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Abstract

The research presented in this thesis details efforts towards the total synthesis of the
natural product phormidolide A. The synthesis of various fragments and eventual
completion of the macrocyclic fragment of phormidolide A is reported. As part of these
efforts, a stereochemical reassignment of phormidolide A was undertaken. Finally, the
discovery and use of a unique halide effect in Grignard reactions of 3-hydroxyketones

was identified and exploited for the synthesis of C4’-modified nucleoside analogues.

Phormidolide A is a THF-containing marine macrolide natural product, isolated from a
marine cyanobacterium Leptolyngbya sp. by the Gerwick group. Reported in 2002, its
planar structure was determined primarily through 1D and 2D NMR spectral analysis
while the relative stereochemistry of phormidolide A was assigned using nuclear
Overhauser effect (NOE) information and Murata’s J-based configurational analysis. In
collaboration with the Paterson group at Cambridge University, we developed a
synthesis of 5 key fragments of phormidolide A. Collaborative efforts, including the
synthesis of C10-C23 fragments of the natural product and comparison of computational
results to data reported for the natural product led to a stereochemical reassignment.
Following this, the prepared fragments were used to construct the macrocycle of
phormidolide A. These synthesis efforts included the examination of a wide range of
macrocyclization strategies, ultimately using macrolactonization to form the macrocycle.

Finally, efforts towards linking the side chain fragments to the macrocycle are described.

During an investigation of the 1,2-addition of Grignard and other organometallic reagents
to B-hydroxy ketones, we identified a unique effect of halide on diastereoselectivity, with
alkylmagnesium iodide reagents demonstrating the highest levels of stereoselectivity.
Detailed DFT calculations and mechanistic studies suggest that the Lewis acidity of a
chelated magnesium alkoxide can be tuned by choice of halide. Exploiting this finding,
we demonstrate that the diastereoselective addition of alkyl magnesium iodide reagents
to ketofluorohydrins enables rapid access to naturally configured C4’-modified
nucleosides. This work now provides a platform to support antiviral and anticancer drug

discovery and development efforts.

Keywords: Marine natural products; phormidolide A; total synthesis;

macrocyclization; Grignard reaction; C4’-modified nucleoside analogue
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Chapter 1. Introduction

1.1. Marine Natural Products

Living organisms produce a variety of chemicals referred to as natural products
(NPs), which are essential to life, growth, and reproduction. NPs that are crucial to basic
survival are referred to as primary metabolites and include carbohydrates, proteins, fats,
and nucleic acids.” The biosynthesis of primary metabolites is generally conserved across
all organisms and is important for metabolism and reproduction.'? In contrast, secondary
metabolites are NPs that are not essential to the internal mechanisms that govern growth,
development, and reproduction.”® The production of secondary metabolites is typically
specific to an organism or group of organisms and imparts an evolutionary advantage that
could include defense against predation, communication, or hunting prey through

chemical means.'*

Organisms living in marine environments produce a wide variety of secondary
metabolites owing to the extreme environmental conditions and sessile nature of many
marine organisms, which are often soft-bodied, slow-moving, or lack significant physical
protection.>® Most commonly, these organisms produce secondary metabolites as a
means of defense against predators and infectious microbes, to compete with encroaching
neighbours for food and space, or to paralyze prey.”~ In many cases it is critical that these
secondary metabolites are also highly potent so that they maintain effectiveness when
diluted in the surrounding aqueous marine environment.® As a result, secondary
metabolites from marine organisms have long been of interest to researchers as leads for
drug discovery.5”'° For example, marine NPs have been used clinically as anti-cancer,
anti-bacterial, and anti-inflammatory agents, have shown painkilling effects and beneficial
effects on neurodegenerative and heart diseases, and have shown the potential to combat

drug-resistant pathogens.'™-'3

1.1.1. Marine Natural Products in Drug Discovery

Throughout history, marine NPs have been exploited for medicinal and other
purposes. Ancient Chinese and Japanese mariners ate seaweed for its health benefits
and records from ancient Rome showed that they used concoctions made from stingray

spines to alleviate pain.™ South-eastern Asian mariners used a flatworm, which was later



found to contain a paralyzing toxin, to stun fish to catch them more easily.™ In the 1960s,
interdisciplinary groups were brought together to systematically investigate and assess
the potential of marine NPs in drug discovery. Since this time, the clinically relevant
biological activity of marine NPs has been widely recognized.”™ To date, almost 40,000
marine NPs have been isolated and 23 marine NPs or marine-derived drugs are in clinical
use.'® Notably, the ratio of successful marine NP-based drugs compared to all marine NPs
isolated is approximately 1:1700. This ratio is significantly better than the success rate of
drugs identified from synthetic compound libraries, indicating the importance of marine

NPs as drug leads.'®

Prominent examples of marine NPs that have inspired the development of
approved drugs include cytarabine (1, Figure 1.1) and vidarabine (2, Figure 1.1), which
are synthetic analogues of the marine NPs spongothymidine and spongouridine,
respectively.’ In 1969, cytarabine was the first marine-derived drug to be approved by the
US Food and Drug Association (FDA) and is still a prominent leukemia therapeutic.'”:'®
Vidarabine was approved by the FDA in 1976 for the treatment of herpes simplex virus
but was later discontinued due to better commercial alternatives.'” The early discovery of

these drugs prompted further investigation into marine NPs as drug candidates. 9

The peptide ziconotide is an example of a marine-derived peptidic toxin isolated
from the venom of the cone snail and is used naturally for both hunting and defense.
Ziconotide and other w-conotoxins have attracted interest due to their ability to block
certain mammalian ion channels and ultimately cause pain relief. The realization of their
therapeutic potential inspired considerable research that ultimately led to their approval
for the treatment of chronic neuropathic pain in 2004.">'” Notably, ziconotide is 1000 times
more potent than morphine, a commonly used opioid for pain relief, and does not show

the addictive effects that opioids like morphine display.'’-?°



Figure 1.1. Select examples of drugs derived from marine natural products.

Trabectedin (3), isolated from a tunicate, was the first marine NP approved for
cancer treatment. The isolation of small amounts of trabectedin led to challenges with
structural identification, though bioactivity studies showed potent activity towards leukemia
cells. Based on these results, further studies revealed that trabectedin had strong in vivo
anti-cancer activity in mouse models.?! Due to the limited amounts of the NP available
from the tunicate source, efforts to produce this compound by synthetic methods were
examined. PharmaMar, a Spanish pharmaceutical company, found that trabectedin could
be synthesized from cyanosafracin B, which could be produced on a large scale from
bacterial fermentation. The semi-synthesis from cyanosafracin B supported the
development of trabectedin into an approved drug in 2007 for the treatment of soft-tissue
sarcoma.'®'®2" Trabectedin is currently in use in over 70 countries with studies ongoing to

assess its further pharmaceutical potential.'>'"-%

Much like cytarabine and vidarabine, eribulin mesylate (4) is a synthetic marine-

inspired drug as a simplified synthetic analogue of the marine NP halichondrin B.



Halichondrin B showed incredibly potent anti-cancer activity, which inspired a synthesis
campaign that was completed by Kishi and co-workers in 1992.2? Biological testing of
synthetic intermediates from this work demonstrated that the macrocyclic portion of
halichondrin B was responsible for the observed activity and so, in collaboration with
scientists at Eisai, over 200 additional structural analogues were synthesized and tested.
Eribulin mesylate was one of the best-performing compounds in this study and showed
similar potency to the parent NP.'® In 2010, eribulin mesylate was approved by the FDA
and Health Canada for the treatment of metastatic breast cancer and in 2016 for
inoperable liposarcoma and acts as a microtubule aggregating agent, inhibiting mitosis

and causing cell death.?>%

Marine-derived drugs have also been used as toxic payloads in antibody-drug
conjugates (ADCs). For example, the ADC brentuximab vedotin incorporates the cytotoxic
drug monomethyl auristatin E (MMAE, 5), a synthetic analogue of the marine NP dolastatin
10. While dolastatin 10 is a potent cytotoxin and has demonstrated impressive antitumor
activity, it did not proceed beyond phase Il clinical trials.' However, Seattle Genetics was
able to link MMAE to a tumor-specific antibody, resulting in the drug combination
commercialized as brentuximab vedotin. Brentuximab vedotin was approved by the FDA
in 2011 for the treatment of lymphomas and now several other ADCs featuring MMAE or

other derivatives of dolastatin 10 have been approved as drugs.'"1?

1.1.2. Supporting Drug Discovery with Total Synthesis

A maijor challenge in marine NP research is the supply of the NP itself,?* as many
of these compounds are isolated in low (mg or ug) quantities from the producing organism.
Thus, their development as therapeutics may not be sustainable due to ecological
concerns, including the harvesting of endangered or protected species, or practical
challenges, such as the need for expensive collection techniques and jurisdictional issues
surrounding organism collection.''®2" While some marine species, such as bacteria, can
be cultured in a laboratory setting and support sustainable access to NPs, other delicate
marine organisms are more challenging, and sometimes impossible, to grow outside of
their natural environment.'® These supply issues continue to place limitations on the study

of marine NPs as drug candidates.



To address these issues, total synthesis provides an alternative, sustainable
access to NPs starting from commercially available starting materials. These syntheses
bypass the need for collection and extraction and can be scaled up or repeated to access
suitable quantities of the NP for further study.?*?® A notable example is the Novartis
synthesis of the anticancer marine polyketide discodermolide, a NP that showed potent
microtubule-stabilising activity and was originally isolated from a deep-sea sponge
Discodermia Dissoluta. Isolation efforts of discodermolide provided only 0.002% by weight
from the sponge. Given that the isolated quantities were quite low, it was recognized that
total synthesis would be critical to advance studies of this NP. The total synthesis of
discodermolide reported by Novartis was inspired by the academic groups of Smith and
Paterson.?¢-2° Ultimately, the industrial synthesis delivered 64 grams of the NP over a total
of 39 steps and provided sufficient material to support clinical trials. While these studies
were eventually halted due to unavoidable toxicity, this effort highlights the importance of

the use of total synthesis in supporting drug discovery efforts.?°

In addition to supporting advanced biological or clinical studies, total synthesis can
also provide a framework to prepare synthetic analogues or fragments of the NP. These
analogues can be used to better understand the relationship between the chemical
structure and the observed biological activity.?*#?* As noted above, Eisai and the Kishi
group assessed the biological activity of synthetic intermediates produced during the total
synthesis of halichondrin B, which led to the realization that only the macrocyclic portion
of the NP was required and, ultimately, the development of eribulin mesylate.*® From a
fundamental perspective, total synthesis also plays a key role in structural assignment by
providing material whose analytic data can be used to confirm the structure of the NP.
Despite the abundance of analytical techniques available, structural assignment of NPs
can be challenging owing to complex structural architectures or limited material, and in
many cases total synthesis has resulted in structural reassignments.®! In 2011, Suyama,
Gerwick and McPhail surveyed the structural reassignments of all NPs characterized from
2005 to 2010. Here, they found that 48% of NP structural revisions that occurred during
this period were based on the total or partial synthesis of the NP and more than double
the percentage of the next most common form of structural reassignment; the use of NMR

spectroscopy.>?



1.2. Tetrahydrofuran-Containing Macrolides

Tetrahydrofuran (THF)-containing macrolides are a group of polyketide NPs that
are characterized by their macrolactone structure that incorporates one or more
embedded and often functionalized THF rings.** Several members of this family also
contain side chains extending out from the macrolide core. Many members of this family
exhibit potent and potentially useful biological activities and have attracted interest from

NP and total synthesis groups.*

1.2.1. Biological Activity of THF-Containing Macrolides

While many THF-containing macrolides have demonstrated potentially useful
biological activity, a notable example is amphidinolide C (6, Figure 1.2A), which contains
two embedded THF rings. Isolated from marine plankton, amphidinolide C is active against
murine lymphoma cells and human carcinoma cells with ICsy values of 8.1 and 6.4 nM,
respectively. Interestingly, the alcohol functionality at C29 in the side chain is essential to
the anticancer activity, as amphidinolides C2 and C3 (7 and 8, Figure 1.2), which differ
only at this position, are three orders of magnitude less active than amphidinolide C
against the same cell lines.* Similarly, caribenolide | (9, Figure 1.2), often referred to
amphidinolide N, was isolated from the same genus of marine plankton and is the most
potent member of the amphidinolide family. Caribenolide | displayed activity against both
a human colon carcinoma cell line and a drug-resistant version of the cell line with an ICsg
of 1.6 nM.33:3%

Several structurally similar chlorinated THF-containing macrolides named the
haterumalides and biselides have been isolated from marine sponges and ascidians
collected in the Okinawa prefecture of Japan.3* Two of these NPs, haterumalide NA (10,
Figure 1.2) and biselide A (11, Figure 1.2), exhibited cytotoxicity against a broad panel
of human cancer cell lines. Among this family, haterumalide NA proved to be most potent
with ICso values in a range of 0.13 to 0.74 uM, while biselide A was generally 5-10-fold
less active against the same pane of cell lines. Interestingly, while haterumalide NA proved
to be toxic towards brine shrimp, biselide A showed no such toxicity, suggesting biselide

A could be a better drug-development candidate.®®37



amphidinolide C - X = OH, Y = H (6) caribenolide | (9)
amphidinolide C2 - X = OAc, Y = H (7)
amphidinolide C3 - X =Y = O (8)

biselide A (11)

litaurine A- X =Y =H (12)
litaurine B - X = OAc, Y = OH (13)
A litaurine C - X = OH, Y = OH (14)

Figure 1.2. Examples of THF-containing macrolides with clinically relevant
biological activity.

The lituarines A-C (12-14, Figure 1.2) are complex THF-containing macrolides,
with an embedded spiro-linked tetrahydrofuran/tetrahydropyran duet. These NPs were
isolated from a sea pen, which is a sessile marine filter feeder, and were shown to inhibit
the growth of several fungi. The lituarines also showed potent cytotoxicity against KB cells,
a human carcinoma cell line, with ICso values of 3.7-5.0 nM, 1.0-2.0 mM, and 5.0-6.0 nM

for lituarines A, B, and C, respectively.®>3 This potent activity has inspired efforts towards



their total synthesis. Unfortunately, completion of the total synthesis of lituarines B and C
revealed that these NPs were incorrectly assigned, an issue that has not yet been

resolved.®

1.2.2. Macrocyclization of THF-Containing Macrolides

Polyketides are biosynthesized by large multi-enzyme complexes called polyketide
synthases (PKSs), categorized based on whether the enzymes are covalently linked or
free-standing.*° PKSs bind and catalyze the iterative coupling of small building blocks and
contain groups of enzymes for the modification of each unit, such as dehydrating,
reducing, or deoxygenating. With these groups of enzymes, PKSs can rapidly assemble
long, structurally complex polyketide chains that are later assembled into macrolide NPs
by a thioesterase (TE) enzyme in the PKS complex.**? For example, the proposed
biosynthetic macrolactonization of oomycin A (15) is depicted in Figure 1.3. Here, once
the C1-C19 chain is formed through an iterative coupling and modification strategy, the
thioesterase (TE) in the PKS catalyzes the transesterification of the C13 alcohol with the

bound thioester, releasing macrolide 16, which is further modified to form oomycin A.*3



oocydin A, 15

HO,C

Figure 1.3. The proposed macrocyclization step in the biosynthesis of oomycin
A.
TE = thioesterase.

Similar to Nature’s strategy, many total syntheses of THF-containing macrolides
take advantage of macrolactonization strategies. For example, in the Nicolaou synthesis
of des-epoxy-caribenolide | (Scheme 1.1), seco acid 17 was prepared in 24 linear steps
from commercial starting materials. Here, a Yamaguchi macrolactonization* was
employed to perform a site-selective macrocyclization of 17 and afforded the macrocycle
18 which constitutes the core framework of caribenolide |. Unfortunately, a late-stage

epoxidation could not be accomplished to complete the synthesis of the NP.4°



Cl3CH,COCI,
Et;N, DMAP

_— >

80%

17 18

Scheme 1.1. Macrolactonization Strategy for the Synthesis of Des-Epoxy-
Caribenolide I.

Lee and coworkers used a different macrolactonization strategy in the synthesis of
amphidinolide E (Scheme 1.2). In this case, seco acid 19 was prepared in 28 linear steps
from commercial starting materials. Here, Yamaguchi macrolactonization failed to form
the desired product, but the use of a ruthenium-catalyzed macrolactonization afforded
macrolactone 20 in 44% yield. This ruthenium-catalyzed macrolactonization methodology
was initially developed by Kita et al. for esterification*® then expanded to
macrolactonization by Trost et al,*” and is known to be milder than common
macrolactonization strategies, including Yamaguchi conditions. Subsequent deprotection

of macrolactone 20 afforded access to the NP.*8

Mom _ = OEt,
[RuCly(p-cymene)},,
R CSA
44% /<
19 20
R= 2|

Scheme 1.2. Macrolactonization Strategy for the Synthesis of Amphidinolide E.

Ring-closing metathesis (RCM) is also a commonly used macrocyclization strategy
for the synthesis of THF-containing macrolides. For example, in the synthesis of the
proposed structure of lytophilippine A by Lee and co-workers (Scheme 1.3) the

macrocycle precursor 21 was prepared in 22 steps from D-ribose and a subsequent RCM

10



reaction converted this diene into macrocycle 22 in excellent (88%) vyield. Global
deprotection of 22 afforded the proposed structure of lytophilippine A. Unfortunately, the
comparison of spectroscopic data derived from the synthetic material to that recorded on

the NP cast doubt on the structural assignment of lytophilippine A.4°

=\ i© 82%

<

PMBO  OTES

PMBO  OTES
21 -

Scheme 1.3. Ring-Closing Metathesis (RCM) Strategy for the Synthesis of
Lytophilippine A.

The Reformatsky reaction has also been used in the macrocyclization step of total
syntheses of the THF-containing macrolides family. Most recently, the Britton group has
used this strategy for the synthesis of biselide A (Scheme 1.4). Here, aldehyde 23 was
prepared in 12 steps from commercial materials. Treatment of 23 under macrocyclic
Reformatsky conditions formed alcohol 24 as a mixture of epimers. The choice of the
primary t-butyldimethylsilyl (TBS) protection was crucial to ring formation as the use of the
larger t-butyldiphenylsilyl (TBDPS) protecting group prevented ring closure, highlighting
just one of the many complex factors present in the macrocyclizations of these NPs. The

NP was then accessed from macrolactone 24 in 5 steps.®’

OTBS ZnEt,, Rh(PPh;)CI

© 54%

23

Scheme 1.4. Reformatsky Macrocyclization Strategy for the Synthesis of Biselide
A.
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A unique CrCl-mediated macrocyclization was also reported in the synthesis of
haterumalide NC by Schomaker and Borhan (Scheme 1.5). In this case, aldehyde 25 was
prepared in 12 steps from 2-deoxy-D-ribose and, when treated with CrCl,, gave the vinyl
chloride 26 in 55% vyield. Importantly, this strategy simultaneously affected
macrocyclization and installed the vinyl chloride functionality present in the target NP. This

synthetic effort led to both a total synthesis of haterumalide NC and NA.*°

Scheme 1.5. CrCl;-Mediated Macrocyclization for the Synthesis of Haterumalide
NC and Formal Synthesis of Haterumalide NA.

12



1.3. Phormidolide A and The Phormidolide Family

Br OH OH OH OH OH OH Me

OH

<

oscillariolide (27) 0
o)

>‘C1sH31

Br O OH OH OH OH OH

cl o

M N
phormidolide B (29) R = of :

Cl HO

phormidolide C (30) R = M
B
phormidolide D (31) R = \(\)\
Cc

>‘C15H31

Br OH OH OH OH OH

phormidolide D (32) a4

Figure 1.4. The members of the phormidolide family, a family of THF-containing
macrolide NPs.

One of the most structurally complex families of THF-containing marine macrolides
are the phormidolides (Figure 1.4), which includes oscillariolide (27),%' phormidolide A
(28),%2 phormidolide B (29), phormidolide C (30),%® phormidolide D (31),%* and an analogue

also named phormidolide D (32).° These NPs have been lIsolated from marine

13



cyanobacteria and sponges, and all exhibit similar structural features that include a
macrocyclic core with an embedded THF linked to a polyhydroxylated side chain.
Additionally, all members, except for the phormidolide D (32), contain a
bromomethoxydiene unit at the end of the side chain and most incorporate a C14-Cjs fatty
acid ester. Notably, three additional THF-containing macrolides were recently isolated
from the same genus of cyanobacteria as phormidolide A. These NPs have been named
leptolyngbyalide A-C (33-35, Figure 1.5) and are structurally related to oscillariolide (27).5°
While the stereochemistry of these NPs was not determined, the relative stereochemistry
of the macrocycle, shown in Figure 1.5, was proposed based on comparison between
calculated spectroscopic data for macrocycle diastereomers and data derived from the
NPs.%’

o)
>‘C15H31
O OH OH OH OH OH Me

leptolyngbyalide A (33) R = X

OMe
leptolyngbyalide B (34) R =

OMe
leptolyngbyalide C (35) R =

@]

Figure 1.5. The recently discovered leptolynbyalides which share significant
structural features with the phormidolide family.

With respect to the biological activity within this family, oscillariolide (27) has been
shown to inhibit cell division of fertilized starfish eggs at a concentration of 0.61 uM,%! and
phormidolide D (32) was reported to be an antifouling agent and cytotoxic towards human
colon carcinoma cells, with an 1Cso of 1.21 uM.*® Phormidolides B and C (29 and 30) have
shown anti-cancer activity, with the side chain being of critical importance to this
activity.5>%¢ Phormidolide A (28) demonstrated toxicity towards brine shrimp but displayed

no anti-cancer activity at concentrations tested.>? The biological activities and synthetic
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studies of phormidolides A, B, and C are discussed in more detail in the following two

sections.

1.3.1. Phormidolides B and C

Phormidolides B and C (29 and 30) were isolated from a sponge of the petrosiidae
family and initially, their planar structure was assigned through a combination of 'H, '3C,
and 2D NMR, mass spectrometry (MS), and comparison with previously reported data.
The relative stereochemistry of the THF moiety was determined using ROESY
spectroscopy and the relative configuration of a section of the macrocycle and side chain
was determined using a J-based configurational analysis.>®* Phormidolides B and C
showed cytotoxic activity against 3 human tumor cell lines (lung, colon, and breast), with
Glso values for phormidolide B between 1.0 — 1.4 yM and phormidolide C between 0.5 —
1.3 yM for the same 3 cell lines. These were the first members of this family to show
clinically-relevant activity.®® There have been significant efforts invested in the total
syntheses of phormidolides B and C. Summarized here are specific efforts directed

towards constructing the macrocyclic portion of these compounds.
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Scheme 1.6. Preparation of Sulfone 39 and Aldehyde 41 for the Synthesis of the
Macrocycle of Phormidolides B and C.

In 2015, the Alvarez group reported their first-generation synthesis of the

macrocycle (Schemes 1.6 and 1.7). This strategy relied on a one-pot modified Julia-



olefination,® for which the key coupling partners are a sulfone and an aldehyde. Beginning
with 2-deoxy-D-ribose (36), THF 37 was prepared in 5 steps and further elaborated into
the ketone 38 which was transformed into the desired sulfone 39 following an additional 9
steps (Scheme 1.6A). The aldehyde coupling partner 41 was synthesized from racemic
B-hydroxyketone 40 (Scheme 1.6B).%3 Coupling of the two fragments afforded 42 in a 38%
yield, favouring the desired Z-isomer in a ratio of 7:3. Mild hydrolysis of 42 to reveal the
carboxylic acid followed by Yamaguchi macrolactonization** afforded macrocycle 43 in a
39% yield (Scheme 1.7).5

TBDPSO/\EO)

TBSO"
M OTIPS O OTIPS
_0O
+ tBuO
39 N
N~ \>—S—O 41
llll\ o LDA
N 0o
Ph
@)
o TBDPSO .
.OTIPS
TBSO
TBDPSO 2 steps -OTIPS
- tBuO
0] :
TIPSO o
43 42 TIPSO

Scheme 1.7. Julia Coupling and Macrolactonization to Form the Protected
Macrocycle of Phormidolides B and C.

To confirm the stereochemical assignment of the THF ring, stereoisomers of
macrocycle 43 were synthesized (Scheme 1.8) that are diastereomeric in the THF ring.
Sulfone 44 was synthesized in 16 steps, using an analogous methodology as described
above, starting with 2-deoxy-L-ribose. A tert-butyl tetrazole substitution was used on the
sulfone instead of a phenyl substitution to obtain higher Z-selectivity® and a trimethylsilyl
(TMS) protecting group was used at the C13 position instead of a TBS group for more
facile deprotection. Coupling 44 to aldehyde 41 afforded the macrocyclic precursor 45 with
high diastereoselectivity (97:3) and subsequent selective hydrolysis and Yamaguchi
macrolactonization** afforded a mixture of two C13 diastereomers, macrocycles 46 and

47. Comparison of NMR spectroscopic data derived from the three macrocycles 43, 46,

16



and 47 with that derived from the NPs suggested that the NP possessed the
stereochemistry consistent with macrocycle 43, which supported the original proposal by

the Alvarez group depicted in Figure 1.3.5
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O : O \\,
TIPSO TIPSO
C13-S = 46
C13-R = 47

Scheme 1.8. Preparation of 46 and 47 for Spectral Comparison.

