w %
mutations (L168F, P175A and N288K) and a disorderedloop truncation
(DPro243 GIn247) were found to enhance transporter detergent solution behavior while
maintaining a functionally competent construct, labeled hE NT21lcyst. Crystallization of
hENT 1eystin complex with dilazep and NBMPR was then carried out to 2.3 A and 2.9 A
resolution, respectively (Figure 24A), providing key insights into transporter
architecture. hENT1eyst, composed of 11 transmembrane helices, exhibits a pseude
symmetric 6 + 5 topology, shown in Figure 24B. Similar to the major facilitator

superfamily (MFS) transporters which exhibit a pseudo -symmetric 6 + 6 topology.
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A Dilazep NBMPR

s + © structural topology
 Extracellular loop

T™M7 T™9
M11

kK "+ Cytosolic loop

Figure 24. A) Co-crystal structure of hLENT1 in complex with dilazep and NBMPR. B) 6
+ 5 structural topology of hENT1. Figure reprinted with permission from ref 69.

Taking a closer look at dilazep-bound hENT1cyst, the inhibitor adopts a crescent
conformation with two distinct binding sites within the central cavity (Figure 25A). One
of the two trimethoxyphenyl rings interacts with Trp29 and GIn158 deep within the
central cavity. As this site was previously indicated as important for nucleoside
recognition, itwasterml EwUT I ws OUUT O U25A).UBesSecthBdinting sigg%d 1 UUIT w
occupied by the other trimethoxyphenyl ring and the central diazepane ring, is

EOOUI gUI 60U0awli UOTI Ews OxxOQUUUODPUUDPEwWUDUIT whz dw( O
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ring is cradled by a hy drophobic contact with Met33 and the trimethoxyphenyl ring
forms p- p stacking with Phe307 and Phe334 and hydrogen bonding with Asn338.
Similar to dilazep, NBMPR also exhibits two distinct binding sites. The
adenosine-like thioinosine moiety occupyingthe s OUUT OUUI UPEwUDPUI ZwYPEwWDH
UT t Kk wEOE w Ux1t kil @By & lardd 43 amino groups coordinating to
GIn158 and several hydrophobic residues (Leu26, Met89, Leu92 and Leu442)
surrounding the purine moiety. The second binding -site, terO1 Ews Ox x OUUUOPUUDE wl

occupied by the p-nitrobenzyl ring and is buried deep within a hydrophobic cavity.

A B ......
MeO. i OMe g 0N OH
0NN N0 % \Q\L/s _’\N‘ o __‘1
MeO ; ! OMe .+ W)\( Sj\
oMo / Mo o NN pd ToH
B p-nitrobenzyl .
trimethoxyphenyl  diazepane + trimethoxybenzoic acid thioinosine
T™A1  §

Opportunistic site, 1

g
A B

K D

3 % 2

5 .

' 1

.

. .,

.
.

Orthosteric site ! Y
4 ,_ TMa.. 4
™4 h158 [< Opportunistic site 2 Orthosteric site

\

Figure 25. Dilazep and NBMPR binding sites within ENT1 binding pocket. Figure
reprinted with permission from ref 69.

The two inhibitor bound states of hENT1 provides valuable insight into the
mechanism for nucleoside transport and inhibition. Based on the two -domain

architecture, it was posited that hENTL1 utilizes a global rocker -switch -like reorientation
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of the N and C domains for an alternating -access mechanism for nucleoside and

nucleoside-analog drug transport. As shown in Figure 26, both inhibitors lock hENT1 i n

the outward -facing state. For the transporter to transition to the inward -facing state,

substrate binding closes the extracellular thin gate and upon N - and C-domain

reorientation the extracellular thick gate is formed to transform the transporter to the

outward-i EEDPOT wUUEUI dw UWEDPOE&Tl xwOEEUxPI Uws OxxOUUU
thin gate, it sterically prevents thin gate formation. Contrastingly, NBMPR does not

occlude thin gate formation but prevents reorientation of the N -domain by bindin g to

s Ox x OU U U OGP U U b F-uitcbBedzy| unbigtyuFigbre) 126y Udkén dogether, the

structural and mechanistic information provided by these studies offers an excellent

starting point for the rational design of novel ENT inhibitors.