Later that same year, the Alvarez group reported a second-generation synthesis
of the macrocycle using a stereoselective allylsilane 1,2-addition.®® Analogous to the first-
generation synthesis, the THF 48 was synthesized from 2-deoxy-D-ribose (36) in 7 steps.
Aldehyde 48 was then elaborated to the key coupling partner 49 in 4 additional steps. To
synthesize the second coupling partner, previously prepared 41 was transformed into
alcohol 50 via a Wittig reaction to form the alkene and introduce a terminal ester followed
by ester reduction to form the aldehyde. Xanthate formation and rearrangement afforded
51. Radical reaction with BuzSnH®' formed allyl silane 52 as a mixture of Z/E isomers in a
7:3 ratio (Scheme 1.9).58
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Scheme 1.9. Synthesis of Aldehyde 49 and Allyl Stannane 52 for the Second-
Generation Synthesis of the Macrocycle of Phormidolides B and C.

Compounds 49 and 52 were then coupled through a SnCls-mediated process

(Scheme 1.10).5" This allyl stannane addition not only afforded 53 with the desired

stereochemistry at the secondary alcohol center but was also selective for the formation

of the desired Z-alkene. With the carbon skeleton of the macrocycle in hand, 53 was

deprotected and subjected to Shiina macrocyclization conditions, affording macrocycle 54

in 67% yield. Deprotection of 54 afforded the macrocycle for spectral comparison with the

NP, which supported the original stereochemical assignment of the macrocycle. When the

deprotected macrocycle was tested in the same assays as the phormidolides B and C, it

showed no activity, highlighting the importance of the side chain and/or fatty acid function

for the observed biological activity.®
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Scheme 1.10. Completion of the Second-Generation Synthesis of the Phormidolide
B and C Macrocycle.

1.3.2. Phormidolide A

Phormidolide A (28, Figure 1.4) was reported in 2002 by the Gerwick group and
was isolated from a marine cyanobacteria originally identified as Phormidium sp. based
on the filament morphology of the bacteria. The producing organism was later corrected
to be a Leptolyngbya sp. following RNA analysis.®>%?2 Phormidolide A was isolated
following bioassay-guided fractionation, based on inhibition of the Ras-Raf protein
interaction, which is of interest as a target pathway for anti-cancer therapeutics. While
phormidolide A was found to be the major secondary metabolite present in bioactive
fractions, the activity was ultimately linked to a minor chlorophyll-type contaminant.
Phormidolide A itself was found to be toxic towards brine shrimp, with an LCsp = 1.5 uyM

but inactive towards cancer cells.%?

The planar structure of phormidolide A was assigned using 1D and 2D NMR
spectroscopic methods as well as mass spectrometry, ultraviolet-visible (UV)
spectroscopy, and infrared (IR) spectroscopy. Key to this analysis was the preparation of
a "®C-enriched sample of phormidolide A, which was prepared by culturing the marine
cyanobacteria with [1,2-'*C,lacetate. With '3C-enriched phormidolide, correlations
between adjacent carbons were observable and necessary to confidently assign
connections between fragments of the NP using an ACCORD-ADEQUATE pulse

program.>263
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phormidolide A bisacetonide derivative (55)

Cq4H2g

Q QXQ QXQ ‘?XQ

phormidolide A trisacetonide methy ester derivative (56)

Figure 1.6. The prepared acetonide derivatives of phormidolide A for
stereochemical and structural analysis.

The relative stereochemistry of phormidolide A was assigned using nuclear
Overhauser effect (NOE) information from GROESY analysis as well as employing
Rychnovsky’s method® to analyse a bisacetonide derivative of the NP, 55 (Figure 1.6).
In addition, Murata’s J-based configuration analysis was used to assign relative
stereochemistry within stereoclusters using both homonuclear (H-H) and heteronuclear
(C-H) coupling constants.® In J-based configurational analysis, each coupling constant of
a two-centre system is categorized as small or large depending on its magnitude,
providing a ‘barcode’ which represents a specific relative stereochemistry.®® Finally, the
absolute stereochemistry at the C7 alcohol in the macrocycle was determined via variable
temperature analysis of the methoxyphenylacetic ester derivative of 55. Notably, this
analysis enables the assignment of absolute stereochemistry with a single Mosher’s ester
derivative, thus reducing the amount of NP required.®®¢” Based on this collection of data,
the structure of phormidolide A was proposed as shown in Figure 1.4.%2 In a later

publication from the Gerwick group, a triacetonide methyl ester derivative of phormidolide
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A, 56 (Figure 1.6), was prepared from the NP. A standard Mosher’s ester analysis was
performed, using both the R- and S-Mosher’s ester derivatives of 56 at the C7 position.

Based on the data from this analysis, the group confirmed their original assignment.®?

The Gerwick group were also able to determine the biosynthetic pathway for
phormidolide A. Here, isotope feeding revealed that most of the NP was derived from
acetate and S-methionine starting units and there was one 3-carbon unit for which the
precursors could not be determined. Genome sequencing and bioinformatic analysis
allowed for the characterization of the gene cluster that codes for the enzymes involved in
the synthesis of phormidolide A as a trans-acyltransferase biosynthetic pathway.
Furthermore, it was found that the NP is assembled by four polyketide-synthase (PKS)
megaunits that extend the chain from a 3-carbon starter unit by the repeated addition of
acetyl-CoA. Certain enzymes were also found that add specific functionalities to the NP,
such as a halogenase to introduce the bromine atom. From this study, it was predicted
that the unassigned 3-carbon precursor is a 1,3-bisphosphoglycerate unit, produced by
the bacteria. This analysis allowed the isolation group to propose a biosynthetic pathway
where the macrocycle is formed via transesterification, which releases the macrocycle
from the PKS. Post-release, the fatty acid palmitic acid is transferred onto the NP which
is then halogenated to produce the final phormidolide A. This biosynthetic proposal was

consistent with the original structural assignment of phormidolide A.52

1.4. The Approach to Stereochemically-Rich THFs

With the varied biological activities of THF-containing NPs, the Britton group has
invested considerable efforts in developing robust methodologies to access
stereochemically rich THFs. Typically, the starting materials are simple, commercially
available, or easily prepared, aldehydes and ketones. This particularly practical approach
to THFs relies on proline catalysis, an easily accessible inexpensive amino acid available

in either enantiomeric form.

The formation of these THF rings involves a robust 3-step sequence which begins
with a one-pot tandem a-halogenation aldol reaction which proceeds through a dynamic
kinetic resolution and results in a product with 3 new stereocentres and >99% e.e.%®
Shown for the formation of an example chlorohydrin in Scheme 1.11, the first step in this

process is an L-proline catalyzed a-chlorination of aldehyde 57, affording 58a and 58b.
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Notably, L-proline also catalyzes the racemization of the chloroaldehydes. The next step
is an L-proline catalyzed aldol reaction with ketone 59, which first undergoes condensation
with L-proline to form an imine, followed by imine-enamine tautomerism. The nucleophilic
enamine then reacts with the chloroaldehydes to provide the aldol products 60a and 60b.
Critically, the racemization of the chloroaldehyde is significantly faster than the
subsequent aldol reaction, which proceeds via TS-1 or TS-2 to form the syn- or anti-
chlorohydrin respectively. In general, the major product of this process is aldol 60a, the
syn-chlorohydrin. The lower energy of TS-1 is rationalized by the avoidance of
destabilizing electrostatic interactions between the halogen and oxygen atoms present in
TS-2.%88% This process affords aldol products with 3 new stereocenters and high

enantioselectivity.

L-proline
O X* 0] Krac O
- % .
H)K/R step 1 H R (S)-proline HJ\./R

57 X X

58a O 58b
L-proline L-proline

o0.__0O
step 2 7/ step 2
59

+
' N ° N °
__[— anti-aldol o-h N
-H< O-7-H<
O OH X HY 2\ @] R HY 2\ @] O OH
MR \5 H o \(6 H o MR
H ~—1 R XN — I
0.0 X /- /- o X
7 T /-
halohydrin TS TS-2

60a favoured 60b
favoured

Scheme 1.11. Mechanism of the a-chlorination Aldol Reaction.

There are several options for controlling the stereochemical outcome of the a-
halogenation aldol reaction, depending on the desired product. The first is the choice of L-
or D-proline to control which enantiomer is formed in the reaction. Additionally, while in
most solvents the syn-chlorohydrin is the major product, acetonitrile can be used to give
a ~1:1 diastereomeric ratio of the syn- to anti-chlorohydrin, allowing for easier access to

the minor diastereomer.%8
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Scheme 1.12. Preparation of Stereochemically Rich THF Rings pioneered by
Britton and co-workers.

Stereochemically rich THFs can be accessed in two more steps from the
halohydrin product 61 (Scheme 1.12). Reduction of, or 1,2-addition to the ketone affords
a diol product 62. Following this, cyclization under heating, basic conditions, or Lewis
acidic conditions forms the THF rings 63.58-7° The ability to form a stereochemically rich
product in 3 steps from simple starting materials and to have a degree of control over the
stereochemical outcome of each position in the THF ring during this process allows for a
wide range of valuable materials to be produced using this methodology. Consequently, it
has been expanded upon and used in the synthesis of NPs,?3"! nucleoside analogues,’®"?

medicinally relevant iminosugars,”>’* and carbohydrate analogues.®®7577
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1.4.1. a-Chlorination Aldol Methodology in Total Synthesis

O OH NHCBz

O NHcBz NCS. E;'gpro"”e' M HaPaC \(
HM ~ 0_0 <l

66%, 93% ee 7/ 2%

64 65
E\/Q/ 3 steps

1- deoxygalactonoprlmycm (67)

Scheme 1.13. The a-chlorination Aldol Reaction Used in the Total Synthesis of 1-
deoxygalactonojirimycin.

As depicted in Scheme 1.13, the a-chlorination aldol methodology was used in the
total synthesis of 1-deoxygalactonojirimycin (67). Here, an NCS/D-proline catalyzed
reaction between aldehyde 64 and ketone 59 afforded aldol 65 in 66% yield with 93% ee.
The material then underwent a one-pot cyclization/reductive amination when treated with
H,, catalyzed by palladium on carbon to afford 65. The resulting chloropiperidine 65 was
elaborated to the NP 67 in 3 steps.”"

Our lab’s recent formal synthesis of eribulin also involved the use of this
methodology to construct two different THF moieties (Scheme 1.14). Here, aldehyde 68
was prepared in 5 steps while aldehyde 69 was prepared in 2 steps from commercial
starting materials. Both were subjected to the D-proline catalyzed tandem a-chlorination
aldol reaction with ketone 70 to afford aldols 71 and 72, respectively. These products could
be produced on a multi-gram scale which was critical in demonstrating a practical route
for generating eribulin. Aldols 71 and 72 could then be reduced and cyclized using SrCO3
to afford THFs 73 and 74, respectively, which included synthetic handles for a key Corey-
Chaykovsky reaction and provided the framework for THF parts of the target

intermediates.?®
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Scheme 1.14. The a-chlorination Aldol Reaction Used in the Formal Synthesis of
Eribulin.

Based on uncertainties regarding the stereochemistry of phormidolide A, the
potentially useful bioactivity, and our group’s interest in the THF-containing macrolides,
we were interested in probing whether our methods would prove useful for accessing this
NP. Therefore, we set out to develop a total synthesis of phormidolide A, using this
methodology as the critical step to form the THF ring. Upon commencing the total
synthesis of phormidolide A, we sought to first assess the previous stereochemical

assignment of the NP.

Chapter 2 will detail the assessment of the phormidolide A stereochemical
proposal, and, based on conclusions from this assessment, the proposed stereochemical
reassignment of phormidolide A. This stereochemical reassignment gives a new target
structure for the total synthesis of phormidolide A and Chapters 3 to 5 detail the efforts
towards the total synthesis of this NP. Chapter 3 covers the variety of macrocyclization
strategies explored to form the macrocycle of phormidolide A, culminating in a successful
macrolactonization. Chapter 4 covers the efforts towards linking the side chain to the
macrocycle while Chapter 5 outlines proposed alternative strategies for the completion of
the total synthesis of phormidolide A. Finally, Chapter 6 covers a separate topic, the use
of an observed halide effect in Grignard reactions for the synthesis of C4’-modified

nucleoside analogues and the computational investigation of this halide effect.
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Chapter 2. Stereochemical Reassignment of
Phormidolide A

2.1. Stereochemical Reassignment of Natural Products by
Chemical Synthesis

Structural assignment is a key component of natural product (NP) research.
Historically, structural determination involved the chemical degradation of NPs to known
and well-characterized small molecule fragments. Challenging and tedious, this process
often required significant quantities of the NP and time. Despite these limitations,
countless NP structures have been elucidated using this process, including cholesterol
(75), quinine (76), and haemin (77).3" Presently, advances in analytical techniques have
streamlined the structure determination process, allowing for NPs to be characterized with
only microgram quantities.”® However, even with modern tools, misassignment of NP

structures still occurs with some frequency.32787°

N == Me

OMe Me N
N

" "OH
| Me Me
N~
cholesterol (75) quinine (76)
HO,C CO,H
haemin (77)

Figure 2.1. Examples of chemical structures elucidated using chemical
synthesis.

In 2011, Suyama, Gerwick, and McPhail outlined the structural misassignments of
all NPs reported between 2005 to 2010. They found that misassignments resulting from
errors in NOE analysis were the most common type of structural misassignment, with 22%
of misassignments coming from these errors (11% arose from HMBC-based
misassignments and 7% arose from errors in J-based analysis). The frequency of NOE-
based misassignments suggests that stereochemical assignments are among the more
challenging aspects of structural elucidation.® The authors also found that structural

reassignments of these NPs most commonly resulted from total or partial synthesis, with

26



48% of all structural reassignments being made based on comparison with synthetic data.

Thus, synthesis continues to play a key role in the structural assignment of NPs.3"-32

2.2. Ambiguities in the Stereochemical Assignment of

Phormidolide A

A (@)
Cqs5H31

Br (0]

OH OH OH OH OH

phormidolide A (28)

1) pTsOH, 2,2-DMP,
MeOH
2) pTsOH, acetone

CqaH2g

OV E B @—5023.7, 25.3 ppm
0 QXQ QXQ |

o ©

56, triacetonide derivative synthesized
by Gerwick and co-workers

B Partial 'TH NMR chemical shift comparison of
the S- and R-Mosher's ester derivative of 56

Position &H S-Mosher’s 6H R-Mosher’s A BSR C2-C12 S-Mosher's ester derivative
Ester (ppm) Ester (ppm)
MeQO ph
H2 5.71 572 -0.01 3
H4 6.17 6.19 -0.02
H5 6.17 6.18 -0.01
H6 2.38 2.43 -0.05
H6 234 236 -0.02
H8 2.28 2.24 +0.04 C2-C12 R-Mosher's ester derivative
H8 225 2.21 +0.04 Ph  ome
H10 573 5.71 +0.02 ‘ﬁCF?,
H12 2.55 2.42 +0.13
OH O
H12 2.43 2.40 +0.03
H13 3.97 3.96 +0.01

Figure 2.2. A: The *CNMR spectroscopic chemical shifts of the 17,15-acetonide
methyl groups of the phormidolide A triacetonide derivative 56 B:
The Mosher’s ester analysis of the triacetonide derivative 56.
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Our group was interested in pursuing a total synthesis of phormidolide A. While
there is significant spectroscopic data to support the planar structural assignment of
phormidolide A, several issues became evident upon close inspection of the published
spectroscopic data. First, analysis of the R- and S- Mosher’s ester derivatives of 56
(Figure 2.2A) at the C7-alcohol suggested that the stereochemical assignment should be

S, not R (shown in Figure 2.2B with representative Mosher’s ester derivatives).%6:

In addition to concerns regarding the stereochemistry at C7, a close examination
of the 3C NMR spectroscopic data recorded on the triacetonide derivative 56 revealed
that the methyl carbons of the C15,C17 acetonide resonate at 23.7 and 25.3 ppm (Figure
2.2A). Based on Rychnovsky’s acetonide analysis,® this data suggests that the C15 and

C17 alcohols have a 1,3-anti configuration rather than the proposed 1,3-syn-configuration.

Finally, the biosynthetic analysis raised additional questions. Here, the Gerwick
group carefully characterized the ketoreductases in the biosynthetic pathway, which are
the enzymes responsible for the stereospecific reduction of ketone functions. In the
original disclosure, the carbinol groups at positions C7, C17, C21, C23, C25, C27, and
C29 (the macrocyclic alcohol and side chain alcohols) were L-configured. However, the
ketoreductases responsible for setting the stereochemistry at each of these positions are
predicted to form D-configured alcohols, due on the presence of an aspartate residue at
position D1758 in each ketoreductase. This aspartate residue is typically a predictor for
the formation of D-configured alcohols.®? Therefore, this biosynthetic data suggests that
the alcohols at these positions are actually D-configured and the original stereochemical
assignment was incorrect.®> Based on these uncertainties, we developed a strategy to
assess the stereochemical proposal before the completion of the total synthesis through

spectral comparison with fragments of the NP.

2.3. Synthesis of the THF moiety

The work contained in this subchapter was performed in collaboration with Dr.
Venugopal Rao Challa. Dr. Challa and the author were jointly responsible for the

development of the synthesis of compounds 78-85.

To assess the stereochemical proposal for phormidolide A (28, Figure 2.2), we

aimed to construct fragments containing the characteristic tetrahydrofuran (THF) core of
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this NP. Therefore, we first envisioned constructing THF 89 (Scheme 2.1). THF 89
contains a vinyl iodide functional group and differentially protected alcohols and therefore
could not only serve as a fragment for stereochemical reassignment studies, but also as

a key intermediate in the synthesis of phormidolide A.

Cp,ZrCl,, O
AlMe,, H,0, | DMP, NaHCO
DCE, rt, 87% CH,Cl,, rt, 95%
79 80 |

78 I
O

HJ\ NCS, L-proline,
e} e} CH2C|2, rt,

47%, e.e. 98%,

o O 7/ d.r. 5:1
w = M -
CH,Cls, 7/6 Cl
\‘ |

-78°C, 49%, 3
83 d.r. 6:1 - 82
microwave
MeOH, 120°C, 67%
= 0
: 0 TIPDSICl, o O s \ |
HO ' \ pyridine, __Si 7 oH
oy ——— i-Pr o\/Si:'O 1) Tf,0, pyridine,
HO CH,Cl,, i-Pr~ Ci-Pr CHyCly, rt
84 rt, 89% 85 2) NaBH,, DMF,
50°C, 72% over
two steps
Z 0O
ITBEC" | = 0 HCI, MeOH, "-PF\S,O 15 \ |
midazole g 50 OC, 870/ ] :
HO L IACRE % 050
CH,Cl,, rt, N A
87% HO i-Pr” NiPr
87 86
= 0 1) DMP, NaHCO., 20
TBSO 5 \ CHQC|2, rt, 99% TBSO - " \
: I > |
HO 2) DIBAL, CH,Cl,, -78 °C, HO
88 99%, d.r. > 20:1 89

Scheme 2.1. Synthesis of the THF Moiety 89.

The synthesis of the THF moiety (Scheme 2.1) relied on a tandem a-chlorination

aldol reaction developed in our lab.%® Toward this goal, preparation of aldehyde 80
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commenced with a Negishi carboalumination reaction of 4-pentyn-1-ol (78) to afford vinyl
iodide 79, followed by DMP oxidation to provide aldehyde 80. The L-proline catalysed
tandem a-chlorination aldol reaction was executed using commercially available 2,2,-
dimethyl-1,3-dioxan-5-one (81) to generate the chlorohydrin 82 as a separable mixture of
diastereomers. Subsequent Grignard addition provided alcohol 83. Mosher’'s ester
derivatives (R)- and (S)-90 were prepared and Mosher’s ester analysis®” was used to
confirm the absolute stereochemistry of this compound (Figure 2.3). Cyclization and in-
situ acetal deprotection under microwave conditions afforded triol 84. This latter material

was then protected as the cyclic disiloxane to afford THF 85.

16 HOMe

: o CF3
)-MTPA,
DIC DMAP
CH,Cl,
83 (R) r (S)-90

Partial '"H NMR chemical shift comparison of
the (S)- and (R)-Mosher's ester derivative, 90

Position 8H S-Mosher’s 8H R-Mosher’s A &SR
Ester (ppm) Ester (ppm)
Me11 1.80 1.86 -0.06
H12 2.1 2.40 -0.29
H12 248 2.60 -0.12
H13 4.37 443 -0.086
H15 4.20 4.1 +0.09
Me16 1.29 1.14 +0.15
H17 3.70 3.60 +0.10
H17 3.45 3.34 +0.11

Figure 2.3. The preparation of Mosher’s ester derivatives (R)- and (S)-90 and
analysis of the resulting chemical shift differences.

At this stage, it was necessary to deoxygenate the C13 position. Our initial strategy
to accomplish this task involved triflation of the secondary alcohol followed by reduction
using tetrabutylammonium borohydride to afford 86. However, while this reaction
successfully afforded the deoxygenation product in 68% yield over two steps times, after
several synthetic campaigns, protodeiodination began complicating the use of this

strategy. After careful experimentation and examination of the compatibility of each
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reagent with the vinyl iodide 85, it was found that protodeiodination resulted from the
reaction of the vinyl iodide with tetrabutylammonium borohydride. Unfortunately, despite
much effort, we could not determine why this outcome was not observed in our original
experiments. For example, the use of newly purchased tetrabutylammonium borohydride
or purified (recrystallization) tetrabutylammonium borohydride did not prevent
protodeiodination. Fortunately, a screen of alternative reducing agents revealed that
sodium borohydride was also capable of reducing the triflate without protodeiodination.
Careful optimization of the solvent revealed that the use of DMF at 50 °C allowed for

effective reduction of the triflate to afford 86 in a 72% yield over two steps.

Recognising that the configuration at C15 required inversion, silyl deprotection and
selective TBS protection of 87 afforded C17-protected THF 88. At this stage, we were
unable to affect Mitsunobu esterification.®° Fortunately, oxidation of alcohol 88 and
reduction afforded alcohol 89 as a single diastereomer. With the THF core of the
macrocycle successfully synthesized, we began efforts to assess the phormidolide A

stereochemical reassignment.

2.4. Phormidolide A Stereochemical Reassignment

2.4.1. Reassignment from Synthetic Models

Reproduced from Lam, N. Y. S.; Muir, G.; Challa, R.; Paterson, |.; Britton, R. Chem.
Commun. 2019, 55, 9717-9720 with permission from the Royal Society of Chemistry:

The work contained in this subchapter chapter was performed in collaboration with Dr.
Nelson Lam. Dr. Lam was responsible for the preparation of compounds 97, 100-107,
and the preparation of this manuscript. The author was responsible for the preparation of

compound 89 as well as reviewing and editing this manuscript.

As discussed in Chapter 1, Phormidolide A (28, Figure 2.3) is a complex
polyketide isolated by the Gerwick group in 2002 from the marine cyanobacterium
Leptolyngbya sp. collected off the coast of Sulawesi, Indonesia.’?%? At the time of its
isolation, the relative stereochemistry of phormidolide A was wholly determined through
the application of Murata’s J-based method,® taking into account NOE correlations, 23J
homo and heteronuclear coupling constants to ascertain the configuration of all 11

stereogenic centres. The relative stereochemistry of the all-syn polyol side chain was
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corroborated through the preparation of the corresponding diacetonide, with the absolute
configuration initially determined through a variable-temperature NMR spectroscopic
experiment with a methoxyphenyl acetic acid derivative of the C7 alcohol,*> and
subsequently by the preparation and analysis of the two diastereomeric Mosher esters of
a phormidolide A triacetonide derivative at the same position.®? Through the synthesis of
a series of model C10-C23 diacetonides and detailed NMR spectroscopic comparisons
with the triacetonide derivative of phormidolide A, we herein report the stereochemical

reassignment of phormidolide A from 28 to 91 (Figure 2.4).

>‘C15H31

Br O OH OH OH OH OH

33

OMe :
phormidolide A

proposed structure Q
28

stereochemical
reassignment

>‘C15H31

Br OH OH OH OH OH

33

phormidolide A
proposed reassignment
91

reassigned stereocentres

Figure 2.4. The proposed reassignment of Phormidolide A, 91.

Drawn to its gamut of structural features and unknown but potentially interesting
biological activity, we sought to embark on a synthetic campaign towards phormidolide A.
Noting that the side chain was a conserved structural feature across related congeners,
we chose to disconnect across C17-C18 via a vinyl metal addition®' to reveal the
macrolactone C17 aldehyde and the C18-C33 side chain. We surmised that the reported
17S configuration could be set up via a chelation-controlled aldehyde addition with the

nucleophile selectively approaching from the side of the small methyl substituent at C16.
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CH,CI,/THF (9:1), -78 °C,
67% over two steps

1) TESOTH, 2,6-lutidine,
CH,Cl,, -78, 98%
2) DIBAL, CH,Cl,,

TMSO  OTES .78 °C t0 -20 °C, 90% O OH
23 . | . |
M Etow
- 3) TMSCI, Et3N, DMAP, -

97 CH,Cly, 91% 96

TsN < B/O

I

95

Scheme 2.2. Preparation of Vinyl lodide 97.

To test this rationale, a facile route to the truncated C18-C23 vinyl iodide 97 was
developed. Vinyl iodide 97 (Scheme 2.2) was obtained from a Negishi carbalumination®
of 3-butyn-1-ol (92) followed by oxidation to afford the sensitive aldehyde 93. An
asymmetric Mukaiyama aldol reaction® with silyl ketene acetal 94 mediated by the chiral
Lewis acid 958 gave adduct 96 (91% e.e.). Subsequent TES ether formation, reduction
(DIBAL) and TMS protection afforded the C18-C23 vinyl iodide 97 in six steps. The C10-
C17 aldehyde 100 was prepared from THF 89 (Scheme 2.3). Noting that the NP contains
an a,p-unsaturated ester motif at C15 and recognising that our model system required
suitable functionalities to mirror the NP, we transformed alcohol 89 into the
dimethylacrylate ester 99 (DCC, DMAP, DMAP-HCI).% Finally, desilylation of 99 followed
by a Dess—Martin oxidation gave the C10-C17 aldehyde 100.
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89 CH,Cl,, 93%

1) TsOH+H ,0,
CH,Cl,/MeOH (1:1), 68%
2) DMP, NaHCOj,,
CH,Cl,, 86%

Scheme 2.3. Preparation of Aldehyde 100.

With both C18-C23 vinyl iodide 100 and C10-C17 aldehyde 97 in hand, we
explored the planned vinyl metal addition using the in situ generated Grignard species
(Scheme 2.4, Method A).%" Encouragingly, we obtained a 5:1 mixture of alcohols, epimeric
at C17 in 77% yield. To unambiguously ascertain the stereochemistry, and noting that the
triacetonide derivative of phormidolide A, 56, was known,%? we transformed 101 into the
corresponding diacetonide 103. Unexpectedly, analysis of the '*C chemical shifts and
NOE enhancements from the diacetonide revealed that we had formed the 15,17-anti
acetonide 103, corresponding to the 17R configuration. Next, we conducted the vinyl
lithium addition by omitting MgBr2-OEt, (Scheme 2.4, Method B), expecting to favour the
17S adduct dictated by polar Felkin-Anh rather than chelation control.

The vinyl lithium addition indeed delivered the other epimer 102, which yielded the
diacetonide 104 corresponding to the originally proposed 17S configuration for
phormidolide A (Scheme 2.4). Interestingly, the NMR spectroscopic data for 15,17-syn
product, 104, did not match that reported for the analogous region of triacetonide 56. In
particular, through Rychnovsky’s acetonide analysis,®® the '*C NMR spectroscopic
chemical shifts for the two acetonide methyl groups of 56 (25.3 and 23.7 ppm) appeared
to us to be diagnostic for the 15,17-anti rather than the originally proposed 15,17-syn

stereochemistry.
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2) K,CO3, MeOH
3) PPTS, 2,2-dimethoxypropane,
CH,Cl,, 24% over three steps

8¢ 25.4 ppm 8¢ 19.2 ppm
8¢ 30.0 ppm

phormidolide A trisacetonide
derivative (56)

Scheme 2.4. A: Preparation of Models 103 and 104. B: Phormidolide A
Trisacetonide Derivative 56.

At this juncture, it appeared that the configuration of one of the two stereocentres
in the 15,17-acetonide in 56 was misassigned. Analysis of chemical shifts, NOE data and
comparison between THF intermediates 88, 89, and 99, and the NP supports the assigned

configuration at C15, leaving C17 as the likely suspect stereocentre. A reanalysis of the
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reported 3Jcn, 3Jun and NOE data for phormidolide A indeed provided evidence that the
NP possessed the 17R configuration rather than the reported 17S configuration. This
observation suggested that the Grignard nucleophile in the chelation-controlled addition
preferentially approached the C17 carbonyl from the face opposite the C16 methyl group
(Figure 2.5, TS1), indicating that it was exerting a disproportionately large steric influence
over the preferred trajectory of the incoming nucleophile, so disfavouring TS2. Notably,
this chelation structure may be more complex than what is depicted in Figure 2.5, with

further chelation to the C15 ester being possible.®”

- —-# - -t
2+ 2+

M N Mg\\
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00 0 00 O
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TS1 TS2
major transition state minor transition state

Figure 2.5. The transition state models for the vinyl metal addition to 100.

Following our reassignment of C17 to the R configuration, it was prudent to check
whether or not C21 and the remainder of the side chain were configured correctly. In
pursuit of this, the enantiomeric C18-C23 vinyl iodide 105 was prepared. A chelation-
controlled vinyl Grignard addition gave predominantly the alcohol 106 (Scheme 2.5), and

the corresponding diacetonide 107 was prepared.
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Scheme 2.5. Preparation of Model 107.

With the three diastereomeric diacetonides in hand, a thorough spectroscopic
comparison to the phormidolide A triacetonide 56 was undertaken. Analysis of 'H and "*C
NMR spectroscopic shifts revealed that the 21-epi-17,15-anti diacetonide 107 (Table 2.1,
entry 1) matched the triacetonide derivative of the NP much better than the 17,15-anti
diacetonide 103 (Table 2.1, entry 2 and Scheme 2.4). Notably, the 17,15-syn diacetonide
104 corresponding to the originally proposed (17S, 21R) configuration was the poorest
match (Table 2.1, entry 3), even by excluding the signals attributed to the acetonide. As
the relative configuration of the remainder of the side chain was relayed back to C21 via
J-based methods,? and confirmed via the previously synthesised diacetonide derivatives
of phormidolide A,%2%2 we propose that the configuration of 28 should be reassigned to
17R, 218, 23R, 258, 26R, 27R and 29R, as shown in 91 (Figure 2.4).
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Table 2.1. Sum of Absolute Errors |Z| (ppm) For Each Diastereomer Compared
to the Reported Spectra of Phormidolide A Triacetonide 56

Entry |X| for 'H Max error for 'H |X| for 13C Max error for 13C
1. 21-epi-17,15-anti 107 0.24 0.08 3.2 1.5
2.17,15-anti 103 0.32 0.11 8.2 2.7
3. 17,15-syn 104 1.34 0.37 30.0 8.2

Subsequent to their isolation paper, the Gerwick group reported a detailed analysis
of the biosynthesis of phormidolide A. Here, they noted that the ketoreductases
responsible for setting carbinol configuration were inconsistent with the absolute
stereochemistry proposed for the NP.®2 Specifically, it was noted that Type B-like
ketoreductases present in the phormidolide A polyketide synthase system catalyse the
formation of D-OHs in polyketide motifs.?8# However, the original isolation report presents
all 10 carbinol stereocentres as L-configured. Our proposed reassignment of the six
carbinol stereocenters as D-configured in 91 is also consistent with the stereochemistry
predicted by analysis of the ketoreductase domain, which now gives a better

rationalisation for the biosynthesis of phormidolide A.

In summary, an unexpected stereochemical outcome from a chelation-controlled
vinyl Grignard addition of 97 into aldehyde 100 prompted a re-examination of the
stereochemical assignment of phormidolide A. Subsequent NMR spectroscopic analyses
of three diastereomeric diacetonides 17,15-anti 103, 17,15-syn 104, and 21-epi-17,15-anti
107 (Figure 2.6) revealed the relative configuration between C21, C17 and the
macrolactone. Combining this with the previously reported analysis then resulted in the
reassignment of seven of the 11 stereocentres, leading to the revised structure 91.
Importantly, this work validates the choice of suitable fragments as well as a key fragment
union strategy for our ongoing total synthesis campaign directed at 91 and reaffirms the
power of synthesis in its role in the unambiguous stereochemical elucidation of complex
NPs.
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Figure 2.6. The difference in proton chemical shifts and carbon chemical shifts

of models 103, 104, and 107 versus the data for the natural product.
Graphs are plotted as position versus difference in chemical shift.

2.4.2. Stereochemical Reassignment of Phormidolide A Based On
TransATor

Shortly after we published the stereochemical reassignment of phormidolide A

based on comparison with model structures, Jorn Piel and co-workers published a
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stereochemical reassignment proposal for phormidolide A based on results obtained from
an automated structure prediction software they had developed, named TransATor.
TransATor is a program that predicts the structure of polyketide NP products based on an
organism’s genome. This program is specific to trans-acyltransferase polyketide
synthases (transAT PKSs), which is one type of PKS that is responsible for polyketide NP

synthesis.%®

As highlighted in Chapter 1, PKSs are large, multi-enzyme complexes which
contain a variety of enzymes to construct polyketide NPs. One key enzyme in this process
is the acyltransferase (AT), which is responsible for transferring and loading the substrate
onto the next suite of enzymes which can impart further modifications.®*® What
distinguishes transAT PKSs from their counterpart cisAT PKSs is that fransAT PKSs
contain one AT that is distinct from the rest of the enzymatic cluster (or a small number of
ATs compared to the rest of the enzymatic cluster) which is used at each point where that
enzymatic function is required. CisAT PKSs instead have a separate AT at each point

where that enzymatic function is required.*°!

While NP structures constructed by cisAT PKSs can be fairly easily predicted,
structural prediction from transAT PKS is more challenging since they can have a much
more diverse array of enzymes than cisAT PKSs.%6:%0.92 However, the Piel group was able
to correlate structural features in transAT-type polyketide NPs with specific genome
sequences and develop a database that could predict structural features of polyketide NPs
synthesized from fransAT-type pathways based on the organism’s whole genome. To
make this process user-friendly, they developed the program TransATor which can

automatically predict NP structures from PKS sequences.*®
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Figure 2.7. Leptolyngbyalides A, B, and C.

Using this program, the Piel group analyzed the genome of the bacterium from
which phormidolide A was isolated, Leptolyngbya sp. PCC 7375.5262 The software
predicted that the bacterium would produce several other NPs, similar to phormidolide A.
An isolation campaign by the Piel group led to the isolation of leptolyngbyalides A-C (33-
35, Figure 2.7). However, due to the limited amounts isolated, they could not determine
the stereochemistry of these compounds. Instead, they elected to use TransATor to
predict the stereochemistry of the leptolyngbyalides. They tested the accuracy of the
software’s stereochemical prediction against the proposed structure for phormidolide A to
see if there was reasonable confidence and found that the software predicted the opposite
stereochemistry for each position in phormidolide A. Noting that the Mosher’s ester
analysis had been interpreted incorrectly,2%” they proposed a stereochemical

reassignment of phormidolide A to 108 shown in Figure 2.8.5¢
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Figure 2.8. Piel’s proposed reassignment of phormidolide A.

2.4.3. The Collective Final Proposal of the Phormidolide A
Stereochemical Reassignment

Noting the stereochemical ambiguities with the original assignment and two
different stereochemical reassignments proposed, 91 and 108, our group and
collaborators: the Piel group, and the groups of the original isolation team came together
to propose 109 as the correct and reassigned structure (Figure 2.9). To support this
reassignment, a combination of anisotropic and computation NMR spectroscopic analysis

was undertaken.®

(0]
>‘C15H31
(0]

Br OH OH OH OH OH

33

phormidolide A
proposed reassignment
109

reassigned stereocentres

Figure 2.9. The collective proposed reassiged structure of phormidolide A.

The first step in supporting the stereochemical reassignment was to confirm the
reassignment of the C17 position through density functional theorem (DFT) coupling
constant calculations. The homonuclear and heteronuclear coupling constants of two C17
epimers of a C20-truncated fragment of phormidolide A, 110 and 111 (Figure 2.10), were

calculated. The H17 to C37 3Jcw coupling constant was calculated to be 4.1 Hz in 110, the
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C17 R epimer, which matched that found for the NP, while other epimer was calculated to
have a H17 to C37 3Jcu coupling constant of 3.3 Hz, which supports the proposed

reassignment to 109.

110, C17 R 111, C17 S
1 1
H
o :
CH O JCH O
b b
3Joy = 4.1 Hz 3Jcy =3.3Hz

Figure 2.10. The truncated models of phormidolide A 110 and 111 for
computational analysis along with the predicted 3Jcu coupling
constants between H17 and C37.

To further investigate the stereochemical reassignment, DP4 analysis was used,
which can quantify the agreement between experimental and calculated NMR chemical
shifts. For each structure calculated, the DP4 program analyzes the likelihood of the
calculated NMR data matching the experimental data and outputs that likelihood as a
percentage. A higher percentage for a given calculated structure means that it is more
likely correct.®* The calculated chemical shifts for 110 and 111, along with the C7 epimers
for each compound, were compared with the experimental values derived from the NP
using DP4 analysis.® This analysis gave 100% confidence for the stereochemistry

displayed in 110, further supporting the proposed reassignment to 109.

In addition, the 3Jun, 2Jon, and 3Jcn coupling constants and "*CNMR shifts were
calculated for a C24 truncated fragment of phormidolide A, 112 (Figure 2.11). All possible
diastereomers at C7, C17, and C21 were considered, along with C23 being set syn to
C21, resulting in 8 total structures. Determining the C21 stereochemistry would inform on

the stereochemistry of the polyol chain, as the relative configuration of the side chain was
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relayed back to C21 via J-based analysis and analysis of the acetonide derivative of
phormidolide A. Based on the mean absolute error of experimental versus calculated
coupling and chemical shift values, the C24 truncated 21(S),17(R),7(S)-fragment of
phormidolide A, 113 (Figure 2.11), had the closest match to the experimental data. This

result again supports the proposed reassignment to 109.

syn

calculated coupling
constant analysis

112
eight diastereomers considered best match for experimental data

Figure 2.11. The fragment of phormidolide A, 112, for which 8 diastereomers
were considered for coupling constant analysis to reveal fragment
113 as the closest matching diastereomer.

Finally, the stereochemical reassignment was evaluated by an orthogonal
assessment of anisotropic NMR parameters. Anisotropic NMR assessment uses two
parameters to assess the structure and configuration of a molecule: residual dipolar
coupling (RDC) and residual chemical shift anisotropy (RCSA).*® These parameters are
small positive or negative changes to coupling constants and chemical shifts when a
molecule is constrained in an alignment media, such as a polymeric gel. In this
assessment, RDC values are the differences between 'Jcy coupling in the constrained
and unconstrained material and report on the relative configuration around particular
carbons. Analogously, RCSA values are the difference in '*C chemical shift between the
constrained and unconstrained material, which also report relative configuration, but can
inform on carbons without bonded hydrogen. These observed RDC and RCSA values can
then be compared with the corresponding computationally predicted values for a certain
structure and plotted. A Q-factor is generated from this plot which reports on the similarity
between the experimental and computational factors. Generally, a Q-factor between 0.1

and 0.2 indicates a high confidence in the structural assignment.®®
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The same 8 diastereomers of 112 were considered in this anisotropic NMR
analysis, which was compared to experimental values of phormidolide A obtained from
the NP suspended in a poly-y-benzyl-L-glutamate gel. When the anisotropic NMR values
derived from the suspended NP were compared with the values for all 8 computationally
generated diastereomers, it was again observed that the configuration shown in 113, the
21(S), 17(R), 7(S) fragment of phormidolide A, best matched the data for the NP, with a
Q-factor of 0.190. This analysis indicates a strong correlation between the structure shown
in 113 with the structure of the NP, supporting the stereochemical reassignment of
phormidolide A to 109.%3

2.5. Conclusion

Noting several ambiguities with the original stereochemical assignment of
phormidolide A, we embarked on a stereochemical reassignment. Comparing the spectral
data derived from phormidolide A with spectral data from model C10-C23 fragments of
phormidolide A suggested a reassignment of the C17 and C21 positions and, since the
stereochemistry of the rest of the polyol chain was relayed back to the C21 position, a
reassignment at each position on the side chain. Independently, the Piel group developed
structural prediction software which suggested a reassignment to the enantiomer of the

proposed structure.

To finalize the stereochemical reassignment, all interested groups collaborated to
propose stereostructure 109 (Figure 2.9). Computational comparison with NMR data from
the NP and anisotropic NMR data supported the reassignment of phormidolide A as 109.
Notably, this stereochemical reassignment addresses all ambiguities from the original
isolation paper. A reassignment of C7 aligns with a correct Mosher’s ester analysis, a C17
reassignment explains the data from an acetonide analysis, which suggested an anti-
relationship between the C17 and C15 positions, and a reassignment of the side chain
supports the prediction of the stereochemistry based on the biosynthetic enzymes. From
this collective evidence, we were confident in the structural reassignment and 109 became

the synthetic target for the total synthesis of phormidolide A.
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Chapter 3. Synthesis of the Macrocycle of
Phormidolide A

The work contained in this chapter was performed in collaboration with Dr. Nelson Lam.
Dr. Lam was responsible for the assessment of the macrocyclization reactions covered
in subchapters 3.3 and 3.5-3.8, while the synthesis of the intermediates in these
subchapters was a collaborative effort between the author and Dr. Lam. All other work

reported is the authors unless otherwise stated.

3.1. Introduction

Phormidolide A (28, Figure 3.1) is a natural product (NP) isolated from a marine
cyanobacterium. It was shown to be toxic towards brine shrimp with an LCso of 1.5 yM but
was found to be inactive against the 60 different clinically relevant cancer cell lines, in a
screen by the National Cancer Institute (NCI).%2 However, several structurally related
members of the phormidolide family of NPs have shown anti-cancer and anti-fouling
activity. For example, phormidolides B and C (29 and 30, Figure 3.1) have shown activity
against three different cancer cell lines that were present in the same NCI screen.%35°
Notably, the macrocyclic phormidolide fragment 114 was inactive in the same screen,

highlighting the importance of the side chain for anti-cancer activity.
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29 1.4 uM 1.3 uM 1.0 uM
30 1.3 uM 0.8 uM 0.5 uM
114 No activity observed

Figure 3.1. Phormidolide A, B and C with the reported activity (ICso) of
phormidolides B and C against 3 human cancer cell lines.

The Gerwick group originally proposed a structural assignment for phormidolide A
(28) based on data from the NP and derivates.’2%? As detailed in Chapter 2, A
reassessment of data derived from a Mosher's ester derivative at C7 and from an
acetonide derivative along with biosynthetic studies by the Gerwick and Piel groups

suggested that the stereocenters at C7 and from C17 to C29 should be the opposite of
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that originally proposed. Additionally, based on the comparison of spectral data derived
from the NP with synthetic model compounds, along with anisotropic NMR spectroscopic
analysis and computational prediction of chemical shifts, a stereochemical reassignment
of the NP to 109 (Figure 3.2) has been proposed.®** Drawn to the complex and
interesting structure of the NP, we embarked on a total synthesis of phormidolide A in
collaboration with the Paterson group to confirm the structural assignment and provide

material for further biological assessment, targeting the reassigned structure 109.
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Figure 3.2. The proposed stereochemical reassignment of phormidolide A.

3.2. Retrosynthetic Analysis

A retrosynthetic analysis for phormidolide A is shown in Scheme 3.1. As depicted,
we planned to prepare the side chain 115 and the macrocycle 116 independently and
connect both via a vinyl metal addition, such as a Nozaki-Hiyama-Kishi (NHK) or a
Grignard addition. Given the Paterson lab’s expertise in synthesizing polyketides,?°7-100
their focus became the synthesis of the side chain 115, while our focus was the synthesis

of the macrocycle 116, based on our lab’s expertise in the synthesis of THF-containing
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NPs. This chapter will cover our efforts directed towards the synthesis of the macrocycle
of phormidolide A.

(@) : .
vinyl metal addition
>‘C15H31 /
O OH OH OH OH . OH

\

Br

33

C15H34 o

Stille coupling
or
OPG Suzuki coupling

OPG (0] \
+
JJ\)\/\)\)J\ ° 0l
R 7 X 1 OH TBSO
17 HO g9

Scheme 3.1. Retrosynthetic Analysis for 109.
PG = protecting group

Macrocycle 116 could be constructed based on two key retrosynthetic
disconnections at the C1-C15 alcohol and across the C9-C10 bond. Specifically, these
bonds could be formed by an esterification reaction and a Stille or Suzuki coupling,
respectively. The coupling partners for these reactions would be the C1-C9 moiety 117,
where R represents a suitable functional group for a Stille or Suzuki coupling, and THF
89. The synthesis of THF 89 had been developed both for the stereochemical
reassignment and the total synthesis of phormidolide A (Section 2.3). With this THF core

in hand, we began efforts to prepare precursors for the macrocyclization studies.
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3.3. First Generation Macrolactonization

Scheme 3.2. Retrosynthetic Analysis for the First-Generation Macrolactonization
Approach.

As highlighted in Scheme 3.2, our initial macrocycle target was compound 118,
which contains TBS protecting groups for both the C7 and C17 alcohol. We envisioned a
selective deprotection of the less hindered C17 primary alcohol would allow further
elaboration of the NP. Notably, this work was designed and executed before our
reassignment of the stereochemistry of the NP and therefore the macrocycle 118
incorporates the originally proposed (R)-stereochemistry at C7. From a retrosynthetic
perspective, this macrolactonization approach required the preparation of seco acid 119,
which we envisioned could be constructed via Suzuki coupling to form the C9-C10 bond
from THF 89 and vinyl boronate 120.%!
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Scheme 3.3. Preparation of Vinyl Boronate 124.

Construction of vinyl boronate 124 (Scheme 3.3) began with the conversion of (S)-
epichlorohydrin 121 into alcohol 122, a process that involves sequential alkyne and
cyanide addition steps.'®? Palladium-catalyzed hydroborylation'® then TBS protection
afforded 123 in 51% vyield over two steps. Finally, the aldehyde 124 was accessed via
DIBAL reduction of the nitrile function. Critical to the DIBAL reduction was the use of 10%
citric acid solution as an aqueous work-up to hydrolyze the intermediate imine, as standard

work-up conditions using Rochelle’s salt did not result in imine hydrolysis.

S

<©
w CrCly, CHls, oTBS
PinB H > PinB !
124 THF 127
S :
Pz P(OEt), LDA, HMPA, )K)vpphe, CH,ClI, or PhMe,
MeO THF, -78°C MeO
125 126 reflux, 24h
OTBS 0
PinB~ ¢ NN 1 "OMe

120

Scheme 3.4. Efforts Towards the Preparation of Vinyl Boronate 120.

Our next goal then became the preparation of the C1-C9 fragment 120 from the
aldehyde 124 (Scheme 3.4). Unfortunately, the Horner-Wadsworth-Emmons (HWE)
reaction of aldehyde 124 with phosphonate 125 resulted in degradation of the vinyl
boronate and no reaction was observed using Wittig reagent 126.'% Attempts to convert
124 into vinyl iodide 127 for Stille coupling also led to degradation. We attributed these

issues to the instability of the vinyl boronate function and to avoid these challenges we
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converted the aldehyde 124 into alcohol 128 (scheme 3.5) and resolved to further

elaborate this fragment of the macrocycle after coupling to the THF core.

S

PinB H - PinB OH

o o
124 MeOH, 0 °C, 55% 128

Scheme 3.5. Preparation of Alcohol 128.

With the vinyl boronate 128 in hand, we protected the alcohol function in THF 89
with dimethylacrylic acid (98), affording ester 99 (Scheme 3.6), an intermediate used in
the stereochemical reassignment proposal (Section 2.4.1). To prepare the target seco acid
119, the two fragments vinyl boronate 128 and THF 99 were coupled using Suzuki
conditions (Scheme 3.6). This step proved challenging, and after careful optimization, we
found that 2.5 equivalents of the vinyl boronate and thallium(l) ethoxide as a base were
required to afford the coupling product in reproducibly good yield, especially upon scale-
up of the reaction. Thallium (1) ethoxide was chosen as it has been shown to accelerate
the rate of Suzuki reactions and allow these reactions to be run at lower temperatures.'
As the resulting product could not be fully separated from residual boronate using flash
column chromatography, the crude material was carried through to the oxidation step.
Fortunately, this next reaction cleanly oxidized the material while removing the boronate

impurity, affording aldehyde 129 in an 89% yield over two steps.

From here, Takai olefination'® afforded vinyl iodide 130 in a 71% yield with an E/Z
selectivity of 3:1. Despite optimization of this reaction by varying the solvent and
temperature, the E/Z selectivity could not be improved. Finally, vinyl iodide 130 was
coupled to the known vinyl stannane 131'% under palladium conditions with a copper
thiophene-2-carboxylate (CuTC) additive,'® followed by Ba(OH). hydrolysis to furnish
seco acid 119 in good yields (Scheme 3.6).
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Scheme 3.6. Preparation of Seco Acid 119 for Macrolactonization Assessment.