Dilazep

»
5
”~
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Figure 26. Dilazep and NBMPR bound hENT1. Figure reprinted with permission from
ref 69.
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3.2 Results and Discussion

Although the inhibition of hENT by AdoRIs has had long standing interest
within the scientific community, the lack of crystallogra phic data has made the rational
design of novel compounds challenging. As classic AdoRIs lack selectivity, isoform
specificity, toxicity, and poor bioavailability, there is an urgent need for the
development of novel ENT inhibitors.

Therefore, the goal of this chapter is to take advantage of the structural data
provided by the co -crystal structure of hENT1 in complex with dilazep and NBMPR to
rationally design inhibitors with improved target potency, pharmacological properties,
and subtype specificity, for the development of non-opioid analgesic compounds. Our
efforts towards each of these aims will be addressed in the following sections. The work
accomplished in this chapter was done in collaboration with Dr. Pyeongwha Jeong and

Yiquan Zhao, members of the Hong Lab.

3.2.1 Development of Novel ENT1 Inhibitors
3.2.1.1 Hybrid Analog Design

To improve the target potency of ENT inhibitors, we postulated that we could
design a hybrid analog of dilazep and NBMPR that takes advantage of both their shared
and distinct binding sites to provide an inhibitor with increased binding affinity for
ENT1. Therefore, for the design of our first hybrid analog , we utilized dilazep as the core

UOWOEEUxawUT T wsOUUT OUUI UPEwUDUIT 7z wEPDEwWs OxxOUUUO
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OPUUOEI OaalOwoOOPl UawUOwOEE U 27 withtourfirét talgél OPUUDE wU D

compound in mind, we began the synthesis of our first hybrid analog.

Dilazep & NBMPR Binding Sites:

orthosteric site

opportunistic site #1
MeO O/\/\ N N0 OMe
MeO " OMe
OMe dilazep OMe

opportunistic site #2 orthosteric site

GN ., OH
:._, 2 N:\ o “\|

Ny N ud o

NBMPR

Hybrid Analog Design:

orthosteric site opportunistic site #1

MeO O/\/:,-'\N/ ‘W0 OMe
MeO L OMg:"E
Qe JH-ENT-01 OMe ..

Noz__.-’ opportunistic site #2

Figure 27. Hybrid analog design for ENT1 inhibitors
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3.2.12 JH-ENT-01 Synthesis and Bioactivity

BocN NH
oc|
0 o]
3-bromo-1-propanol v 3.003
MQODALC' EtN MeoD)LO/V\ Br K,COs
CH,Cly, 25 °C DMF, 25 °C
MeO 2~ 2 MeO )
18 h, 887 %
OMe 8 h, 88% OMe 3 days 89%
3.001 3.002
o o]
BooN. N0 OMe TFA HN' N0 OMe
\// OMe CHxCly, 25°C \\// OMe
OMe 16 h, quant. OMe
3.004 3.005

Scheme 31. Synthesis of 3.005

The synthesis began with the right-hand portion of our hybrid analogs,
homopiperazine 3.005(Scheme31). First 3-bromo-1-propanol was coupled to acyl
chloride 3.00Q1 to provide bromide 3.002 which was then coupled to 1-Boc-
homopiperzine in the presence of K2COs. Finally, TFA deprotection provided
homopiperazine 3.005 quantitatively. Next, to build up the left -hand side, phenol 3.006
was coupled to 4-nitrobenzylbrom ide with the addition of K 2COsunder refluxing
conditions. The resulting ester (3.007 was hydrolyzed with 1 N LiOH and converted to
an acyl chloride intermediate upon treatment with SOCI 2. The acyl chloride was then
coupled to 3-bromo-1-propanol under basic conditions to provide bromide 3.009
Finally, bromide 3.009was coupled to homopiperazine 3.005 in the presence of K:COs to

provide JH-ENT-01.
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(0] (0]
M M

eO o "N NT~o OMe
3.005 v
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DMF, 60 °C 0 _ - OMe
16 h, 21% e
NO,