With 119 in hand, we began to explore macrolactonization conditions.
Unfortunately, all attempts to affect the formation of the macrocycle from 119 failed.
Yamaguchi macrolactonization conditions, reported for the synthesis of phormidolides B
and C,%%8 afforded complex mixtures of inseparable products despite efforts to optimize
the reaction by adjusting the temperature, dilution, or using slow addition of the starting
material. Shiina macrolactonization conditions'®'"" afforded the expected mixed
anhydride, but would not undergo macrolactonization. We attributed the failure of this
reaction to steric congestion around the neopentyl C15 alcohol. Given the observed
issues, we decided to explore a macro-Stille cyclization,®® where bond formation occurs

distal to the steric congestion around the THF ring.
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3.4. C3-C4 Macro-Stille

Noting our success in forming the C3-C4 bond via Stille coupling during the
preparation of seco acid 119, we reasoned that macrocyclization using a similar reaction
may prove successful. While less common than macrolactonization, macro-Stille
cyclization reactions have been used in several NP total syntheses.''2'"3 We envisioned
two possible macro-Stille precursors: the first with a vinyl bromide at C3 and vinyl stannane
at C4, 132, and the second containing a vinyl stannane at C3 and a vinyl iodide at C4, 133
(Scheme 3.7). With the goal of preparing macrocyclic precursor 132, we aimed to
construct a key fragment of this precursor, vinyl bromide 134. Unfortunately, 134 was
found to be highly unstable to work-up conditions and solid phase purification media,
rendering us unable to proceed with the synthesis of 132. Therefore, we turned our efforts

towards the synthesis of the alternative macrocyclic precursor, 133 (Scheme 3.8).

unstable

Scheme 3.7. A: Retrosynthetic Analysis for the C3-C4 Macro-Stille Assessment.
B: Vinyl Bromide 134 Which Proved Too Unstable for Synthetic Use.
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Scheme 3.8. Preparation of Vinyl Stannane 133 and Protodeiodinated and
Protodestannylated Products 139 and 140 Resulting from Certain
Macro-Stille Conditions.

The construction of macro-Stille precursor 133 began with the Suzuki coupling of
vinyl boronate 128 with THF 135 to afford alcohol 136. Elaboration of 136 to the vinyl
iodide 137, followed by reduction and esterification with known carboxylic acid 1384
afforded macro-Stille precursor 133 in good yields for the assessment of the

macrocyclization strategy (Scheme 3.8).
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Unfortunately, none of our efforts to affect the macrocyclization to 118 were
successful. Outlined in Table 2.1, we assessed several conditions with three different
palladium catalysts, Pdz(dba)s, Pd(PPhs)s, and Pd(dppf)Cl.. Macro-Stille precursor 133
proved unreactive at room temperature with Pdz(dba)s (entry 1) and only degradation of
the material was observed upon heating with or without Cu(l) additives (entries 2 and 3).
Using DMSO as the solvent resulted in no change in the outcome (entry 4). Similarly, no
reaction was observed at room temperature with a change in catalyst to Pd(PPh3)s and
LiCl (entry 5), while heating under these same conditions resulted in the protodeiodinated
product 139 (entry 6, Scheme 3.8). When changing the additive to a Cu(l) salt with
Pd(PPhs)4, no reaction occurred at room temperature and, similarly, heating only resulted
in degradation (entries 7-10). 107 again proved unreactive at room temperature with
Pd(dppf)Cl2 (entry 11) and upon heating to 60 °C, only the protodestannylated product
140 was recovered (entry 12, Scheme 3.8). Increasing the temperature further resulted in
the degradation of the material (entry 13). Pd-free conditions using a Cu(l) salt resulted in
solely the protodestannylated product 140 being recovered (entry 14, Scheme 3.8). Given
that we were unable to affect C3-C4 macro-Stille cyclization, we chose to evaluate an

alternative macro-Stille cyclization.

Table 3.1. Optimization Conditions for the C3-C4 Macro-Stille Reaction

Entry Pd source Additive | Temperature Reaction Outcome
1 Pd(dba)s CuTc 20°C NR
2 Pd;(dba)s CuTc 40 °C Degradation
3 Pd;(dba)s none 40 °C Partial degradation
4a Pd;(dba)s CuTc 40 °C Degradation
5 Pd(PPhs), LiCl 20 °C NR
6 Pd(PPhs)s LiCl 40 °C Protodeiodination, 139
7 Pd(PPhs), CuTc 20 °C NR
8 Pd(PPhs)s CuTc 40 °C Degradation
9 Pd(PPhs), CuCl 20 °C NR
10 Pd(PPhs)s CuCl 40 °C Degradation
11 Pd(dppf)Cl2 CuTc 20°C NR
12 Pd(dppf)Cl2 CuTc 60 °C Protodestannylation, 140
13 Pd(dppf)Cl2 CuTc 80 °C Degradation
14 none CuTc 100 °C Protodestannylation, 140
15 Pd,(dba)s CuTc 40 °C Degradation

argaction run in dry DMSO, dba = dibenzylideneacetone, dppf = 1,1"-bis(diphenylphosphino)ferrocene, NR = No
reaction
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3.5. First Generation C9-C10 Macro-Stille

Following our failure to affect Stille-macrocyclization, we turned our attention to
forming the C9-C10 bond. To this end, we elected to employ a related C9-10 macro-Stille
cyclization strategy. Here, we targeted macrocycle 140, containing a TIPS protecting
group at the C7 position, which should allow for selective removal of the C17 TBS
protecting group. This strategy required the preparation of macrocyclic precursor 141
(Scheme 3.9), which we envisioned could arise from the esterification of THF 142 and

carboxylic acid 143.

= 0
TBSO" { QTIPS 0
10 SnMe3 + |0 AN A OH

HO
142 143

Scheme 3.9. Retrosynthetic Analysis for the First Generation C9-C10 Macro-Stille
Assessment.

As highlighted in Scheme 2.11, TIPS protection of 122 followed by iodoborylation
and acidic work-up''® afforded vinyl iodide 144 which was converted to aldehyde 145 via
DIBAL reduction. The C1-C9 fragment was then prepared by an HWE reaction between
aldehyde 145 and known phosphonate 125,'% followed by hydrolysis of the methyl ester
to afford 146. Critical to the HWE reaction was the use of HMPA as a cosolvent, which
prevented otherwise significant isomerization of the C3-C4 olefin.'4'"6 Separately, THF
89 was converted to the C10 vinyl stannane 142 with Wulff-Stille conditions'"” and
appended to 146 under Yamaguchi conditions to construct macrocyclic precursor 141 in

excellent yields (Scheme 3.10).4
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Scheme 3.10. Preparation of Macro-Stille Precursor 141.

Unfortunately, and despite considerable experimentation, we were not able to
access 140 from the macro-Stille precursor 141. The use of palladium catalysis, based on
the Paterson synthesis of chivosazole F,® resulted in protodestannylation at room
temperature and increasing the reaction temperature resulted in degradation of the
starting material. The same result was observed if either a copper or arsine additive was
used.®'"® Use of Cu(l)-mediated Stille cross-coupling conditions'® led to the C9
homocoupled product and dilution afforded only the protodestannylated product. Based
on these disappointing results, and cognizant of our goal to form the macrocycle at a
position remote from the THF ring we decided to assess alternative and potentially more

mild macrocyclization conditions, starting with a macro-HWE approach.
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3.6. C2-C3 Macro-HWE

It is important to note that at this point in our efforts, the stereochemical
reassignment of phormidolide A was proposed, which included a reassignment of the C7
alcohol, as detailed in Chapter 2. Therefore, from this point, all intermediates and targets
contained the newly proposed stereochemistry at this centre. As noted above, we
envisioned a macrocyclization strategy utilizing an HWE reaction to form the C2-C3
alkene. HWE macrocyclizations often involve mild reaction conditions and,'?*-'?2 given the
sensitivity observed during attempted Stille reactions discussed above, we theorized that
the use of an HWE macrocyclization may avoid degradation. We thus targeted
phosphonate 148 (Scheme 3.11), which we envisioned forming by Stille coupling between

THF 89 and vinyl stannane 149, followed by esterification with carboxylic acid 150.

O 148

o o % /° ot®°
J_Boey, T \ J &
HO (02 + o '+ Bugsn \
89

150 149

Scheme 3.11. Retrosynthetic Analysis for the C2-C3 Macro-HWE Approach.

Construction of 148 began with iodoborylation and acidic work-up''® of known
alkyne 151,'% affording vinyl iodide 152 (Scheme 3.12). This later material was elaborated
to aldehyde 153 under reductive DIBAL conditions and vinyl iodide 155 was prepared via
a HWE reaction between aldehyde 153 and commercially available phosphonate 154."%*
Protection of 155 as a dimethyl acetal was necessary for I/Sn exchange. This process
afforded 149 which was then coupled to THF 89. Treatment of the crude material under

acidic conditions quantitatively afforded ketone 156. Esterification with commercially
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available diethylphosphonoacetic acid (150) then gave phosphonate 148 for evaluation of
the C2-C3 HWE macrocyclization.

s« JTPS  9.BBN-I, AcOH, OTIPS  pIBAL, PhMe, OTIPS
A Y | CN | <o

AN
151 hexanes, 0 °C, 68% 152 -78 °C, 62% 153
o o0
(EtO),P Ve
1) (MeO)sCH, CSA, omps o 154
MeOH, rt., 67% J\)\/\/u\ Ba(OH),, THF/H,0,
| -
2) tBuLi, Bu3SnCl, 155 rt. 93% >20:1 E/Z
-78 °C, 72%
= 0
) 1BSO \
|
HO
89
PO
O™ 'MeQ OMe ppPPh3)4, CuTc, rit.
BU3S” X >
149 2) CSA, acetone/H,0 (9:1),

quant. over two steps

O O 156
I
o o J__P(oEt),
150 ,DCC
o\\P
Et (l)\OEt CH,Cly, rt., 83%

OTIPS

O 148
Scheme 3.12. Preparation of C2-C3 Macro-HWE Precursor 148.

Unfortunately, all attempts at C2-C3 bond formation and macrocycle construction
were unsuccessful. Using Masamune-Roush conditions'®® or using lithium diisopropyl
amine (LDA) as a base led to ester cleavage, while NaH conditions caused significant
degradation of the substrate. We hypothesized that this was due to a lack of reactivity of
the C3 ketone. While this strategy failed, it inspired us to explore the equivalent bond

formation using a macrocyclic Reformatsky reaction.
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3.7. C2-C3 Macro-Reformatsky

Given the manifold difficulties noted above in macrocycle formation, we surmised
that alleviating the strain the in macrocycle with one less alkene in the macrocyclic
precursor might improve the outcome of the macrocyclization reaction. Macrocyclic
Reformatsky cyclization reactions have been used in NP synthesis and this strategy was
recently demonstrated by our group in the synthesis of biselide A, a THF-containing
marine macrolide.?”:'?¢ Esterification of 156 with commercially available bromoacetyl
bromide (157) afforded a-bromoester 158 (Scheme 3.13). However, upon treatment of
158 with Sml, at 0 °C by slow addition,'?"'?¢ only degradation was observed. With both
the C2-C3 macro-HWE and macro-Reformatsky reactions unviable, we decided to pursue

a ring-closing metathesis (RCM) strategy.

Scheme 3.13. Preparation of Bromoester 158.

3.8. C4-C5 Ring Closing Metathesis

RCM reactions have been used extensively in NP synthesis and are often uniquely
useful due to the high functional group compatibility.'?® Preparation of the RCM precursor
162 (Scheme 3.14) began with the conversion of aldehyde 153 to vinyl stannane 159,
which proceeded in good yield. Vinyl stannane 159 was then coupled to THF 89 and
esterification of known alkene 161''* afforded 162. Unfortunately, treatment of 162 with
the Hoveyda-Grubbs Il catalyst led to the exclusive formation of the 5-membered ring
product 163, suggesting the reactivity of the C9 alkene was significantly higher than that
of the C4 alkene. Further model studies on ester derivatives of diene 161 indicated the
dienoate was particularly unreactive under RCM conditions. With RCM also unsuccessful,

we next decided to assess an HWE macrocyclization, but now involving the C4-C5 alkene.
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Scheme 3.14. Preparation of Diene 162 and Cyclization to Cyclopentene 163.

3.9. C4-C5 Macro-HWE

While we were unable to form the C2-C3 bond using a macro-HWE approach (see
above), we felt that a macrocyclic HWE that formed the C4-C5 bond may still provide
access to the desired macrocycle. As noted above, these reactions rely on mild conditions
and have been used in late-stage macrocyclization strategies for the synthesis of several
complex NPs.'2%-122 Thys, we envisioned phosphonate 164 as the macrocyclic precursor
(Scheme 3.15), which could be accessed via esterification of THF 89 with carboxylic acid

165 and Stille-coupling of vinyl stannane 166.
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Scheme 3.15. Retrosynthetic Analysis for the C4-C5 Macro-HWE.

In the event, preparation of carboxylic acid 165 proved challenging. Hydrolysis of
the methyl ester in 125 led to the degradation of the material and direct conversion of
known allylic bromide 167 into phosphonate 165'*° using standard Arbuzov conditions
caused significant E/Z isomerization. Fortunately, t-butyl ester formation could be affected
by treatment with f-butyltrichloroacetimidate (TBTA), and a subsequent Arbuzov reaction
and acidic deprotection afforded 165 (Scheme 3.16).

9 (0]
eonbh I
( )2 X OMe

125 hydrolysis
)Ok)\/ 1) TBTA, CH,Cly, r.t. 70% o) 0
A B )%P(OEUZ
HO™ o7 2) P(OEt)s, 165 °C, 73% HO™ ™ 65
3) TFA:DCM (1:1), r.t., quant.
‘ P(OEt);, 165 °C

Scheme 3.16. Preparation of Carboxylic Acid 165.

To access 166, aldehyde 153 was converted into the corresponding dimethyl
acetal 168. 1/Sn exchange proceeded smoothly on this substrate, affording vinyl stannane
169. Unfortunately, the deprotection of 169 presented significant challenges. Brgnsted

acid conditions caused protodestannylation, while Lewis acidic conditions resulted in



complete degradation. Fortunately, the use of trimethyl silyl triflate/2,6-lutidine, reported
by others for the deprotection of acetals," 32 afforded the deprotected product 166 in

moderate yields (Scheme 3.17).

@°
OTIPS oV OMe .
J\M TMOF, KHSO,, J\)\)\ SnBu,Cl, tBuLi,
I O > | OMe l
153 MeOH, r.t., 95% 168 THF, 81%
S
N\
OTIPS TMSOTf, 2,6-lutidine, wMe
BusSn ~o BuzSn OMe
166 CH,Cl,, r.t., 43% 169

Scheme 3.17. Preparation of Aldehyde 166.

With the coupling partners in hand, the final construction of 164 began (Scheme
3.18) with the esterification of carboxylic acid 165 using tetrahydrofuranol 89. A screen of
reaction conditions revealed that Shiina conditions'®-""" caused silyl deprotection, while
Steglich'? and HOBt esterification'* conditions caused significant C2-E/Z isomerization
of the resulting ester. Mukaiyama esterification conditions'® only resulted in degradation
of the phosphonate and no reaction was observed with the corresponding acetyl chloride.
Fortunately, optimized Yamaguchi esterification** afforded the ester product 170 with
minimal C2-E/Z isomerization, resulting in a 2.5:1 ratio of E and Z isomers. Vinyl stannane
166 was then coupled to 170 using Stille conditions to afford phosphonate 164.
Phosphonate 164 proved non-trivial to purify due to its instability on silica, alumina, and
C2-modified silica. However, prior treatment of the silica gel with triethyl amine allowed for

the purification of this compound with minimal degradation.
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Scheme 3.18. Preparation of Phosphonate 164 and Macrocyclization to Form C2-Z
Macrocycle 171.

With the synthesis of 164 completed, we assessed the key macrocyclization
reaction. Initially, the first conditions evaluated (NaH, THF, -20 °C — 0 °C, entry 1, Table
3.2) cleanly afforded the C2-C3 Z-macrocycle 171 in >90% vyield. The Z-macrocycle was
presumed to form due to the isomerization of the intermediate anion before ring-closing,
which had been observed in analogous esters of this phosphonate.'® While we were
excited to have accessed the macrocycle, extensive efforts to avoid isomerization failed
to provide the desired E,E- macrocyclic dienoate in appreciable amounts as highlighted in
Table 3.2. In addition, all attempts to isomerize macrocycle 171 to the target C2 E-

macrocycle under chemical or photochemical conditions failed.
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Table 3.2. Optimization Conditions for the C4-C5 Macro-HWE Reaction

Entry Base Solvent Temperature Ratio of C2 ZIE-macrocycle (171:147)
1 NaH THF 20°C—0°C 9:1
2 NaH THF:HMPA (2:1) -718 °C NR
3 NaH THF:HMPA (2:1) | -20°C—0°C 9:1
4 NaH THF -50 °C NR
5 NaH THF -30°C NR
6 KH THF 20°C—0°C 9:1
72 NaH THF 20°C—0°C 9:1
8 NaH THF 40 °C > 20:1
9 NaH THF reflux > 20:1
10 LiIHMDS THF 20°C—0°C 8:1
11 LDA THF 20°C—0°C 8:1
12 NaH DMF 20°C—0°C > 20:1

agddition of 15-crown-5; LIHMDS = Lithium bis(trimethylsilyl)amide, LDA = Lithium diisopropylamine, THF=
tettrahysdrofuran, HMPA = Hexamethylphosphoramide, DMF = Dimethylformamide, NR = No reaction

As summarized in Table 3.2, the use of HMPA as a cosolvent, which we had used
previously to limit the isomerization of the phosphonate during intermolecular HWE
reactions, proved ineffective at avoiding isomerization in this case (entries 2 and 3). Model
studies suggested that the isomerization of the phosphonate was suppressed at
temperatures below -50 °C. However, a careful temperature screen revealed that ring
closure only occurred at -20 °C or above (entries 4 and 5). Changing or coordinating the
counterion (entries 6 and 7) did not prevent isomerization and raising the temperature
above room temperature (entries 8 and 9) enhanced it. Changing the base to LIHMDS or
LDA slightly limited the isomerization, affording the products in an 8:1 Z/E ratio, but also
caused significant degradation (entries 10-11). Finally, changing the solvent to DMF
resulted in only Z-isomer formation (entry 12). These results indicate that the formation of
the Z-isomer is significantly favoured over the formation of the E-isomer. We also
assessed a screen of conditions to isomerize Z-macrocycle 171 to the desired E-
macrocycle 147, however, this strategy proved ineffective. With these disappointing
results and the challenges faced in the preparation of the material, we turned back to a
C9-C10 macro-Stille strategy to better understand the reactivity of the macrocycle with the
goal of limiting the previously observed degradation regularly present in our previous

macro-Stille efforts.
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3.10. Second Generation C9-C10 Macro-Stille

Noting that we observed the formation of the C2-C3 Z-macrocycle at -20 °C in the
C4-C5 macro-HWE approach, we theorized that it may be possible to close the ring with
macrocyclization reactions other than a macro-HWE at room temperature or below. In the
previous macro-Stille efforts (Sections 3.5 and 3.6), we generally observed no reaction at
room temperature and degradation once the reaction mixture was heated. However, we
hypothesized that if a macro-Stille cyclization could be performed at room temperature,
we would avoid the degradation observed at higher temperatures. We decided to explore
these prospects for the formation of the C9-C10 bond. The C9-C10 macro-Stille precursor
172a was easily accessed from a simple revision in the order of the steps of the
preparation of macro-HWE precursor 170. Thus, coupling aldehyde 166 to phosphonate
170 under HWE conditions afforded the macro-Stille precursor 172a (Scheme 3.19).
Despite extensive optimization, the C2-E/Z selectivity of this reaction could not be
improved beyond 1.3:1 C2-E/Z. Despite this, the two isomers, C2-E, 172a, and C2-Z,
172b, were readily separable by column chromatography, and a sufficient amount of

material was prepared for the assessment of the macro-Stille cyclization.

Surprisingly, the C2 Z-isomer, 172b, formed the corresponding Z-macrocycle 171
under palladium-catalyzed conditions (Pd(dppf)Clz, CuTc, DMF, 60 °C) in moderate yields
(Scheme 3.19). However, treatment of the E-isomer 172a with the same conditions
resulted in degradation. 172a proved unreactive under Stille conditions at room
temperature and the evaluation of several reaction temperatures indicated that elevating
the temperature only caused degradation, as previously observed. Changing the Pd
catalyst or reaction time resulted in either no reaction or degradation. The examination of
the compatibility of each reagent with 172a while heating suggested that the degradation
resulted from a Pd(0) species. Therefore, Pd-free, Cu(l) and Ni(ll) systems were

assessed, but only protodestannylation was observed.
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Scheme 3.19. Preparation of Vinyl Stannanes 172a, 172b and Deprotected Vinyl
Stannanes 173 and 174.

As 172a was unreactive at room temperature, we theorized that if we were able to
increase the reactivity of the substrate, we may achieve a macro-Stille reaction at room
temperature and avoid degradation. A change in silyl protecting groups can have a
significant impact on the reactivity in complex molecule synthesis,* and it was deemed
appropriate to assess analogues of 172a that lack bulky silyl protecting groups. Towards
this goal, we examined the deprotection of 172a. Here we found that HF/pyridine with

added pyridine allowed for selective deprotection of the C17 TBS silyl ether to afford 173
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(Scheme 3.19) while, surprisingly, cold (0 °C) TBAF deprotection conditions enabled
selective deprotection of the C7 TIPS silyl ether to afford 174 (Scheme 3.19).

With 173 and 174 in hand, we assessed room-temperature macro-Stille cyclization
conditions on both substrates. Treatment of both substrates with Pd(0) and Pd(Il) catalysts
at room temperature resulted in protodestannylation and degradation, while the use of
only Cu(l) at room temperature resulted in protodestannylation. While we could not form
the desired macrocycle, this change in the protection of the substrate revealed that the
reactivity increased if the silyl-protecting groups were removed, as mono-protected 173
and 174 underwent degradation at room temperature while the silyl-protected variant 172a
proved unreactive under the same conditions. Based on these results, we decided to

return to the original macrolactonization strategy with a change in the protecting groups.

3.11. Second Generation Macrolacontization

In the original macrolactonization approach (Section 3.4), we noted a lack of
reactivity of the seco acid and attributed this to steric congestion around the THF ring.
Therefore, we theorized that a change in the protecting group at C17, adjacent to the THF
ring, may increase the reactivity of the seco acid and facilitate macrocyclization. As a
proof-of-concept experiment, we prepared the C17-OMe seco acid 178, as a
representative less bulky C17 protecting group (Scheme 3.20). The C17 OMe-protected
THF 176 was prepared by methylation of THF 175. The reaction of aldehyde 166 and
phosphonate 125 under HWE conditions, afforded vinyl stannane 178. Stille reaction of
177 and 178 followed by hydrolysis of the methyl ester afforded seco acid 175 in a 3:1

mixture of the E/Z isomers of the C2 alkene.
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Scheme 3.20. Preparation of Proof-Of-Concept Seco Acid 175 and Cyclization to a
1:3.5 Mixture of E- and Z-macrocycles 179 and 180.

Excitingly, under Shiina macrolactonization conditions,'® 175 closed to afford a
1:3.5 ratio of the desired C2-Emacrocycle 179 to the C2-Z macrocycle 180 in a 55% overall
yield (Scheme 3.20, '"HNMR spectrum of both products mixed shown in Figure 3.3). This
represents approximately 50% E/Z isomerization from the starting material, which was a
3:1 mixture of E/Z isomers and is significantly less than the >90% isomerization observed
in the C4-C5 macro-HWE assessment. This proof-of-concept experiment was critical in
showing that a less hindered protecting group at the C17 position may allow for a

successful macrolactonization. Therefore, we set out to find a suitable protecting group
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that would be compatible with macrolactonization. Notably, we also assessed a
macrolactonization strategy without a C17 protecting group, but this resulted in the

exclusive formation of a lactone at the C17 position rather than the desired C15 position.
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Figure 3.3. The 'THNMR spectrum of a mixture of the E- and Z-macrocycles 179

and 180 from 4.0 to 7.0 ppm. Peaks associated with 180 are marked
in blue and with an A. Peaks associated with 179 are marked in red
and with a B.

Moving forward, there were two key considerations when deciding which protecting
group to use at the C17 position: i) the protecting group should be smaller than a TBS
group and stable to basic conditions and palladium-based coupling conditions; and, ii) mild
deprotection conditions would be required due to the observed sensitivity of the
macrocyclic precursors. Based on these requirements we opted to first assess the
macrolactonization with a trimethylsilylethoxymethyl (SEM) protection. This group has

been reported to be removed under mild Lewis acidic or fluoride conditions.'36:13"
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Scheme 3.21. Preparation of Seco Acid 183 and Cyclization to Macrocycle 184.

THF 176 was converted to the SEM-protected THF 181, which was then coupled
with vinyl stannane 178 and treated with base to afford seco acid 182. With 182 in hand,
we began optimization of the macrolactonization to form macrocycle 183 (Scheme 3.21)
without significant E/Z isomerization. As highlighted in Table 3.3, the previously used
Shiina macrolactonization conditions afforded the same mixture of C2 E- and Z-
macrocycles as previously observed. A careful assessment of the equivalents of 4-
dimethylaminopyridine (DMAP) made it clear that at least 1 equivalent of DMAP was
required but was likely also the main source of E/Z isomerization (entries 1 and 2).
Therefore, we assessed several conditions that did not require DMAP. The use of 4-
(trifluoromethyl)benzoic anhydride (TFBA), catalyzed by TiCl(ClOs),"" led to the
degradation of the material (entry 3). We observed no reaction under the Corey-Nicolaou
macrolactonization conditions (entry 4),'% but the Trost macrocyclization conditions*’

afforded the desired E-macrocycle as the major product. However, the yield of this
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reaction could not be improved beyond 21% (entry 5). Inspired by Smith and coworker’s
synthesis of sorangicin A,'*® we assessed the Evans-modified Mukaiyama
conditions.™*14% These conditions, which use the reagent 2-chloro-1-methyl pyridinium
iodide, led to a yield of 33% of the desired macrocycle, though still with significant
isomerization (entry 6). Noting that Smith et al. had observed the iodide anion from the
reagent causing isomerization and their use of the tetrafluoroborate (BF4) counterion to
prevent this isomerization,'*® we prepared the corresponding Mukaiyama reagent with a
BF4 counterion. The reaction of the seco acid with this prepared reagent led to a significant
reduction in isomerization, affording an E/Z ratio of 2.5:1 from a 3:1 E/Z of the starting
material. However, the yield dropped significantly to 8% (entry 7). Fortunately, the use of
the commercially available 2-bromo-1-methyl pyridinium tetrafluoroborate led to the
formation of macrocycle 183 with an E/Z ratio of 2.5:1 in a 40% yield (entry 8, Scheme
3.21).1%°

Table 3.3. Macrolactonization Optimization Conditions

Entry Conditions C2-E/Z ratio (yield)
1 MNBA, DMAP (1 eq.), CH2Cl, 1:3.5 (55% of C2-2)
2 MNBA, DMAP (0.1-0.5 eq.), CH2Cl, NR
3 TFBA, TiCl2(ClO4)2, CH.Cl, NA
4 2,2'-dipyridal disulfide, PPhs, PhMe NR
5 Ethyl ethynyl ether, [RuCla(p-cymene)]., CSA 2:1(21%)
6 2-chloro-1-methy! pyridinium iodide, NaHCOs, CH.Cl, 1:1 (33%)
7 2-chloro-1-methyl pyridinium tetrafluoroborate, NaHCO3, CH.Cl, 2.5:1 (8%)
8 2-bromo-1-methyl pyridinium tetrafluoroborate, NaHCQOs;, CH.Cl, 2.5:1 (40%)

MNBA = meta-nitrobenzoic anhydride, TFBA = 4-trifluoromethylbenzoic anhydride, NR = No reaction

At this point, it was quite disheartening to find that the SEM protecting group could
not be removed. No reaction of the SEM-protected 183 was observed under mild Lewis
acidic conditions or buffered fluoride conditions. Mild Brgnsted acidic conditions led to
TIPS deprotection while non-buffered fluoride, Lewis acidic, or Brgnsted acidic conditions
led to degradation. Despite our failure to remove the SEM group, this study highlighted
that the use of a smaller C17-protecting group would allow for macrolactonization. Thus,
undaunted, we decided to explore this chemistry using a p-methoxybenzyloxymethyl
(PMBM) protecting group at C17, which has been shown to undergo mild oxidative
deprotection (Scheme 3.22).™"
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DIBAL PMBMO CH,Cl,, 81%
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X
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CH,Cly, 72%, 2.5:1 E/Z
OTIPS :

189

‘ AgSbFg, 1,3,5-TMB

DCE, 40 °C, 57%

190

Scheme 3.22. Preparation of PMBM-protected Macrocycle 189 and Deprotection to
Afford Macrocycle 190.

Conversion of THF 87 into the PMBM-protected THF 185 using the reported
reagent PMBMCI (184)'%2 and inversion of the C15 alcohol via DMP oxidation to 186 and
DIBAL reduction afforded THF 187. Coupling of this product to 178 followed by ester
hydrolysis afforded PMBM-protected seco acid 188 (Scheme 3.22). From here, we

reassessed our macrolactonization conditions and found that the use of the modified
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Mukaiyama reagent, 2-bromo-1-methyl pyridinium tetrafluoroborate, gave similar results
as observed in the SEM-protected system, affording macrocycle 189 in a 41% yield.
Noting the major by-product in the crude reaction mixture was the acid anhydride from the
homocoupling of 2 equivalents of the seco acid, we examined further dilution of the
reaction and added the seco acid via slow addition. These modifications afforded the
macrocycle 189 in 72% yield with an E/Z ratio of 2.5:1 at the C2 alkene position. After

considerable effort to reach this point, this was an outstanding result.

Disappointingly, deprotection of the PMBM group using standard DDQ conditions
led to complete degradation. Optimizing for temperature, time, equivalents of DDQ or the
pH of the buffer used in the reaction led to no change in this outcome. Cerium ammonium
nitrate'? and AICI; conditions'“ also led to degradation, while no reaction was observed
under MgBr2 conditions.*® However, the use of AgSbFs along with 1,3,5-
trimethoxybenzene (1,3,5-TMB), reported for the deprotection of PMB protecting

groups, ' afforded deprotected macrocycle 190 in a 57% yield.

3.12. Comparison of Synthetic Products with Phormidolide A

Comparison of NMR spectral data derived from macrocycle 190 with that from the
NP showed a close similarity between the synthetic material and the macrocyclic portion
of the NP. The comparison of the '"H NMR spectroscopic data derived from the synthetic
macrocycle 190 and the macrocyclic portion of phormidolide A is highlighted in Table 3.4,
with the numeric labelling of both compounds and '"HNMR spectrum of 190 presented in

Figure 3.4.
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Table 3.4. Comparison of 'THNMR Values for the Macrocyclic Portion of
Phormidolide A (28) and the Synthetic Macrocycle, 190.

Position | 5H Phormidolide A (28) OH synthetic macrocycle (190) |A| of 8H values
2 5.80 5.72 0.08
4 6.20 6.14 0.06
5 5.88 5.87 0.01
6 2.85 2.82 0.03

2.13 2.15 0.02
7 4.05 4.11 0.06
8 2.46 247 0.01
1.81 1.83 0.02
10 5.28 5.25 0.03
12 2.33 2.30 0.03
2.58 2.57 0.01
13 448 4.50 0.02
14 1.57 1.58 0.01
2.33 2.30 0.03
15 5.15 5.13 0.01
34 2.07 2.08 0.01
35 476 473 0.03
4.98 4.91 0.07
36 1.58 1.59 0.01
37 1.19 1.26 0.07

As summarized in Table 2.4, the difference between all &4 values is in all cases
less than 0.08 ppm, indicating that the synthetic macrocycle shares significant similarity
with the NP. The largest differences in &4 values are seen near the silylated C7 alcohol
and near the C17 alcohol where the side chain connects in the NP, supporting the

stereochemical assignment around the THF ring and the reassignment of the C7 position.
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Figure 3.4. The numeric labelling for macrocycle 190 and the structure of the
proposed stereochemical reassignment of phormidolide A, 109
along with the THNMR spectrum for 190 in CDCl; from 1.2 to 6.4 ppm
with relevant peaks labelled.

3.13. Summary

In conclusion, the synthesis of the phormidolide A macrocycle has been
completed. Assessment of several macrolactonization efforts revealed that i) macro-Stille
conditions generally cause degradation before cyclization, ii) formation of the C2-C3 or
C4-C5 bond is not possible via macro-HWE type conditions, and iii) large protecting
groups on the C17 alcohol prevent macrolactonization and limit the reactivity of

macrocyclic precursors.

Based on these insights, we reassessed macrolactonization efforts with smaller
protecting groups. Importantly use of a C17 methyl ether as an alcohol protecting group

revealed that the macrocycle could be formed under relatively mild conditions, though
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significant C2-C3 alkene E/Z isomerization was observed. Ultimately, both the SEM and
PMBM protection allowed for the ring formation using a modified Mukaiyama reagent with
minimal C2-C3 alkene E/Z isomerization. Finally, we found that the PMBM group could be
removed without causing degradation of the macrocycle, affording the desired
deprotected macrocycle 190. Comparison of the data derived from macrocycle 190 with
that of the NP revealed close similarities between both materials, supporting the proposed
structural assignment for 109. With macrocycle 190 in hand and confidence in the
stereochemical assignment of the phormidolide A macrocycle, we turned to completing
the total synthesis of phormidolide A by linking the side chain to the macrocycle, the efforts

of which are outlined in Chapter 4.
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Chapter 4. Studies Towards the Completion of the
Total Synthesis of Phormidolide A

4.1. Introduction

Many naturally occurring THF-containing macrolides contain side chains that are
attached to the THF ring and extend out from the macrocyclic core.®® As detailed by Whitty
et al.,' often the binding mode of these macrolides involves the side- or face-on binding
of the macrolide to protein surface along with the insertion of the side chain into clefts or
pockets adjacent to the macrocycle binding location on the protein. Thus, the side chain
plays a critical role in protein binding and ultimately the biological activity of the natural
product (NP). This is evidenced in both the haterumalide (10) and phormidolide (29 and
30) family of NPs where a significant reduction in biological activity was observed for

synthetic macrocycles that lacked the natural side chain.5358148

haterumalide NA (10)

OMe : <
Cl e)

M
. . _ O :’
phormidolide B (29) R = CI HO
Cl
phormidolide C (30) R = \(\)\
Br

Figure 4.1. Haterumalide NA (10) and phormidolides B and C (29 and 30).
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From the reported syntheses of THF-containing macrolides, several strategies
have been used to append the side chain.?*'4%-'% The most common approach is to attach
the side chain after macrocyclization through the use of a Nozaki—Hiyama—Kishi (NHK)
coupling,’%%* which is a mild chromium-mediated coupling between a vinyl halide and
an aldehyde. For example, Alvarez et al. employed this strategy in their efforts towards
the synthesis of phormidolides B-D. As discussed in Chapter 1 (Scheme 1.10), this group
prepared macrocycle 54% via a Shiina macrolactonization and, following deprotection and
oxidation, accessed macrocycle 191. Vinyl iodide 194 was prepared in 7 steps from vinyl
iodide 192 and silyl enol ether 193. Coupling of vinyl iodide 194 to macrocyclic aldehyde
191 using NHK conditions unfortunately only afforded the undesired diastereomer 195 in

low yield (Scheme 4.1). Elaboration of 195 to the NP proved unsuccessful in this case.*

S
TBDPSG 1) TBAF/AcOH

2) DMP, NaHCOj,
72%

192 (@) OTBS
. 7 steps : ~_] — CrCl,, NiCly,
DMF, 18%

193 . > .1OTBS

0 :
193 TIPSO

Scheme 4.1. Coupling of Side Chain 194 to the Macrocyclic Aldehyde 191 in the
Efforts Towards the Synthesis of Phormidolide B and C.

As presented in Chapters 2 and 3, in our studies towards the total synthesis of
phormidolide A, we prepared segments of the phormidolide A side chain and, in
collaboration with several other research groups, proposed a stereochemical

reassignment of phormidolide A.%* In addition, we completed the synthesis of the
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macrocyclic fragment of phormidolide A, 190. With the macrocycle in hand, and targeting

a completed synthesis of the NP, we set out to assess the coupling of the side chain to

the macrocyclic core.

4.2. Linking the Side Chain to the Macrocycle of
Phormidolide A

@) . -
vinyl metal addition
>_C15H31 -~

\

Br O OH OH OH OH » OH

33

o boron-mediated aldol
C1sHa / and in situ reduction
Br 0] OH OH) OH OH

OMe
115
Cqs5H31
o:<
Br (0] OPG O (o) OPG
W + le
OMe <
196 197

Scheme 4.2. Retrosynthetic Analysis of Phormidolide A and Side Chain 115.
PG = protecting group

Based on the initial retrosynthetic analysis of phormidolide A (109, Scheme 4.2),
we envisioned two key synthetic targets, side chain 115, to be constructed by the Paterson

group, and macrocycle 116, to be constructed by the Britton group. Furthermore, we
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envisioned side chain 115 could be prepared via a boron-mediated aldol reaction®1%
between methyl ketone 196 and aldehyde 197 (Scheme 4.2).

4.2.1. Macrocyclic Oxidation

DMP

CH,Cl,, 64%

OTIPS

190

Scheme 4.3. Oxidation of Macrocycle 162.

With our successful synthesis of macrocycle 190 (Chapter 3), we envisioned
coupling the side chain to this macrocycle, which could be accomplished via 1,2-addition
of a suitable organometallic to macrocyclic aldehyde 198 (Scheme 4.3). To access the
aldehyde, several oxidation reactions were explored and are summarized in Table 4.1.
Swern oxidation conditions'® (entry 1) afforded the desired aldehyde in 41% yield but also
caused E/Z isomerization of the C2-C3 alkene. TEMPO/BAIB oxidation conditions
afforded aldehyde 198 in a 38% yield (entry 2) and PDC conditions caused significant
degradation (entry 3). While the Ley oxidation's” provided the desired aldehyde with the

least amount of by-products, the isolated yield of 198 was still less than 50% (entry 4).

Dess—Martin periodinane (DMP) oxidation using commercial DMP only afforded
degradation products and no formation of 198 was observed. However, analysis of the
commercial reagent by '"H NMR spectroscopy indicated that it contained several unknown
contaminants. Treatment of the commercial DMP with acetic anhydride and acetic acid at
85 °C and recrystallization of the product'® afforded a much cleaner reagent by '"H NMR
spectroscopic analysis. With recrystallized DMP, treatment of macrocycle 190 with 2
equivalents of DMP resulted in 50% conversion at which point the reaction failed to
progress further (entry 5). The use of 4 equivalents of DMP, buffered by NaHCO3, afforded
aldehyde 198 in 46% yield (entry 6) and switching to pyridine as a base lowered the yield
to 30% (entry 7). The use of unbuffered DMP afforded the highest yield of 64% (entry 8).
Notably, any attempt to purify aldehyde 198 by column chromatography led to partial
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degradation and loss of material. However, dilution of the reaction with a 1:1:1 mixture of
saturated aqueous NaHCOs3 to saturated aqueous Na>S>03 solution to water followed by
vigorous stirring resulted in the removal of all by-products and reagents from the DMP
oxidation procedure without the need for column chromatography. With 198 in hand, we
assessed the coupling of the C18-C23 side fragment 199, prepared similarly to the C18-
C23 fragments outlined in Chapter 2 (Scheme 2.2).

Table 4.1. Oxidation Optimization of Macrocycle 190

Entry Conditions Yield (%)

1 DMSO (4 eq), (COClI). (3 eq), Et:N (6 eq), CH:Cl, -78 °C 41%:2
2 TEMPO, BAIB, CH,Cly, r.t. 38%
3 PDC, CHxCly, r.t. NA

4 TPAP, NMO, MeCN, r.t. 45%
5 DMP (2 eq), NaHCOs, CH.Cly, r.t. NAb

6 DMP (4 eq), NaHCOs, CH.Cly, r.t. 46%
7 DMP (4 eq), pyridine, CHxCly, .. 30%
8 DMP (4 eq), CHxCly, r.t. 64%

a13% C2 E/Z isomerization; ©50% conversion; Eq = equivalents, TEMPO = (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl,
BAIB = (Diacetoxyiodo)benzene, PDC = pyridinium dichromate, TPAP = tetrapropylammonium perruthenate, NMO =
N-Methylmorpholine N-oxide, DMP = Dess—Martin periodinane

4.2.2. NHK Addition

TESO OTES
%)\/'
~ 199

CrCl, (1% NiCl,), DMSO

198 200

Scheme 4.4. Addition of C18-C23 Side Chain Fragment 199 to Macrocyclic
Aldehyde 198 Using NHK Conditions.

Noting that the NHK reaction has often been used to attach side chains to
macrocyclic aldehydes,* we assessed these conditions to attach side chain fragment 199
to macrocyclic aldehyde 198 (Scheme 4.4). However, the major product recovered from

this reaction was the C2-C3 E/Z isomerized macrocyclic aldehyde 200. The observed
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isomerization may be due to free chloride ions in solution, as we previously observed

iodide ions caused C2 E/Z-isomerization during the previous macrocyclization studies.

4.2.3. Vinyl Lithium Addition

In our efforts outlined in Chapter 2, we were able to successfully append a C18-
C23 side chain fragment to a tetrahydrofurfural fragment through vinyl lithium and vinyl
magnesium addition (Scheme 2.4).2:% Thus, we set out to examine this strategy for the
preparation of 201 from side chain fragment 199 and macrocyclic aldehyde 198 (Scheme
4.5). Unfortunately, generating a vinyl lithium species by treatment of 199 with tBulLi and
subsequent reaction with aldehyde 198 at -78 °C resulted in complete degradation of the
macrocyclic aldehyde 198. Therefore, we turned to assessing the related vinyl magnesium

reaction with 198.

TESO  OTES TESO
5)\)\/'
~ 199

vinyl metal addition

198 201

Scheme 4.5. Addition of C18-C23 Side Chain Fragment 199 to Macrocyclic
Aldehyde 198 to form 201.

4.2 4. Initial Vinyl Magnesium Addition with Lithium-Magnesium
Exchange

Vinyl magnesium reagents can be prepared from the corresponding viny! lithium
species through a transmetallation with MgBr; at -78 °C.8".1%9-162 Following this protocol,
we were delighted to find that the addition of the corresponding vinyl magnesium reagent
afforded the 1,2-addition product 201 (Scheme 4.5) in approximately 70% vyield, the
"HNMR spectrum of which is shown in Figure 4.2. Moreover, a comparison of this NMR
spectral data derived from 201 with that derived from the NP showed a close match,
especially around the C17 position, which supported our stereochemical reassignment.
However, to our dismay, while this reaction successfully afforded 201 two times, all further

attempts to repeat this reaction resulted in the degradation of macrocycle 201.
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Furthermore, we were unable to determine what aspect of the reaction was responsible
for this new outcome. For example, increasing the equivalents of vinyl magnesium species
relative to the macrocyclic aldehyde 198 led to the formation of the desired product 201 in
5% yield but both significant degradation and C2-C3 alkene isomerization were also
observed. No change in these results was observed when different oxidation conditions
were used to form 198, when MgBr, was added portion-wise, or when the reaction time
for the 1,2- addition was increased. In our initial efforts, the ratio of MgBr; relative to the
vinyl iodide was 2.5:1. Lowering this ratio to 1:1 led to yields between 5-20%, however,
significant degradation of starting material and or product was observed. With our inability
to replicate the 1,2-addition reaction that was so critical to the success of the planned total

synthesis, we set out to better understand this process.
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Figure 4.2. The '"HNMR spectrum of C1-C23 fragment 201 from 1.4 to 6.3 ppm.
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4.2.5. Studies Into the Vinyl Magnesium Addition

TESO OTES BuLi, E,0, 78 °C TESO OTES |
N X Li
199 (1) 202

H MgBrz, Etzo, -78 °C
: (2)

TESO OTES
+ %)\/MQB"
203

OTIPS Et,0, -78 °C

198 (3)

Scheme 4.6. Breakdown of the 3 Different Steps in the Vinyl Metal Addition of 199
to Macrocyclic Aldehyde 198.

In the addition of vinyl magnesium halide reagent 199 to the macrocyclic aldehyde
198 there are 3 key steps to consider (Scheme 4.6). The first step is the iodine lithium
exchange to form 202, followed by a lithium magnesium transmetallation to form vinyl
magnesium 203, and finally, a 1,2-addition of the organometallic reagent to the
macrocyclic aldehyde 198.8"1%" To better understand where the problems were occurring

we set out to examine each step individually.

We first examined step 1: the preparation of the vinyl lithium species 202 (Scheme
4.6). While this is a well-established process for generating vinyl lithium species,'®® we
assessed this step by forming the vinyl lithium species and subsequently quenching the
reaction with a deuterium source. The ratio of starting material 199 to the
deuterodeiodinated product, 204, would provide insight into the production of the vinyl

lithium species while the ratio of protodeiodinated product 205 would inform on any
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unintentional quenching of the vinyl lithium species (Scheme 4.7). This model study
revealed several crucial factors, namely that the solvent used had to be dried via
distillation, that extending this reaction past 10 minutes or increasing the temperature
above -78 °C (the standard temperature for this conversion)'®® resulted in quenching of
the vinyl anion, and that tBuLi afforded the fastest and cleanest iodine-lithium exchange.
Based on these results, we were able to form the vinyl lithium species 202 cleanly and
reproducibly with over 95% conversion. The use of these optimized conditions, however,

did not affect the outcomes of the 1,2-addition reaction.

TESO OTES Observed if
X | there is lack of
full conversion
- 199
TESO  OTES vinyl lithium e o5 oTES i
preparation Qb_served if vinyl '
x| . XD lithium forms and is
intentiall hed
199 D,0 or CD;0D " o4 intentially quenche

TESO  QTES Observed if vinyl

H Jithium forms but is
unintentially quenched

\§

205

Scheme 4.7. Possible Products 199, 204, or 205 Observed in Model Quenching
Studies of Vinyl Lithium Formation.

We next examined step 3: the 1,2-addition (Scheme 4.6). No reaction was
observed when the reaction was executed at -100 °C and no significant change in yield
was noted when reaction time at -78 °C was varied from 15 minutes to 2 hours. Assessing
equivalents of the vinyl metal species showed that 2 equivalents resulted in no reaction
while anywhere between 3 to 7 equivalents resulted primarily in degradation with no yield
above 10%. Further, the yield was not improved if the addition order was changed, the
method for purification of the macrocyclic aldehyde was modified, or if the aldehyde was
prepared using a Swern oxidation. Since we were unable to realize an increase in yield,

we reasoned the issue was likely occurring in the second step.

The second step of this reaction involves a transmetallation of the vinyl lithium to
a vinyl magnesium substrate, 203. Notably, if this transmetallation does not occur, based
on our previous observations of the reaction of macrocyclic aldehyde 198 with the

prepared vinyl lithium species, the residual vinyl lithium 202 would cause significant
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degradation of the macrocycle. Suspecting this may be the cause of our problems, we
used a model system to assess this transmetallation (Scheme 4.8). Notably, the addition
of commercial vinyl magnesium bromide to macrocyclic aldehyde 198 afforded the 1,2-
addition product 206 as a mixture of alcohols in 49% yield, while the addition of vinyl lithium
only caused degradation. These results further confirmed that we were most likely not
achieving full conversion to the vinyl magnesium species and that the transmetallation

step was the problem.

X MgBr

Et,0, -78 °C, 49%

L
oTIPps EXO,-78°C

> degradation

198

Scheme 4.8. Model Addition of Vinyl Lithium and Vinyl Magnesium Bromide to
Macrocyclic Aldehyde 198.

Based on the above results, we explored several factors to try and improve the
transmetallation step and reduce the observed degradation. No reduction in degradation
or increase in yield was observed when THF, Et,0O, or Et.O/benzene mixtures were used
to prepare the MgBr. solution. Similarly, no change in reaction outcome was observed
when the MgBr; solution was made using either commercial MgBr,*OEt,, or prepared from
the reaction of magnesium and dibromoethane.’® Complete degradation of the
macrocyclic material was noted when solid MgBr,*OEt; was added to the vinyl lithium
species. Increasing the reaction time or the temperature of the transmetallation only
resulted in partial or complete quenching of the vinyl metal species. In addition, increasing
the equivalents of MgBr- relative to the vinyl iodide 199 had a detrimental effect on the

yield.

We also attempted to quantify the amount of vinyl lithium and vinyl magnesium

species formed in situ in a model system by quenching with deuterated dichloromethane,
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which should selectively react with the vinyl lithium species and not the vinyl magnesium
species. Notably, reactions between organolithium species and dichloromethane have
been reported,'®® while Grignard reactions can be carried out in dichloromethane without
issue.®® However, this strategy also caused partial degradation of the side chain,
rendering it challenging to assess reaction outcomes. Based on these results, we
theorized that if the vinyl magnesium could be generated without the vinyl lithium
intermediate, the following 1,2-addition may be successful. Therefore, we assessed the

preparation of the vinyl magnesium compound directly from the vinyl iodide 199.

4.2.6. Vinyl Magnesium Addition with Direct lodide Magnesium
Exchange

Often Grignard reagents are prepared by the direct insertion of magnesium into
organohalides, however, for vinyl bromides and iodides, this insertion process is both
challenging and non-stereoselective, rendering it unsuitable for our purposes.'”.1%8 We
were encouraged by a report from Knochel et al. detailing the conversion of
monosubstituted vinyl iodides into the corresponding vinyl Grignard reagent with the use
of the “turbo” Grignard reagent, iPrMgCI-LiCI.'®" Although 199 contains a disubstituted
vinyl iodide, we thought it worthwhile to assess this methodology on 199 as it would
provide a direct conversion to the necessary vinyl magnesium species, 207 (Scheme
4.11). Repeating the reported procedure (iPrMgCI-LiCl, THF, -40 °C, 12h) showed no
reaction with vinyl iodide 199. Thus, a large screen of reaction conditions was undertaken
that revealed that vinyl iodide 199 could undergo 70% conversion to the vinyl magnesium
species 207 when treated with /iPrMgClI-LiCl at room temperature for 6 hours. This process
afforded a 5:2 mixture of the vinyl magnesium species 207 to the /iPrMgCI-LiCl reagent.
Critical to this preparation was the use of a Schlenk flask, which minimized inadvertent

quenching by moisture in the air.

Unfortunately, when the macrocyclic aldehyde 198 (Scheme 4.9) was treated with
3 equivalents of prepared vinyl magnesium reagent 207, no reaction was observed.
Furthermore, only degradation was observed when 7 equivalents of 207 were used. The
observed degradation may be due to the presence of magnesium salts, which had caused
degradation of the material in other earlier studies, and which are formed in this reaction.