Scheme 32. Synthesis of JH-ENT-01

Following the synthesis of JH-ENT-01, our collaborators in Prof. Seok8 OOT w+1 1 z Uw
lab tested our hybrid design by comparing the binding affinity of JH -ENT-01 3.01Q to
ENT1 compared to dilazep in a cold-competition scintillation proximi ty assay (SPA).
SPA measures the fraction ofSH-NBMPR bound to ENT1 upon treatment with JH -ENT-
01 or dilazep. Excitingly, JH-ENT-01 showed a 2fold increase in binding affinity (Figure
28 WEOOXxEUI EwUOOWEDPOEAT x3w$ OEOUUET bbiamdt thewUT 1 UT wUI
crystal structure of JH-ENT-01 bound to ENT1. From this data we compared the binding
mode of JH-ENT-01 to that of dilazep and NBMPR. Shown in Figure 29, our hybrid

EOEOOT wi REEUOCa wOPODPEUWUT 1 wEDPOEDOT wo Qhidticudi WEDOE
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UPUI whiz wuEOCEwWUT 1T ws OUUT OUUI U D Epniitdbénkyk riciety GoesE OO x EUD
OEEUxawUT I wUEOI wi aEUOxT OEPEwWx OEOI Uwps OxxOUUUOD
~12.5 °. Additionally, JH-ENT-01 fails to take advantage of the part o the binding pocket

that interacts with the ribose unit of NBMPR.
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Figure 28. Cold-competition Scintillation Proximity Assay (SPA)
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Figure 29. Overlay of JH -ENT-01's (white) binding pose with dilazep (left) and
NBMPR (right)

3.2.13 Design and Synthesis of ENT1 Inhibitor Library

Based on our analysis of JHENT-Y vz UWE D OEDOT wOOETI OQwkil wEl UDPT &
of inhibitors to develop preliminary structure -activity relationships (SAR). For our
inhibitor library, we focused on three aspects of our hybrid analog. Firstly, driven by the
slight rotation of the p-nitrobenzyl moiety, we designed analogs JH-ENT-02, 03, & 04
(Figure 30) in hopes to adjust the angle to mimic NBMPR. Secondly, the truncated
analog JH-ENT-05 was devised to determine if we could take advantage of
sOxxOQUUUOPUUPEwWUDPUI whuz OQwbki DOT wOEOPOT wOUUwWhOI PE
an additional ribose unit was introduced to analogs JH -ENT-06 & 07 to take advantage
of the additional interactions observed with the ribose unit of NBMPR. The synthesis of

each of these inhibitors we will now be briefly discussed.
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Figure 30. ENTL1 inhibitor library

To synthesize JHENT-02 we first needed to replace thephenol of ester 3.0060f
JH-ENT-01 3.010 with a thiol. This was accomplished by coupling
dimethylthiocarbamoyl chloride ( 3.011 with 3,4-dimethoxy -5-hydroxybenzoic acid
methyl ester (3.006) with the addition of NaH, followed by reflux in phenyl ether to
provide the rearranged product 3.013. Finally, transesterification with NaOMe provides

thiol 3.014in 82% yield (Scheme33).
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Scheme 33. Synthesis of 3.014

With the thiol (3.0149 in hand, we proceeded with the same synthetic approach as
JH-ENT-01. Thep-nitrobenzyl moiety was introduced via reflux with thiol (  3.014 under
basic conditions and the resulting ester was hydrolyzed with 1 N LiOH to provide
carboxylic acid 3.016 Next to introduce the alkyl chain, we treated 3.016with thionyl
chloride to form the acyl intermediate and then 3 -bromo-1-propanol but unfortunately
the conditions were too harsh and the p-nitrobenzyl group was removed and resulted in
alkylation of the thiol ( Scheme34). As N, Nzdicyclohexylcarbodiimide (DCC) is a
commonly used reagent for the formation of amide, peptide, or ester bonds, we treated
3.016with DCC, 3-bromo-1-propanol in CH 2Clz and successfully introduced the alkyl
chain to form intermediate 3.017. Finally, 3.017was coupled to homopiperazine 3.005to

provide JH-ENT-02 in a 44% yield.



















































































































































































































































































































