Nevertheless, all these efforts show that the 1,2-addition of a vinyl magnesium, lithium, or
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chromium species is unfeasible and an alternative method for appending the side chain

to the macrocyclic core will have to be devised.

TESO OTES iPrMgCleLiCl TESO OTES
N X MgCl
THF, r.t., 6h
- 199 - 207

Et,0, -78 °C

Scheme 4.9. Direct Preparation of Vinyl Magnesium Species 207 and Addition to
Macrocyclic Aldehyde 198.

4.3. End-Game Synthetic Studies

Despite our failure to append the side chain to the macrocycle with repeatable and
high yields, we were still able to produce a small amount of material for evaluation of the
rest of the late-stage strategy. The first step involved selective TES deprotection of 226.
Due to the lack of material, this selective deprotection was first assessed on 199 as a
model for the real system (Scheme 4.10) and results are summarized in Table 4.2. No
reaction was observed upon treating 199 with pyridinium p-toluenesulfonate in a
CHCI,:MeOH solution at 0 °C or room temperature for 6 hours (entries 1 and 2). After
leaving the reaction for 18 hours, the alcohol 208 was produced in a 3:2 ratio to diol 209
with 50% conversion (entry 3). Switching from MeOH to EtOH and repeating the reaction
at 0 °C improved this ratio to 4:1 but gave poor conversion (entry 4). No reaction was
observed when 199 was treated with TBAF at -20 °C (entry 5) and at 0 °C the reaction
afforded a 1:2 ratio of 208 to 209 (entry 6). Use of HF/pyridine buffered with pyridine in a
1:3 ratio by volume afforded 208 in a 5.6:1 with 209 (entry 7), which was improved to 6.7:1
when the ratio of HF/pyridine to pyridine was increased to 1:4 ratio by volume (entry 8).
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Scheme 4.10. Selective Deprotection of 199.

Table 4.2. Conditions For the Deprotection of Bis-Silyl Ether 199 to Alcohol 208

and Diol 209.
Entry Reagent Temperature Solvent Conversion | Ratio of 208:209
1 PPTS 0°C CH:Cl>:MeOH (5:1) 0% NA
2 PPTS r.t. CH:Cl>:MeOH (3:1) 0% NA
3 PPTS r.t. CH:Cl>:MeOH (3:1) 50% 3:2
4 PPTS 0°C CH.Cl2:EtOH (3:1), 40% 4:1
5 TBAF -20°C THF 0% NA
6 TBAF 0°C THF 100% 1:2
7 HF/py:py (1:3) rt. THF 80% 5.6:1
8 HF/py:py (1:4) rt. THF 80% 6.7:1

PPTS = pyridinium p-toluenesulfonate, r.t. = room temperature, TBAF = tetra-n-butylammonium fluoride, py = pyridine

When 1,2-addition product 201 was treated with the optimized conditions from the
model study, 210 was afforded in 50% yield, with a 4:1 ratio of the C23 alcohol to the
C23/C21 diol (Scheme 4.11). The next step involved selective oxidation of the primary
C23 alcohol. TEMPO/BAIB oxidations have been used for selective primary alcohol
oxidations to aldehydes on complex substrates.'® Initially, TEMPO/BAIB oxidation
conditions resulted in the degradation of 210, but optimization of the reaction by reducing
the amount of TEMPO and reaction concentration afforded aldehyde 211 in 67% yield
(Scheme 4.11).
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Scheme 4.11. Preparation of C23 Aldehyde 211.

At this point, we envisioned forming the C23-C24 bond via a boron-mediated aldol
reaction®® between 211 and methyl ketone 212. The synthesis of methyl ketone 212 was
developed by Dr. Nelson Lam and then carried out by the author for these studies and is
not presented in this thesis. From the above work, we produced enough of the aldehyde

211 to assess 3 attempts of the planned boron-mediated aldol reaction (Scheme 4.12).
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Scheme 4.12. Studies on the Boron-Mediated Aldol Coupling of 211 and 212.

In the first attempt at the boron aldol reaction, on a 0.4 mg scale of aldehyde 211,
we used reported literature conditions.®® However, on this scale, we observed no product
formation and only partial degradation of the macrocycle. Repeating these conditions on
a 1.0 mg scale of 211 we observed the loss of the starting material and the formation of a
new product that closely resembled the NMR spectral data reported for phormidolide A in
the '"H NMR spectrum recorded on the crude reaction product. MS analysis of the crude
material was inconclusive as to whether 213 had been formed. However, upon column
chromatographic purification of the crude product on Flourosil, only the starting material
was recovered. This observation was at odds with the NMR spectral data that had
indicated no starting material was present in the crude reaction mixture. Recovery of the
starting material from the column chromatographic purification suggests the product
underwent a retro-aldol reaction during purification. Based on this observation we next
attempted an in situ reduction coupled with the boron-mediated aldol reaction to afford the
C25 alcohol product 214,%° as 214 would not be able to undergo retro aldol reactions
during purification using column chromatography. Assessment of the previous conditions
on 0.7 mg of 211 followed by the addition of LiBH4 for the in situ reduction only afforded
the C23 alcohol product 210. The recovery of 210 suggests that, in this case, the boron-
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mediated aldol reaction did not occur and instead, 211 was reduced by LiBHa4. It is likely
that our inability to affect a boron-mediated aldol reaction and in situ reduction is due to
the reaction scale. At this point, we had exhausted our supply of material for assessing
this strategy and therefore concluded the efforts towards the total synthesis of

phormidolide A.

4.4. Conclusion

We assessed several strategies involving appending the C18-C23 side chain after
macrocyclization had been completed. These studies showed that NHK conditions and
vinyl lithium addition did not form the product, but our first two attempts at the vinyl
magnesium addition were successful. However, efforts to repeat these conditions failed.
Examination of the reaction through a systematic study revealed that a lack of a Li/Mg
transmetallation was likely the culprit of this failure. However, our efforts to overcome this

transmetallation issue were not successful.

Despite our inability to develop a reproducible method to append the side chain to
the macrocycle, we still were able to gain insight into the end-game strategy of linking the
C24-C33 side chain to the rest of the molecule via a boron-mediated aldol strategy.
Selective TES deprotection and TEMPO/BAIB oxidation afforded the C23 aldehyde.
Assessment of the boron-mediated aldol reaction showed that, while the aldol reaction
was likely successful, the B-hydroxy ketone product undergoes retro-aldol upon column
purification. Therefore, if the boron-mediated aldol reaction could be accomplished with
an in-situ reduction to afford the syn-diol product, the retro-aldol would be avoided and
global deprotection should afford phormidolide A. From these results, it is recognizable
that if a robust and repeatable synthesis of 201 can be developed, then this late-stage
methodology can be explored and the total synthesis of phormidolide A completed.
Several different proposed methods to complete the total synthesis are outlined in Chapter
5.
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Chapter 5. Future Work Towards the Synthesis of
Phormidolide A

5.1. Introduction

In our efforts to complete the total synthesis of phormidolide A, we successfully
synthesized the macrocycle 190, the C18-C23 side chain 199 and the C24-C33 side chain
212 in collaboration with the Paterson group (Scheme 5.1). Scale-up of these syntheses
should allow for sufficient quantities to be prepared for completion of the total synthesis.

To complete the total synthesis, the coupling of each fragment needs to be addressed.

C15H31

«,5 TESO OTES
< 19
" 199

‘ coupling strategies

>‘C15H31

Br OH OH OH OH OH

33

Scheme 5.1. Outline for the Final Construction of Phormidolide A.

As outlined in Chapter 4, attaching the side chain fragment 199 to the macrocycle
core through the use of the use of NHK conditions or a vinyl lithium addition proved
unsuccessful. Attaching the side chain via 1,2-addition of a vinyl magnesium species has
been exhaustively explored and, while two successful examples of this coupling have
been achieved, the irreproducible yields and significant degradation observed for this
coupling render it unusable for this synthesis. Additionally, the coupling of side chain
fragment 212 to a C1-C23 fragment of phormidolide A has been initially explored on a

small scale. Here, potential strategies for completing the total synthesis are outlined.
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5.2. Coupling of the C18-C23 Side Chain

5.2.1. Vinyl Metal Addition Strategies

Based on an extensive study of the coupling between the macrocyclic aldehyde
198 and C18-C23 side chain 199, we theorized that the addition failed because the vinyl
lithium derivative of 199 was not completely converted into the vinyl magnesium derivative
(Scheme 5.2). One way to address this issue may be to identify conditions that ensure full
transmetallation and develop a system to assess whether any vinyl lithium species is
present. As studies with the vinyl metal species suggest it needs to be used in at least 6
equivalents, partial conversion to the vinyl magnesium species would be insufficient as

the residual vinyl lithium would still exist in sufficient quantities to cause degradation.

TESO

tBuLi, MgBr,, Et,O

-78 °C o

198 >
failed due to lack 201

+ i OTIPS
of transmetallation

TESO OTES
5)\)\/'
“ 199

Scheme 5.2. Coupling of Macrocycle Aldehyde 198 and C18-C23 Side Chain
Fragment 199.

An alternative strategy that was not investigated by the author is to use an additive
that would selectively react with, and quench, the vinyl lithium species. This additive would
have to be inert towards vinyl magnesium species and therefore the selectivity for vinyl
lithium species could be easily assessed by model systems. An example of one option for
an additive may be 1,2-dibromoethane (215), which undergoes reactions with
organolithium compounds®® and has been used in reactions with hindered Grignard
reagents without causing quenching of the Grignard reagent.'® However, an additive of
this type may cause further issues as there is no guarantee that the vinyl bromide by-

product 216 would be inert in the overall process and the LiBr produced in the vinyl lithium
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quench may cause C2 E/Z isomerization of the macrocycle (Scheme 5.3). Finally, this
strategy is contingent on at least a partial conversion to the vinyl magnesium species so

there is sufficient vinyl magnesium material available to react with 225.

Li =
quenched vinyl lithium

Br\/\Br . - + ~>pgr + LiBr
215 BrMg. - Bng\)\/ 216 217
may not may cause
inert vinyl magensium be inert isomerization

Scheme 5.3. Potential Products from Quenching a Mixture of Vinyl Lithium and
Vinyl Magnesium Species.

A second strategy would be to prepare the zincate species 218 from the C18-C23
vinyl lithium intermediate 202 (Scheme 5.4). Vinyl zincates have been easily prepared
from vinyl lithium intermediates and used in complex NP synthesis for the addition of the
zincate species to aldehydes.'”™-'7* Notably, some of these examples include sensitive
dienoates in the reacting structures, which suggests that these compounds are relatively
mild and unlikely to cause any degradation. Additionally, transmetallation of
organolithiums to organozinc species has been documented'”® and could be further

explored for this coupling.

TESO OTES fBuLi TESO OTES
5)\)\/' —_— W\/Li
"/ 199 Etzo, '78 oC: "’, 202

ZnMe,, Et,0, -78 °C

Y
TESO  OTES
198 %)\/ZnMezLi
Et,0, -78 °C 218

Scheme 5.4. A Potential Strategy for Coupling the C18-C23 Side Chain Fragment
to the Macrocycle Core Through Organozinc Generation.
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5.2.2. Alkyne Addition

Strategies for adding other side chain fragments than 199 to the macrocyclic
aldehyde 198 could also be explored. One example of this could involve the addition of
alkyne fragment 219 (Scheme 5.5). The generation of Grignard reagents directly from
alkynes has been reported'”® and therefore the Grignard derivate 220 could be generated
directly from alkyne 219 and reacted with 198 to form the propargylic alcohol 221, avoiding
detrimental organolithium intermediates. Elaboration to the vinyl methyl 201 could be
accomplished by an aluminum-mediated reduction/iodination of the alkyne and a suitable
coupling of a methyl group, such as a palladium-based coupling.'”:7® Other strategies for
the formation of methyl-substituted frans-alkenes from alkynes are known, such as
through the use of ruthenium-catalyzed hydrosilylation methodology followed by a

rearrangement/cross-coupling strategy to afford the desired vinyl substitution. 79180

In addition, Alvarez et al. have studied the organometallic addition of side chain
fragments to tetrahydrofurfural species as part of their efforts towards the synthesis of
phormidolides B-D. They assessed a carboalumination of an alkyne followed by the in situ
addition to a tetrahydrofurfural, which afforded products in moderate vyields and
diastereoselectivity.’®' A similar strategy could be envisioned with the carboalumination of
alkyne 219 to generate the vinyl aluminum species 222 in situ. Treatment of macrocyclic
aldehyde 198 with 222 could form the desired 201 product, though the resulting

diastereoselectivity may need further optimization.
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Scheme 5.5. Potential Strategies to Couple Alkyne Side Chain Fragment 219 to
Macrocyclic Aldehyde 198.

The goal of these various 1,2-addition strategies is to eventually form C1-C23
fragment 201 since synthetic methodology to form phormidolide A has been developed
from this structure. Once 201 is in hand and a robust strategy has been developed to

provide material, further end-game studies can progress.
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5.3. Elaboration of the C18-C23 Side Chain

OPMBM

OTIPS
BU3SI’]
NS
178
§ .
MeO @] e , NaHCO
Br, N B ®

Me

LV EEEEPEPPS

side chain
elaboration

225

Scheme 5.6. An Example of a Potential Strategy for Forming 211 by Introducing
an Alkyne Functional Handle at C17 Before Macrocyclization.

As an alternative approach, and to avoid organometallic addition to macrocycle
aldehyde 198, a small function group could be incorporated at C17 before
macrocyclization. Scheme 5.6 outlines an example of this with an alkynyl functional group
at C17. If THF 223 could be prepared, an analogous methodology as that outlined in
Chapter 3 could be used to prepare seco acid 224 and then form macrocycle 225. From
here, side chain elaboration through the use of mild and selective reactions, such as
alkyne metathesis,'®? could be accomplished to form aldehyde 211 for use in the late-
stage boron-mediated aldol strategy. While the C17 functional group, protecting groups,

and reactions should be carefully selected to avoid reactions with the sensitive
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macrocycle, this strategy would avoid all the various issues observed with 1,2-addition to

the macrocyclic aldehyde.

5.4. Coupling of the C24-C33 Side Chain

OYC“H“ O OTES; OH
) :
Br (0] o"6 0 H
W )
24
OMe
212
OTIPS
E(')"pczBCL Et3N, LiBH,4, Et,0, -78 °C
OxyC15Ha1 Y
<@°
Br O O OH OH OTES; OH

OTIPS

Scheme 5.7. Coupling of Aldehyde 211 and Methyl ketone 212 to Form the
Protected Phormidolide A, 214.

Previous efforts described in Chapter 4 include the transformation of 201 to
aldehyde 211 (Scheme 5.7). Our synthetic plan called for the use of a boron-mediated
aldol coupling to form the C23-C24 bond. The original efforts revealed that the use of a
boron-mediated aldol with an in situ reduction® could potentially form this C23-C24 bond,
affording the protected NP. Based on these results, there is still confidence in the boron-
mediated aldol strategy, and we, therefore, theorize that if conditions can be found to
repeatably form 211, there will be sufficient material to assess this boron-mediated aldol.
Care should be taken for both the hydrolysis of the resulting C23,C25 boronic ester from

the reduction reaction and the final purification of this substrate.
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5.5. Global Deprotection

Oy-CisH3q

)

Br O OYOH OH OTES

g OTIPS
1 deprotection
0 \
>‘C15H31

Br O OH OH OH OH OH

Scheme 5.8. Global Deprotection of 214 to 109, the Stereochemically Reassigned
Phormidolide A.

Upon completion of the synthesis of 240, the NP can be revealed by global
deprotection, that is, desilylation of the C7 TIPS group, C21 TES group, and C27 TBS
group (Scheme 5.8). While previous studies suggested that the C7 TIPS group can be
removed via catalytic camphorsulfonic acid (CSA), the bromomethoxydiene unit has
shown significant sensitivity to acidic conditions and therefore the use of acidic
deprotection conditions is not recommended. Preliminary studies on macrocycle 190 have
shown that the TIPS group can be effectively removed through the use of HF/pyridine
buffered further with pyridine (1:1 v/v).'8 Given that the TIPS group will likely be the most
challenging protecting group of the three to remove,'® it is expected that HF/pyridine
conditions buffered by pyridine can affect global deprotection of 214. Successful global
deprotection will afford the NP and spectral comparison with the data derived from the NP

will inform on the stereochemical reassignment of phormidolide A.
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5.6. Conclusion

While several strategies for appending side chain fragments to the macrocycle
were explored, a methodology to reproducible form quantities of late-stage intermediates
to ultimately construct the NP was not realized. However, as outlined in this chapter, there
are many other options for constructing the NP. Selective vinyl lithium quenching or the
addition of a vinyl zincate species or alkyne side chain fragment may allow for the addition
of the C18-C23 side chain fragment to the macrocycle core while avoiding the highly
variable yields and significant degradation observed using Grignard reagents.
Alternatively, if a suitable sterically ‘small’ functional handle could be installed at C17
before macrocyclization, this functional handle could be elaborated to form the side chain

and avoid the problematic organometallic addition to the macrocyclic aldehyde.

A robust synthesis of the C1-C23 fragment of the NP should allow for further
exploration of the end-game strategies of the total synthesis of phormidolide A. A boron-
mediated aldol strategy should allow for attachment of the C24-C33 side chain fragment
and subsequent desilylation of the product would then finally allow for the completion of

the total synthesis of phormidolide A.
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Chapter 6. Halide Effects in Diastereoselective
Grignard Reactions: An Enabling Tool for C4’-
Modified Nucleoside Synthesis

6.1. Introduction

The Grignard reaction is a prototypical carbon-carbon bond-forming reaction and
has been widely exploited by organic chemists for more than a century. 485 |n addition
to 1,2-addition reactions, Grignard reagents undergo radical'®-'® and cross-coupling
reactions,'®' and can be exploited as strong bases in a variety of scenarios.'’
Transmetalation to other organometal species also engenders a suite of complimentary

reactivities. 185192193
2RMgX = MgR, + MgX,

While Grignard reagents are commonly represented as “RMgX”, their actual
structure is understood to be far more complex. First, an equilibrium (Schlenk) exists
between the diorganomagnesium (MgR:), organomagneisum halide (RMgX) and
dihalomagnesium (MgX:z) species.'®'% Second, these individual species can exist as
monomers or as dimeric or polymeric aggregates depending on concentration, choice of
solvent, and the nature of the halide.'® "% Third, temperature also impacts reagent
composition and reactivity.?”-'% Recent computational studies have helped shed additional
light on these complex processes.'®” Thus, the solvent, R group, and temperature all
impact reagent composition, reaction mechanism, and outcomes.?”188.194197 For example,

the distinct reactivity of MgR2 and RMgX has been discussed in detail..1%

The diastereoselective addition of Grignard reagents to prochiral ketones®”:199.200
has been studied extensively by Ashby'8'% and others®'22 and often involves
coordination to proximal functional groups (e.g., alkoxy'66293-205 gand amino?°6-2%8, Figure
6.1) and can differ in selectivity from other organometallic reagents (e.g., Cu, Al, Li).209-212
In the specific case of B—hydroxy ketones, the formation of an intermediate magnesium
alkoxide can rigidify acyclic systems and impart further control of the diastereochemical

outcome of reactions.
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Figure 6.1. Examples of chelation-controlled addition through coordination to
proximal functional groups.

CH2C|2, r.t.

Previous work from our groups demonstrated that the addition of Grignard
reagents to ketofluorohydrins of general structure 226 provided a direct route to C4'-
modified L-configured a- and B-nucleoside analogues (NAs, 227a) (Figure 6.2).° We
were interested in exploring the chelation of Grignard reagents to 226 to change the

diastereoselectivity of addition and access D-configured pB-nucleoside analogues.

Hoj\/'oir RMgCl 43 ) 1'

Lewis acid or /B
O _O F 99g Insitucyclization

\ RMgXx
— )l( —
O')"%"F Het
ot HO
L\ H o N
H —— 4,
o R
OH OH
)T o D-nucleoside analogue, 227b

Figure 6.2. Previous work to prepare L-configured C4’-modified nucleoside
analogues and the current work to access the D-configured C4’-
modified nucleoside analogues.

Our interest in this process derives from the significant role C4’-nucleoside
modification plays in modulating the conformation (sugar pucker) of the furanose and
consequently interactions with biological targets.?'*2'°> As a result, C4’-modified NAs play

an important role as antiviral agents,?'426-218 |ead cancer treatments,?'® and core
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structural components of antisense oligonucleotides.??°22 Examples of these include
ALS-8112 (228), an anti-RSV agent, 4'-cyano-2'-deoxyguanosine (229), an anti-HBV
agent, and islatravir (230), developed by Merck for the treatment of HIV (Figure 6.3).
Despite the simplicity of our approach, this work was largely limited to the production of
unnaturally configured L-NAs, which were produced as both a- and 3-anomers, which are
less suitable for supporting medicinal chemistry campaigns. To better understand the
observed diastereoselectivity of these processes and access the complimentary suite of
naturally configured D-NAs, we initiated a detailed study of this 1,2-additon reaction.
Unexpectedly, we discovered a unique halide effect that controls the diastereoselectivity
of reactions between Grignard reagents and p—hydroxy ketones. To the best of our
knowledge, this halide effect has not been previously described. Here, we report the
discovery of the halide effect, its impact on the stereochemical outcome of Grignard

reactions, and its application in the rapid production of C4’-modified D-configured Nas.

NH o. H H,N
2 NW/NHZ ? /NW/F
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ALS-8112 4'-cyano-2'-deoxyguanosine Islatravir
anti-RSV, 228 anti-HIV/HBYV, 229 anti-HIV, 230

Figure 6.3. Examples of medicinally-relevant C4’-modified nucleoside
analogues.

6.2. Grignard additions to B-hydroxyketones

Considering the potential for multiple chelation modes in the Grignard reactions
discussed above (Figure 6.2), we prepared the hydroxy ketones 231-234,5869223 with and
without a Cl or F substituent, and lacking the nucleobase function to better understand the
influence of individual functional groups on diastereoselectivity (Scheme 6.1). From a
panel of organometallic reagents, we found that Grignard reagents generally gave the

cleanest reaction profile.

The addition of various organometallic reagents to the corresponding silyl ethers
(e.g., 231, Table 6.1, entry 1) gave exclusively the 1,3-anti product 238. This result

confirmed the importance of the p-hydroxy function for the formation of the desired 1,3-
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syn diol. Furthermore, while the reaction of the B-hydroxyketone 232 with MeMgCl in THF
gave a 1:1 mixture of diastereomeric diols (entry 2), the equivalent reaction in non-
coordinating CH-Cl, improved selectivity for the syn diol 5 (entry 3), highlighting the
importance of chelation.'®® Surprisingly, the use of MeMgBr led to a significant increase in
diastereoselectivity (~6:1 d.r.) that was also observed with MeMgl (entries 4 and 5), though
in CH2Cl; only (entry 6). To assess the role of the fluorine atom in these processes, we
prepared the corresponding chlorohydrin 233 and carried out a similar suite of reactions
(entries 8-10). Here, we observed a ~5-fold increase in diastereoselectivity on switching
from MeMgCl to MeMgl. Finally, we examined the dehalogenated analogue 234 and found
that the diastereoselectivity increased ~2.5-fold on switching from MeMgCl to MeMgl

(entries 11 and 12), suggesting that the halide effect was perhaps more general.

syn-diol anti-diol
O OR! HO Me OR’ HO Me OR'
W Mel-Me W\ W\
. —— : + :
07/6 R? -78 °C 07/6 R2 07/6 R2
231-R'=TBS, R2=Cl 235a-R'=H,R2=F 235b-R'=H,R2=F
232-R'=H,R2=F 236a-R'=H, R?=Cl 236b -R'=H, R? = CI
233-R'=H,R%2=_ClI 237a-R'=H,R2=H 237b-R'=H,R%2=H
234-R'=H,R2=H 238 -R'=TBS, R? = Cl

Scheme 6.1. Addition of Methyl Grignard Reagents to Model Hydroxyketones.

Table 6.1. Addition of [M]-Me to B-hydroxyketones Shown in Scheme 6.1.

Entry | Compound [M]-Me Solvent Product (ratio)? Yield syn-diol
1 231 MeMgCl THF 238P 53%
2 232 MeMgCl THF 235a:235b (1.1:1) 33%
3 232 MeMgCl CHCl> 235a:235b (2.2:1) 48%
4 232 MeMgBr CHCl> 235a:235b (6:1) 45%
5 232 MeMgl CHCl> 235a:235b (7.8:1) 72%
6 232 MeMgl THF 235a:235b (0.8:1) 17%
7 232 Me Mg CH.Cl> 235a:235b (1:1) NDe¢
8 233 MeMgCl CHCl> 236a:236b (1:1) 43%
9 233 MeMgBr CHCl> 236a:236b (2.5:1) 56%
10 233 MeMgl CHCl> 236a:236b (5.5:1) 78%
11 233 MeMgCl CHCl> 237a:237b (0.7:1) 21%
12 233 MeMgl CHCl> 237a:237b (1.8:1) 58%

aAs determined by analysis of THNMR spectra recorded on the crude reaction mixture; ® Only product produced; ¢ Not
determined; THF = tetrahydrofuran.
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6.3. NMR Spectral Assessment of Grignard Reagents

To assess whether the Schlenk equilibrium played a role in this process, the dialkyl
magnesium reagent Me>Mg was also reacted with ketone 232, which gave a 1:1 mixture
of diols (entry 7). This result prompted us to confirm that a MeMgX-Me-Mg equilibrium was
not complicating the reactions presented in Table 1. To do so, we analyzed each
commercial Grignard reagent in CD.Cl, by NMR spectroscopy at both room temperature
and -58 °C (Figure 6.4) and found that i) the reagents were distinguishable by carbon
chemical shift, and ii) the MeMgX reagents were free of Me,Mg at these temperatures.
Additionally, we ensured that the observed halide effect was not due to unexpected
aggregates of the Grignard reagents by ensuring reactions were executed at

concentrations shown to prevent the formation of aggregates.'®’

MeMgCl

| MeMgBr

MeMgl

1 Me,Mg

I T ol T T
-10 -15 -20 -25
f1 (ppm)

Figure 6.4. The -58 °C 3CNMR spectral assessment of MeMgCl, MeMgBr, and
MeMgl as compared to Me:Mg.

Collectively, these results indicate that changes in diastereoselectivity can be
attributed to the halide “X” in MeMgX. Notably, the very few examples of halide effects on
reactions of Grignard reagents include impact on regioselectivity,??*22% yields,??® and
diastereoselectivity (in ethereal solvents).??’-22° The most similar finding to that presented
in Table 1 was a small increase in diastereoselectivity reported in a table of data describing
the addition of MeMgBr vs MeMgCl to a 2'-oxouridine derivative.>® Beyond this
observation and to the best of our knowledge, the halide effect on diastereoselective
addition reactions of Grignard reagents has not been discussed or exploited in a unified

way.
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We also observed that the halide in the ketohalohydrins played a role in increasing
the diastereoselectivity, under the optimal conditions, for the syn-diol. When the substrate
did not contain a halogen, there was a 2.6-fold increase in selectivity for the syn-diol
between the chloro-Grignard and iodo-Grignard reagents. However, when the substrate
contained a fluoro- or chlorohydrin, the difference in selectivity for the syn-diol 3.5-fold and
5.5-fold respectively. The halogen in these privileged halohydrin structures imparts

increased selectivity in this chelation-driven addition.

6.4. Grignard Additions to Nucleobase-Containing
Ketofluorohydrins

239 240

Scheme 6.2. Reaction of Ketofluorohydrin 239 with Methyl Grignard Reagents to
Form 240.

Having identified conditions for the selective formation of syn diol 235a (Table 1,
entry 5), we turned to the more complicated ketofluorohydrin 239, incorporating the
unprotected nucleobase thymine (Scheme 6.2). As summarized in Table 2, we observed
a similar trend in diastereoselectivity, indicating that the nucleobase had minimal effect on
the diastereochemical outcome of these reactions. For example, using MeMgCl in CH2Cl>
led to a 2.3:1 diastereomeric ratio favouring the syn diol 240 (entry 1), while MeMgl|
favoured the syn diol 240 with a 6:1 d.r. (entry 3). Again, the use of THF as the solvent or

Me>Mg as the Grignard reagent led to a 1:1 mixture of diastereomers (entries 4 and 5).

Table 6.2. Addition of MeMgX to Ketofluorohydrin 239, Shown in Scheme 6.2.

Entry X solvent syn:anti® (yield 240)
1 Cl CH:Cl, 2.3:1 (41%)
2 Br CH:Cl, 3.2:1(38%)
3 I CH:Cl, 6.0:1 (61%)
4 I THF 1:1 (22%)
5 Me CH.Cl, 1:1P

a As determined by analysis of 1HNMR spectra recorded on the crude reaction mixture;  Yield not recorded.
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Figure 6.5. The scope of the 1,2-addition of alkyl reagents to ketofluorohydrins.

Figures 6.5 and 6.6 summarize our efforts to explore the broader scope of this
reaction and, more specifically, target 1,2-addition products that could be useful for the
synthesis of C4’-modified nucleoside analogues. As indicated, for alkyl Grignard reagents
the trends identified above translated to the addition of ethyl and cyclopropyl Grignard

reagents with the thymine derivative 239. Several additional nucleobases, including 5-
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iodouracil, pyrazole and a chloro-iododeazadenine also proved compatible with this
process. While the magnitude of diastereoselectivity varied slightly based on the
combination of the alkyl group and nucleobase, the simple modification of solvent (CH2Cl,)
and halide (I or Br) led to the preferred formation of the desired 1,3-syn diol in all cases,
providing a collection of 9 distinct 1,2-addition products 240-247 (Figure 6.5). In contrast,
the addition of alkenyl or alkynyl Grignard reagents was not improved by the use of the
corresponding Mgl or MgBr reagent, and the alkene 248 and alkyne 249 were formed as
the minor diastereomer or in equal amounts to the corresponding 1,3-anti-diol (Figure
6.6).

O OH Ho R OH ‘
M RMgl/Br, CH,Cl,, -78 °C M
o0, 0 F o__0 F

‘- 7

Alkenyl & Alkynyl

o.__O o}
/- /-

32% vyield syn-diol 248,  24% yield syn-diol 249,
(64% anti-diol) (24% anti-diol)
vinylIMgBr ethynylMgBr

7/ EtMgBr: R = Et
- )TO d.r. 1.8:1 of 241

(1.2:1 without chelate)

HC=CMgBr: R = C=CH
d.r. 1.5:1 of 251
(1:1 without chelate)

Figure 6.6. The scope of addition of vinyl and alkynyl addition of
ketofluorohydrins and model studies on chelate formation showing
enhancement of diastereoselectivity.
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Notably, each of the reactions required an excess (typically 5-8 equivalents) of
RMgX to ensure completion. In the case of thymine derivative 239, it is reasonable that
the first two equivalents of Grignard reagent are consumed through the deprotonation of
the thymine NH and hydroxyl functions. It is then expected that the reaction proceeds via
a chelate structure (e.g. 250) and that the halide in this chelate structure (Br or I) plays a
central role in determining the diastereoselectivity. To probe this hypothesis, we also
examined the addition of 2 equivalents of MeMgl to thymine derivative 239, which proved
insufficient to generate any of the 1,2-adduct 240 but should produce Mg chelate 250. We
then examined the addition of RMgCl reagents and found that this simple modification was
sufficient to recapitulate the use of a RMgBr/l reagent. For example, the addition of 2
equivalents of MeMgl to thymine derivative 239 followed by EtMgBr gave the 1,2-addition
product 241 in improved diastereoselectivty. Likewise, the addition of 2 equivalents of
MeMgl followed by HC=CMgBr gave the 1,2-addition product 251 in improved

diastereoselectivity (Figure 6.6).

6.5. Computational Calculations for Mechanistic Insight

The following subchapter was performed in collaboration with Dr. Guillermo
Caballero-Garcia. Dr. Caballero-Garcia was responsible for all computational modelling

of ground state intermediates and transition states.

To better understand this unusual halide effect on diastereoselectivity, we
conducted density functional theory (DFT) calculations (Figure 6.7). Full details are
provided in the Supplementary Information. Considering that the nucleobase had little
impact on diastereoselectivity, we used the simplified model system 252 in which the
nucleobase is replaced by a methyl group for all calculations. As noted above, we
hypothesized that deprotonation of the alcohol function in 252 would lead to a Mg chelate
253."%8 Due to the non-coordinating nature of the solvent CH2Cl, and the tendency for Mg
to be tetracoordinated in solution, the fluorine atom was also expected to serve as an
additional Lewis donor.2"2%2 |n the appropriate conformation, (Re)-addition of a second
equivalent of the Grignard reagent would yield anti-254. On the other hand, (Si)-addition

would form the desired diastereoisomer syn-254.
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A Working hypothesis on a model system HO Me OH
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Figure 6.7. A) The mechanistic hypothesis through chelate 253-X (X=ClI, Br, I).
B) The calculated TSs for the Grignard addition of MeMgCl, MeMgBr,
MeMgl (left to right). Bottom: (Si)-addition. Top: (Re)-addition. C) the
calculated TSs for the addition of Me:Mg, (Si)-addition on the
bottom, (Re)-addition on top. D) The NBO analysis showing donor
orbitals (top) and acceptor orbitals (bottom). E) The proposed
chelate model.
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With chelate 253 in mind, we located the corresponding transition states (TSs) for
the (Si) and (Re)-additions of MeMgCl, MeMgBr and MeMgl (Figure 4B). Computationally,
we can interpret d.r. as the difference of differences of energies (AAG*) for two competing
diastereoisomeric TSs.?*® Gratifyingly, the observed experimental trends (Tables 1 and 2)
were reproduced through calculations, which show an increasing AAG* throughout the
halide series Cl>Br—| (AAG*®)=2.35 kcal mol"' for TS-CI-SilRe, AAG*®)=3.28 kcal mol!
for TS-Br-SilRe, and AAG*"=3.84 kcal mol”' for TS-I-SilRe). Here, all (Si)-additions
include a chair conformation of the dioxanone and are favoured over the corresponding
twist-boat-TSs for the (Re)-additions. Throughout the (Si)-TS series, the Mg-F interaction
further enforces a chair conformation and the Mg-F distance is 2.07 A for each of TS-ClI-
Si, TS-Br-Si and TS-I-Si (Figure 4B). In contrast, in the (Re)-addition TSs, the Mg-F
distances are longer and show more variation: TS-CI-Re (2.37 A), TS-Br-Re (2.10 A) and
TS-I-Re (2.17 A). As an additional point of interest, the terminal methyl group in model
system 252 is directed away from the reacting carbonyl in all TSs. This observation is
consistent with experimental results, where the diastereoselectivity is not greatly

influenced by the terminal group (nucleobase or i-Pr group).

In addition to the TSs discussed above, we also located TSs TS-Me-Si and TS-
Me-Re, derived from the equivalent reaction with Meo-Mg (Figure 4C). For these two TSs
a AAG*Me)=0.00 kcal mol"' was calculated, which is consistent with the low observed
diastereoselectivity for the reaction Me>Mg with both the fluorohydrin 2 (Table 1, entry 7)
and 9 (Table 2, entry 5).

Geometrically, the TSs TS-CI-Si, TS-Br-Si and TS-I-Si show little structural
difference. Each TS includes the aforementioned Mg-F interaction, a chair conformation
in the dioxanone scaffold, and a bridging nucleophilic methyl group between the two
magnesium atoms. Observing these transition states suggests that the magnesium atom
from the intermediate chelate 253 could be directing the (Si)-facial addition of the second
equivalent of MeMgX. These observations suggest that the halide effect may not be the
controlling feature of a TS but one of a ground-state conformation instead.??® Notably, the
halides in each of the (Si)-TSs are directed away from the reacting center, indicating that

the halide size is not a factor in diastereoselection.

To gain further insight we turned to Natural Bond Orbital (NBO) analysis of the
corresponding chelates, 253-Cl, 253-Br and 253-1 (Figure 4D). Herein we looked at the
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orbital delocalizations, from donor to acceptor, and their energies, with emphasis on the
orbitals on the Mg atom as a Lewis acceptor (Figure 4D, bottom row structures). As for
the donor orbitals, particular attention was paid to the lone pairs on the F atom and the

halides CI, Br or | (Figure 4D, top structures).

For 253-Cl and 253-Br, the Mg-F interaction results from an electron donation from
a lone pair in the F atom to a non-bonding orbital in the Mg atom (nF)—n*™9))_ This electron
donation is slightly stronger in 253-Br (19.1 kcal mol™") than in 253-Cl (17.9 kcal mol™).
This electron donation may further restrict the conformation allowing the Mg atom to direct
the second equivalent of MeMgBr more easily. Likewise, the Cl atom in both 253-Cl and
the Br atom in 253-Br donate electron density from a lone-pair to the same empty orbital
on the Mg atom (n)—n*™9) 67 .1 kcal mol' and n®)—n*™9) 80.0 kcal mol'. These n—n*
donations suggest that the halides are more associated in chelates 253-Cl and 253-Br as
it is known that the bonding strength of the Mg atom can have variable effects in
diastereoselection.?®* The case is different for 253-1. Here, no donations from the iodine
atom were found to the Mg non-bonding orbitals. However, the electron donation from the
F atom ends up in the Mg-I anti-bonding orbital (nF'—c*M 15,7 kcal mol'). This
suggests that in chelate 2531, the iodine atom is more dissociated when compared to the
bromine and chlorine counterparts, thus increasing the Lewis acidity on the Mg center,
which would help direct the addition of an incoming nucleophile to the (Si)-face of the

carbonyl.

While magnesium chelation has been exploited to influence diastereoselectivity in
Grignard reactions,®® the effect of the halide in these intermediate chelates has not been
thoroughly studied. Generally, a chelating magnesium is thought to lock the substrate in
a conformation that biases the addition of a nucleophilic reagent to a particular face of the
carbonyl.'66235.23¢ Here, we propose that the chelating magnesium can take on a second
role; the coordination to, and directing of, the next equivalent of the Grignard reagent. In
turn, the halide already bound to the chelating magnesium can influence the metal’s ability

to act as this guiding center.
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6.6. Cyclization of 1,2-diols to access C4’-modified
nucleoside analogues

HO (\R OH R'O
MN Base or LA o N

o6 F R
7/, R'= C(CHj3), OR' OH
Thymine 0] 0]
\fj\NH \fj\NH
RO Nko RO Nko
(0] o]
Me Et
OR' OH OR' OH
61%, NaOH, 255 34%, NaOH, 256
(0] o]
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N 0] N (0]
(0] o]
NC
OR' OH OR' OH
58%, NaOH, 257 65%, NaOH, 258
Chloroiododeazaadenine
| Cl [ Cl
N, N,
o) N 0] N
Me //
OR' OR' OR' OR'
45%, InCl5, 259 44%, InCl5, 260
Pyrazole 7
RO N™ 71
O N
Me
OR' OH

63%, NaOH (1:1 o.:), 261

Figure 6.8. The scope of 1,2-diol cyclization to form C4’-modified nucleoside
analogues.

Finally, with a collection of syn-diols made accessible using RMgl reagents, we

demonstrated that these compounds could be readily converted into C4’-modified
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nucleoside analogues (Figure 6.8). Notably, the sequence of reactions required to access
these compounds requires only alkylation of the heterocycle,?” an a-fluorination/aldol
reaction,’®’? addition of RMgl and cyclization. Thus, this 4-step de novo synthesis of
naturally or D-configured nucleoside analogues provides an incredibly convenient and
diversifiable route to these high-value targets for medicinal chemists. Several thymine, 5-
iodouracil, deazadenine and pyrazole-containing nucleoside analogues were prepared in
good yield through either base or Lewis-acid promoted annulative fluoride displacement”
reactions. Notably, using basic cyclization conditions with heat, the nitrile containing
nucleoside analogue 258 underwent hydrolysis to give the corresponding carboxylic acid
(not shown). Executing this reaction at room temperature, the desired nucleoside 258 was
produced in good yield. Importantly, all cyclization reactions yielded the 3,D-nucleosides.
The methyl and ethynyl chloroiododeazaadenine substrates were also cyclized to their
corresponding nucleoside analogues using the previously reported Lewis acidic
cyclization conditions (259-260)."°

6.7. Conclusion

In conclusion, we describe a remarkable halide effect on the diastereoselectivity
of 1,2-addition reactions to B-hydroxy ketones involving Grignard reagents. Through
experimental and computational studies, we show that changing the halide tunes the
electronic properties of the intermediate magnesium chelate and in turn its ability to direct
the reaction with a second equivalent of Grignard reagent. This process now serves as a
foundation for the rapid production of C4’-modified nucleosides with diversifiable positions
at the nucleobase and C4’. We expect these results will inspire the synthesis of a wide

range of nucleoside analogues and accelerate drug discovery efforts in this area.
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Appendix A. Supplementary Information

A.1. General Information

All reactions were performed at ambient temperature and atmosphere unless otherwise
specified. Flash chromatography was performed using 230-400 mesh silica gel (Merck,
Silica Gel 60). Concentration of solutions and removal of solvents was done via a Bichi
rotary evaporator using an acetone/dry ice condenser and vacuum applied from an

Emerson vacuum pump.

All reagents, solvents, and starting materials were purchased from Sigma Aldrich,
Fisher, Alfa Aesar, Oakwood Chemicals, TCl| America or AK Scientific and were used
without further purification or were prepared according to literature preparations where
applicable. Dry dichloromethane (CH.Clz) was obtained by freshly distilling over calcium
hydride each time before use. Tetrahydrofuran (THF) was freshly distilled over sodium
metal/benzophenone each time before use. Deuterodichloromethane (CD.Cl;) was
freshly distilled over calcium hydride each time before use. All other dry solvents were
obtained by treatment with 4A molecular sieves for 48h before use or purchased from as
the dry solvent. -78 °C bath temperatures were maintained using an acetone/dry ice
bath.

Nuclear magnetic resonance (NMR) spectra were recorded using deuterochloroform
(CDCIs) or deuteroacetonitrile (CD3CN) as the solvent.. Signal positions (8) are given in
parts per million from tetramethylsilane (6 0) and were measured relative to the signal of
the solvent ("HNMR: CDClz: 8 7.26, CD3CN: 8 1.94, (CD3),SO: & 2.50; "*CNMR: CDCls:
0 77.16, CD3sCN: & 118.26, (CD3).S0O: & 39.52).). Coupling constants (J) are given in
Hertz (Hz) and are reported to the nearest 0.1Hz. 1H NMR spectral data are tabulated in
the order: multiplicity (s, singlet; bs, broad singlet; d, doublet; t, triplet; q, quartet; hept,
heptet; m, multiplet), coupling constants, number of protons. NMR spectra were
recorded on a Bruker Advance Il or Il 600 equipped with a QNP or QCI cryoprobe (600
MHz), Bruker Advance 11l 400 (400 MHz), Bruker Advance Il 500 (500 MHz), or Bruker
Advance Il 400_Solids (400 MHz). Diastereomeric ratios (dr) was determined by
analysis of crude "THNMR. Stereochemical assignments of compounds and signal
assignments of 'HNMR and "*CNMR was based on analysis of COSY, HSQC, HMBC,

and 2D NOESY spectra and comparison to literature spectra, where applicable.
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Optical rotation was measured on a Perkin Elmer 341 Polarimeter at 589 nm. Infrared
(IR) spectra were recorded on a Thermo Nicolet Nexus 670 FTIR with neat samples.
Only selected, characteristic absorption data are provided for each compound. High
resolution mass spectrometry was performed on an Agilent 6210 TOF LC/MS using ESI-
MS or a Bruker Maxis Impact using ESI-MS. High performance liquid chromatography
(HPLC) analysis was performed on an Agilent 1290 Affinity Il HPLC or an Agilent 1100
Series HPLC, equipped with a variable wavelength UV-Vis and mass spectrometry

detector.
The data presented in this appendix has been reported in part, see:

Lam, N. Y. S.; Muir, G.; Challa, R.; Paterson, I.; Britton, R. Chem. Commun. 2019,
55, 9717-9720.

Edits to compound numbering and formatting of analytical data titles are used for

Clarity.

A.2. Experimental procedures and characterization data

A.2.1. Preparation of Reagents

Synthesis of thioether S1

MeO
\©\/O\/S\

To a room temperature stirred solution of sodium iodide (5.40 g, 36.0 mmol, 1 eq.) and
sodium hydride (60% w/w suspension in mineral oil, 2.88 g, 72.0 mmol, 2 eq.) in THF
(72 mL) under N2 was added para-methoxybenzel alcohol (4.47 mL, 36.0 mmol, 1 eq.)
dropwise. The resulting mixture was cooled to 0 °C and chloromethyl methyl sulfide (3.0
mL, 36 mmol, 1 eq.) was added. The resulting mixture was stirred at 0 °C for 2 hours
and then warmed to room temperature and stirred for 18 hours. The reaction mixture
was diluted with H20 (70 mL) and Et.O (70 mL) and the phases separated. The aqueous

phase was then washed with ExO (3 x 50 mL). The organic layers were combined, and
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washed with brine, dried with MgSO., filtered, and concentrated under reduced
pressure. The resulting oil was purified by flash chromatography (gradient of
EtOAc:hexanes 1:9) to afford the thioether S1 as a clear oil (4.84 g, 68%). This material

was stored long-term and transformed to the chloromethyl ether as required.

Data in agreement with that presented in the literature.'?

Svynthesis of PMBMCI 184

MeO
\©\/O\/Cl

To a cold, -78 °C, stirred solution of sulfide S1 (462 mg, 3.43 mmol, 1.0 eq.) in DCM
under N2 was added sulfuryl chloride (0.29 mL, 3.43 mmol, 1.0 eq.) dropwise. The
resulting mixture was stirred at -78 °C for 30 min and then warmed to room temperature.
The resulting mixture was concentrated under reduced pressure to afford PMBCI 184 as

a yellow oil (639 mg, 99%) that was used without further purification.

Data in agreement with that presented in the literature.?

Preparation of MgBr» solution

To a room temperature stirred mixture of magnesium (30 mg, 1.2 mmol, 1.0 eq.) under
Nz in Et20 (2.5 mL) and benzene (1.6 mL) was added 1,2-dibromoethane (0.11 mL, 1.2
mmol, 1.0 eq). The level of the solvent was marked on the flask and the resulting mixture
heated to reflux and stirred until all the magnesium was observed to have dissolved,
approximately 3 hours. Et,O was added over the course of this reflux to maintain the
concentration. The solution was then allowed to cool to room temperature and used

without further handling.
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A.2.2. Experimental Procedures for the Preparation of Substrates for
Stereochemical Reassignment

Svynthesis of vinyl iodide 78

AlMes (89 mL, 178 mmol, 2.0 M solution in hexane) was added dropwise to a stirred
solution of Cp2ZrCl, (5.20 g, 17.8 mmol) in dichloroethane (200 mL) at —30 "C. The
solution was stirred at —30 "C for 5 min before the dropwise addition of H,O (535 pL,
29.7 mmol) into the reaction mixture. The resultant mixture was allowed to warm to r.t.
over 10 min before cooling to —30 °C. A solution of 4-pentyn-1-ol (5.53 ml, 59.4 mmol) in
dichloroethane (97 mL) was added dropwise via cannula to the reaction mixture at —30
‘C. The reaction mixture was allowed to warm to r.t. and stirred at r.t. for 20 h before
cooling to— 30°C. A solution of I, (30.1 g, 119 mmol) in THF (59 mL) was added
dropwise via cannula to the reaction mixture. The resulting mixture was stirred at — 30°C
for a further 2 h before quenching with Na/K tartrate (200 mL), warming to r.t. and stirred
for 16 h at r.t.. The resulting suspension was filtered to remove excess salts and the
layers were separated. The aqueous layer was extracted with dichloromethane (3 x
100mL) and the combined organic phases were washed with brine (300 mL), dried
(MgSO0s4), and the solvent removed under reduced pressure. Purification by flash
chromatography (EtOAc/hexanes: 30% — 50%) gave the vinyl iodide 78 as an orange
oil (11.72 g, 51.8 mmol, 87%).

R: (EtOAc/hexanes: 50%) = 0.40; 'H NMR (400 MHz, CDCls) 81 5.94 (1H, q, J = 1.2 Hz,
H10), 3.65 (2H, t, J = 6.4 Hz, H14), 2.32 (2H, td, J = 7.5, 1.1 Hz, H12), 1.87 (3H, d, J =
1.2 Hz, Me11), 1.76-1.68 (2H, m, H13).

Data in agreement as presented in the literature.?®
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Synthesis of chlorohydrin 82

O OH

16

0. 0 Cl 1

/-

Dess-Martin Periodinane (18.87 g, 44.5 mmol) was added to a stirred suspension of
alcohol 8a (8.40 g, 37.1 mmol), NaHCO3 (9.33 g, 111.0 mmol) in dichloromethane (123
mL). The reaction mixture was stirred at r.t. for 1 h before quenching with the addition of
NaHCOs3 (50 mL), NaxS203 (50 mL) and H20 (50 mL). The mixture was stirred for 2 h

before the layers were separated. The aqueous layer was extracted with

dichloromethane (3 x 100 mL). The combined organic phases were washed with brine
(300 mL), dried (MgSOQs), and the solvent removed under reduced pressure to afford the
crude aldehyde 80 (8.04 g, 35.9 mmol, 95%), which was used directly in subsequent

steps without purification.

NCS (4.31 g, 32.3 mmol) was added to a stirred solution of aldehyde 80 (8.04 g, 35.9
mmol), L-proline (3.72 g, 32.3 mmol) in dichloromethane (120 mL). The reaction was
stirred at r.t. until complete chlorination of the aldehyde was observed by NMR (ca. 2 h).
At this point, 2,2-dimethyl-1,3-dioxan-5-one, 81, (5.62 g, 43.1 mmol) was added and the
reaction mixture was stirred at r.t. for 24 h. The reaction was quenched by addition of
brine (100 mL) and the layers separated. The organic phase was washed with brine (100
mL) and the combined aqueous phases were extracted with dichloromethane (3 x 150
mL). The combined organic phases were dried (MgSO.), and the solvent removed under
reduced pressure. Purification by flash chromatography (EtOAc/hexanes: 10% — 25%)
afforded chlorohydrin 82 as a yellow oil (6.56 g, 16.9 mmol, 47%, 98% ee) as a

separable 5.3:1 mixture of diastereomers.

R: (EtOAc/hexanes: 20%) = 0.35; "H NMR (600 MHz, CDCls) 81 6.15 (1H, q, J = 1.2 Hz,
H10), 4.39 (1H, dd, J = 8.9, 1.5 Hz, H15), 4.33-4.26 (2H, m, H13, H17a), 4.08 (1H, d, J
= 17.6 Hz, H17b), 3.88 (1H, ddd, J = 8.9, 3.0, 1.7 Hz, H14), 3.39 (1H, dd, J = 3.0, 1.4 Hz,
OH), 2.80 (2H, dt, J = 7.7, 1.3 Hz, H12), 1.88 (3H, d, J = 1.1 Hz, Me11), 1.51 (3H, s,
MeaMesCO3), 1.43 (s, 3H, MeaMesCO5); 13C NMR (150 MHz, CDCI3) 8 212.4, 143.2,
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101.8, 79.5, 72.8, 70.6, 66.5, 58.6, 43.8, 24.0, 23.9, 23.5; IR (neat): Vmax (cm™) = 3513,
2987, 1738, 1376, 1222, 1086, 863; [0(]%O —68.2 (¢ 1.54, CHCI3); Chiral HPLC
(Chiralpak® IG, iPrOH : n-hexane: 1%) Rt (major) 3.47 min, Ry (minor) 2.98 min; HRMS
(ESI") calculated for C12H1sCIIOsNa [M+Na]* 410.9830, found 410.9841.

Svynthesis of alcohol 83

0.__0 Cl 4

7 |

MeMgl (27.6 mL, 82.8 mmol, 3.0 M solution in Et,O) was added dropwise to a stirred
solution of chlorohydrin 9 (9.17 g, 23.6 mmol) in dichloromethane (79 mL) at =78 "C. The
reaction was stirred at —78 “C for 24 h before quenching with HCI (100 mL, 1.0 M
solution in H2O) and warmed to r.t.. The layers were separated, and the aqueous phase
was extracted with dichloromethane (3 x 100 mL). The combined organic phases were
washed with brine (300 mL), dried (MgSOQ.), and the solvent removed under reduced
pressure to afford the crude alcohol as a 6:1 mixture of diastereomers at C16.
Purification by flash chromatography (EtOAc/PE 40-60: 20% — 30%) afforded alcohol

83 as an off-white solid (4.69 g, 11.6 mmol, 49%) as a single diastereomer.

Rr (EtOAC/PE 40-60: 30%) = 0.39; "H NMR (600 MHz, CDCls) 84 6.14 (1H, q, J = 1.2 Hz,
H10), 4.41 (1H, ddd, J = 9.0, 6.1, 1.4 Hz, H13), 3.79 (1H, d, J = 9.2 Hz, H15), 3.74-3.69
(2H, m, H14, H17a), 3.49 (1H, d, J = 11.3 Hz, H17b), 2.76 (1H, ddd, J = 14.3, 9.0, 1.0
Hz, H12a), 2.74 (1H, s, OH16), 2.70 (1H, ddd, J = 14.3, 6.1, 1.2 Hz, H12b), 2.47 (1H, d,
J = 8.6 Hz, OH14), 1.89 (3H, d, J = 1.1 Hz, Me11), 1.47 (3H, s, MeaMesCO2), 1.41 (3H,
s, Me16), 1.38 (s, 3H, MeaMesCO5).; *C NMR (150 MHz, CDCls) 3. 143.2, 99.7, 79.3,
73.6,72.9, 70.3, 68.2, 60.8, 44.3, 28.9, 23.8, 20.5, 19.2.; IR (neat): Vmax (cm™) = 3397,
3320, 2998, 2876, 1377, 1146, 1080, 1043, 860, 519; [o]2° —8.7 (c 1.3, CHCIs); HRMS
(ESI*) calculated for C1sHz2CllO4Na [M+Na]* 427.0149, found 427.0155.

The absolute configuration of the C15 center was determined using a Mosher ester

analysis.®’

135



Mosher esters — (R)-MTPA-90 and (S)-MTPA-90
(R)-Mosher ester — (R)-MTPA-90

A stock solution of DMAP (1.2 mg) in CH2Cl> (1 mL) was separately prepared (0.01M).
DIC (5.7 uL, 37 umol) was added in portion to a stirred solution of (R)-MTPA (8.7 mg, 37
umol) in the DMAP/CH_CI; solution (250 nuL). Alcohol 83 (10.0 mg, 24.7 umol) was
added to this solution. The mixture was stirred for 24 h at r.t, to the point when product
was observed by TLC. The solution was diluted with CH,Cl, (1 mL) and sat. NaHCO3 (1
mL) was added. The layers were separated, and the aqueous phase was extracted with
CH.CI, (2 x 2 mL) The organic layers were combined, washed with brine (5 mL), dried
(Na2S0.4), and concentrated. Purification by flash chromatography (EtOAc/hexanes: 10%
— 20%) afforded the product (R)-MTPA-90 as a colourless oil.

Ry (EtOAc/hexanes: 30%) = 0.48; '"H NMR (601 MHz, Chloroform-d) & 7.65 (dd, J = 7.1,
2.8 Hz, 2H, ArH), 7.47 — 7.42 (m, 3H, ArH), 6.03 (g, J = 1.1 Hz, 1H, H10), 5.19 (dd, J =
9.1, 1.4 Hz, 1H, H10), 4.43 (ddd, J = 10.4, 4.3, 1.3 Hz, 1H, H13), 4.11 (d, J = 9.1 Hz, 1H,
H15), 3.65 (s, 3H, OMe), 3.60 (d, J = 11.8 Hz, 1H, H17a), 3.34 (d, J = 11.4 Hz, 1H,
H17b), 2.60 (m, 1H, H12a), 2.40 (ddd, J = 14.6, 10.4, 0.8 Hz, 1H, H12b), 1.86 (d, J = 1.0
Hz, 3H, Me11), 1.46 (s, 3H, MeaMesCO2), 1.38 (s, 3H, MeaMesCOy), 1.14 (s, 3H, Me16).

(S)-Mosher ester — (S)-MTPA-90

DIC (122 pL, 0.79 mmol) was added to a stirred solution of (S)-MTPA (92.5 mg, 0.395
mol) and DMAP (96.5 mg, 0.79 mmol) in CH2Cl> (400 pL). Alcohol 83 (16 mg, 39.5 umol)
was added to this solution. The mixture was stirred for 5h at r.t., to the point when
product was observed by TLC. The solution was diluted with CH>Cl> (1 mL) and sat.
NaHCOs (1 mL) was added. The layers were separated, and the aqueous phase was
extracted with CH2Clz (2 x 2 mL) The organic layers were combined, washed with brine
(5 mL), dried (Na2S0Q.), and concentrated. Purification by flash chromatography
(EtOAc/hexanes: 10%) afforded the product (S)-MTPA-90 as a colourless oil.

Rr (EtOAc/hexanes: 30%) = 0.70; 'H NMR (500 MHz, Chloroform-d) & 7.69 — 7.64 (m,

2H, ArH), 7.46 — 7.40 (m, 3H, ArH), 5.82 (q, J = 1.1 Hz, 1H, H10), 5.16 (dd, J = 9.2, 1.4
Hz, 1H, H14), 4.37 (ddd, J = 10.8, 3.9, 1.4 Hz, 1H, H13), 4.20 (d, J = 9.1 Hz, 1H, H15),
3.70 (d, J = 11.5 Hz, 1H, 17a), 3.47 (d, J = 1.3 Hz, 3H, OMe), 3.45 (d, J = 11.5 Hz, 1H,
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17b), 2.48 (ddd, J = 14.7, 4.0, 1.3 Hz, 1H, 12a), 2.11 (dd, J = 14.5, 10.8 Hz, 1H, 12b),
1.80 (d, J = 1.1 Hz, 3H, Me11), 1.48 (s, 3H, MeaMesCO2), 1.40 (s, 3H, MesMesCO2),
1.29 (s, 3H, Me16).

Following the Mosher's ester described by Hoye et al.,*” the C15 centre arising from the

enantioselective Mukaiyama aldol reaction was assigned as 15R.

Svynthesis of triol 84

Alcohol 83 (1.48 g, 3.66 mmol) was dissolved in MeOH (50 mL) in a pressurized vessel
and heated to 120 ‘C over 15 minutes in a microwave, reaching a pressure of 250 psi.
The reaction was maintained at 120 "C at 250 psi for 110 minutes before cooling to r.t..
The solvent was removed under reduced pressure and the product was purified by flash
chromatography (EtOAc: 100%) to afford triol 84 as an off-white solid (0.804 g, 2.45
mmol, 67%).

R¢ (CH2Cl./MeOH: 10%) = 0.42; 'TH NMR (600 MHz, CDCls) &4 6.05 (1H, q, J = 1.2 Hz,
H10), 4.09 (1H, d, J = 6.3 Hz, H15), 3.96 (1H, ddd, J= 7.5, 6.1, 5.3 Hz, H13), 3.83 (1H,
t, J=6.2 Hz, H14), 3.49 (1H, d, J = 11.6 Hz, H17a), 3.44 (1H, d, J= 11.6 Hz, H17b),
2.52 (1H, ddd, J = 14.5, 5.3, 1.2 Hz, H12a), 2.44 (1H, ddd, J = 14.5, 7.5, 1.2 Hz, H12b),
1.90 (3H, d, J = 1.1 Hz, Me11), 1.19 (3H, s, Me16). '*C NMR (150 MHz, CDCls) &. 144.7,
84.8,79.6,77.3,75.4,72.2,67.8,43.3, 24.8, 17.3; IR (neat): vmax (cm™) = 3301, 2924,

1105, 1045, 1023, 761, 676, 574, 558; [a]ﬁ)0 -22.1 (¢ 1.63, MeOH); HRMS (ESI")
calculated for C1oH17104Na [M+Na]* 351.0063, found 351.0078.

The relative configuration in triol 12 was confirmed by observing a NOE enhancement
between H13 and Me16, placing H13 and Me16 in a syn configuration. This supports
that H13, OH14, OH15 and Me16 are in a syn relationship around the THF ring.
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Synthesis of alcohol 85

1,3-Dichloro-1,1,3,3-tetraisopropyldisiloxane (1.88 mL, 5.88 mmol) was added dropwise
to a stirred solution of triol 12 (1.607 g, 4.90 mmol) in dichloromethane (18 mL) and
pyridine (6 mL) at 0 "C. The solution was allowed to warm to r.t. and stirred for 48 h at r.t.
before quenching with NH4Cl (25 mL). The layers were separated, and the organic
phase was washed with NH4CI (25 mL). The combined aqueous phase was extracted
with dichloromethane (2 x 50 mL) and the combined organic phases were washed with
brine (50 mL), dried (MgSO.) and concentrated under reduced pressure. Purification by

flash chromatography (EtOAc/hexanes: 5% — 10%) afforded alcohol 85 as a yellow oil
(2.49 g, 4.36 mmol, 89%).

Rr (EtOAc/hexanes: 20%) = 0.72; 'H NMR (600 MHz, CDCls) 81 6.02 (1H, g, J = 1.2 Hz,
H10), 4.13-4.07 (2H, m, H13, H15), 3.80 (1H, dd, J = 6.9, 2.9 Hz, H14), 3.66 (2H, d, J =
2.3 Hz, H17), 2.86 (1H, s, OH), 2.47-2.39 (2H, m, H12), 1.90 (3H, d, J = 1.1 Hz, Me11),
1.24 (3H, s, Me16), 1.12-0.97 (24H, m, iPrSi).; *C NMR (150 MHz, CDCls) 5, 144.5,
83.1,81.1, 77.4, 75.0, 74.8, 69.8, 44.0, 25.0, 17.6, 17.7, 17.6, 17.5, 17.4, 17.3, 17.3,
17.2,17.1,13.5, 13.0, 13.0, 12.8; IR (neat): Vmax (cm™!) = 2944, 2867, 1464, 1113, 1035,
885, 867, 692; [a]2’ —10.6 (c 0.82, CHCl3); HRMS (ESI*) calculated for Cz2HaslOsSizH
[M+H]* 571.1766, found 571.1776.
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Synthesis of Disiloxane 86

Pyridine (3.03 mL, 37.5 mmol) was added to a solution of alcohol 86 (4.28 g, 7.50 mmol)
in dichloromethane (75.0 mL) and the solution was cooled to 0 ‘C, to which Tf,O (3.14
mL, 18.8 mmol) was added dropwise to the stirred solution at 0 ‘C. Upon completion, the
stirred solution was allowed to warm to r.t. over 1 h before quenching with NaHCO3; (75
mL). The layers were separated, and the aqueous layer was extracted with CH2Cl; (3 x
75 mL). The organic layers were combined, washed with brine (100 mL), dried (MgSOa),
and the solvent removed under reduced pressure. The crude product was filtered over a
plug of silica, eluting with EtOAc/hex (1:4) and the solvent removed under reduced
pressure to afford 5.27g of crude material. Owing to the instability of the product, the

material was used immediately in the subsequent step without further purification.

NaBH; (0.56 g, 14.9 mmol) was added to a stirred solution of the crude material (5.279)
in DMF (75 mL) at r.t.. The mixture was heated to 50 "C and stirred for 45 minutes before
the addition of NH4CI (75 mL) and allowing the mixture to cool to r.t.. The layers were
separated, and the aqueous phase extracted with CH2Cl» (3 x 75 mL). The combined
organic phases were washed with brine (100 mL), dried (MgSO4), and the solvent
removed under reduced pressure. Purification by flash chromatography
(EtOAc/hexanes: 2% — 5%) afforded siloxane 86 as a clear oil (2.97 g, 5.35 mmol, 72%

over two steps).

Rf (EtOAc/hexanes: 10%) = 0.53; 'H NMR (600 MHz, CDCls) &4 5.94 (1H, g, J = 1.1 Hz,
H10), 4.29 (1H, t, J = 8.8 Hz, H15), 4.19 (1H, dddd, J = 9.2, 6.9, 5.9, 3.6 Hz, H13), 3.69
(1H, d, J = 11.7 Hz, H17a), 3.64 (1H, d, J = 11.7 Hz, H17b), 2.43 (1H, ddd, J = 14.0, 5.9,
1.2 Hz, H12a), 2.28 (1H, ddd, J = 14.0, 7.0, 1.0 Hz, H12b), 2.13-2.04 (1H, m, H14a),
1.94-1.84 (1H, m, H14b), 1.86 (3H, d, J = 1.1 Hz, Me11), 1.11 (3Hm s, 3H, Me16), 1.13-
1.01 (28H, m, iPrSi).; *C NMR (150 MHz, CDCls) 8. 145.0, 83.1, 77.1, 73.0, 72.0, 68.4,
46.8,37.3,24.9,17.7,17.6,17.6,17.6, 17.6, 17.5, 17.4, 17.3,17.3, 17.2, 16.4, 13.6,

13.2, 12.8, 12.8; IR (neat): vmax (cm™) = 2943, 2867, 1464, 1105, 1032, 885, 692; [0(]%0 -
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7.2 (¢ 0.93, CHCI3); HRMS (ESI*) calculated for C22H43104Si2H [M+H]* 555.1817, found
555.1803.

Synthesis of diol 87

Siloxane 86 (1.16 g, 2.09 mmol) was dissolved in a solution of HCI in MeOH (21 mL,
21.0 mmol, 0.1 M) and stirred at 50 °C for 7 h. The reaction was quenched by the
addition of solid NaHCO3 (ca. 3 g) and the mixture diluted with CH2Clz (60 mL). The
solids were filtered off, the filtrate collected, and the solvents removed under reduced
pressure. Purification by flash chromatography (EtOAc/hexanes: 80%) afforded diol 87
as clear oil (548 mg, 1.75 mmol, 84%).

R: (EtOAc)= 0.52; 'H NMR (600 MHz, CDCls) 81 5.99 (1H, g, J = 1.0 Hz, H10), 4.31 (1H,
qn, J = 6.8 Hz, H13), 4.25 (1Hm, dd, J = 6.8, 4.6 Hz, H15), 3.45 (1H, d, J= 11.2 Hz,
H17a), 3.41 (1H, d, J = 11.3 Hz, H17b), 2.46 (1H, dd, J = 14.1, 6.8 Hz, H12a), 2.33 (1H,
dd, J = 14.1, 6.2 Hz, H12b), 2.09-1.96 (3H, m, H14a, OH, OH), 1.89 (1H, dd, J = 13.7,
6.5 Hz, H14b), 1.86 (3H, d, J = 1.0 Hz, Me11), 1.16 (3H, s, Me16).; *C NMR (150 MHz,
CDCl3) 5c 144.8, 85.5, 77.2, 74.1, 73.4, 67.8, 46.1, 40.2, 24.6, 17.1.; IR (neat): Vmax (cm"

') =3377, 2933, 1376, 1274, 1044, 769, 669; [a]2 +6.5 (c 1.0, MeOH); HRMS (ESI*)
calculated for C1oH1710sNH4 [M+NHJ]* 330.0566, found 330.0526.
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Synthesis of TBS ether 88

Diol 87 (707 mg, 2.26 mmol) and imidazole (462 mg, 6.78 mmol) were dissolved in
CH.Cl, (23 mL) and cooled to 0 “C. TBSCI (406 mg, 2.71 mmol) was added and the
solution was allowed to warm to r.t. over 2 h before quenching with NH4CI (20 mL). The
layers were separated, and the aqueous layer was extracted with CH>Cl> (3 x 20 mL).
The organic layers were combined, washed with brine (60 mL), dried (MgS0Q.), and the
solvent removed under reduced pressure. Purification by flash chromatography
(EtOAc/hexanes: 10% — 30%) afforded TBS ether 88 as a clear oil (802 mg, 1.88 mmol,

83%).

R¢ (EtOAc/hexanes: 20%) = 0.53; 'H NMR (500 MHz, CDCls) 81 5.96 (1H, g, J = 1.0 Hz,
H10), 4.29 (1H, ddd, J = 13.0, 7.3, 6.6 Hz, H13), 4.24 (1H, dt, J = 6.4, 4.0 Hz, H15), 3.47
(1H, d, J = 9.8 Hz, H17a), 3.36 (1H, d, J = 9.8 Hz, H17b), 2.48 (1H, dd, J = 13.9, 6.4 Hz,
H12a), 2.31 (1H, dd, J = 13.9, 6.7 Hz, H12b), 1.95* (1H, ddd, J = 13.0, 6.5, 4.2 Hz,
H14a), 1.92-1.87* (1H, m, H14b), 1.86 (3H, d, J = 1.0 Hz, Me11), 1.65 (1H, d, J = 4.3
Hz, OH), 1.19 (3H, s, Me16), 0.89 (9H, s, SiMe,tBu), 0.06 (6H, s, SiMe-tBu); 3C NMR
(125 MHz, CDCls) 5¢ 144.9, 83.4, 79.3, 74.1, 67.9, 46.0, 41.0, 25.7, 24.3, 22.5, 18.0, —
5.5, -5.8; IR (neat): Vmax (M) = 3439, 2928, 2857, 1463, 1258, 1088 779; [a]X —1.7 (c
0.24, CHCls); HRMS (ESI*) calculated for C1eHs103SilH [M+H]* 427.1165, found
427.1162.
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Synthesis of ketone 135

Dess-Martin Periodinane (311 mg, 733 umol) was added to a stirred suspension of
alcohol 88 (125 mg, 293 umol) and NaHCO3 (100 mg, 1.17 mmol) in wet CH.Cl> (4 mL).
The reaction mixture was stirred at r.t. until TLC monitoring indicated full consumption of
the starting material (ca. 30 min). The reaction mixture was quenched by the addition of
NaHCOs; (2 mL) and NazS20; solution (2 mL) and stirred at r.t. for 30 min. The layers
were separated, and the aqueous phase was extracted with CH>Cl» (3 x 2 mL). The
combined organic phases were dried (MgSQ4) and concentrated under reduced

pressure. Purification by flash column chromatography (EtOAc/PE 40-60: 0% — 5%)
afforded the product 135 as a colourless oil (123 mg, 290 umol, 99%).

R¢ (EtOAC/PE 40-60: 20%) = 0.71; '"H NMR (500 MHz, CDCls) 6+ 6.03 (1H, q, J = 0.9 Hz,
H10), 4.33 (1H, app dq, J = 10.5, 6.1 Hz, H13), 3.64 (1H, d, J = 10.5 Hz, H17a), 3.53
(1H, d, J = 10.5 Hz, H17b), 2.71 (1H, dd, J = 14.3, 6.1 Hz, H14a), 2.55 (1H, dd, J = 14.3,
6.1 Hz, H14b), 2.48 (1H, dd, J = 17.4, 5.8 Hz, H12a), 2.19 (1H, dd, J = 17.4, 10.5 Hz,
H12b), 1.92, (3H, d, J = 0.9 Hz, Me11), 1.09 (3H, s, Me16), 0.87 (9H, s, SiMe-tBu), 0.05
(3H, s, SiMetBu), 0.02 (3H, s, SiMe.tBu); '*C NMR (125 MHz, CDCls3) §¢c 216.2, 144.1,
84.8,77.5,71.6,67.3,45.6,43.3, 25.9, 24.6, 18.3, 17.7, -5.3, =5.6; IR (neat): Vmax (cm™)
= 2948, 2867, 1762, 1454, 1253, 1098, 898; [0(]%0 +16.3 (¢ 0.95, CHClz); HRMS (ESI)
calculated for C1sH2903SilH [M+H]" 425.1009, found 425.1006.
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Synthesis of alcohol 89

DIBAL (1.69 mL, 1.69 mmol, 1 M solution in hexanes) was added dropwise to a stirred
solution of ketone 135 (239 mg, 563 umol) in dichloromethane (6 mL) at —78 'C. The
reaction mixture was stirred at =78 "C for 1 h before quenching with MeOH (500 puL),
Na/K tartrate (5 mL) and the stirred mixture allowed to warm to r.t. over 3 h. The layers
were separated, and the aqueous phase was extracted with CH>Cl» (3 x 5 mL). The
combined organic phases were dried (MgSQ4) and concentrated under reduced
pressure. Purification by flash column chromatography (EtOAc/PE 40-60: 2%) afforded

the product 89 as a colourless oil (238 mg, 559 umol, 99%) as a single diastereomer.

R: (EtOAC/PE 40-60: 20%) = 0.53; "H NMR (500 MHz, CDCls) 81 5.99 (1H, s, H10), 4.14-
4.11 (2H, m, H13, H15), 3.76 (1H, d, J = 10.3 Hz, H17a), 3.67 (1H, d, J = 10.3 Hz,
H17b), 3.55 (1H, d, J = 6.2 Hz, OH15), 2.59 (1H, dd, J = 13.9, 6.8 Hz, H12a), 2.43 (1H,
dd, J = 13.9, 6.3 Hz, H12b), 2.39-2.32* (1H, m, H14a), 1.88 (3H, s, Me11), 1.70-1.64*
(1H, m, H14b), 1.15 (3H, s, Me16), 0.93 (9H, s, SiMe,Bu), 0.13 (3H, s, SiMextBu), 0.12
(3H, s, SiMextBu); *C NMR (125 MHz, CDCls) 8¢ 144.9, 83.4, 79.3, 74.1, 67.9, 46.0,
41.0, 25.7, 24.3, 22.5, 18.0, =5.5, =5.8; IR (neat): vmax (cm™") = 3439, 2928, 2857, 1463,
1258, 1088 779; [a]2° —1.7 (¢ 0.24, CHCls); HRMS (ESI*) calculated for C1sHs10:SilH
[M+H]* 427.1165, found 427.1162.
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Svynthesis of ester 99

DCC (2.27 mL, 2.27 mmol, 1 M solution in dichloromethane) was added in one portion to
a stirred solution of alcohol 89 (160 mg, 378 umol), dimethylacrylic acid (227 mg, 2.27
mmol), DMAP (277 mg, 2.27 mmol) and DMAP-HCI (359 mg, 2.27 mmol) in
dichloromethane (4 mL) at r.t.. The cloudy white suspension was stirred at r.t. for 24 h
before quenching with NH4Cl (5 mL). The layers were separated, and the aqueous
phase was extracted with Et,O (3 x 5 mL). The combined organic phases were dried
(MgSO0s4) and concentrated under reduced pressure. Purification by flash column
chromatography (EtOAc/PE 40-60: 0% — 5%) afforded the product 99 as a colourless

oil (178 mg, 350 umol, 93%).

R: (EtOAC/PE 40-60: 20%) = 0.72; "H NMR (500 MHz, CDCls) 81 5.94 (1H, d, J = 1.0 Hz,
H10), 5.66 (1H, sept, J = 1.2 Hz, =CH), 5.10 (1H, dd, J = 6.4, 3.9 Hz, H15), 4.22 (1H,
ddt, J = 7.5, 6.8, 6.5 Hz, H13), 3.70 (1H, d, J = 9.7 Hz, H17a), 3.50 (1H, d, J = 9.7 Hz,
H17b), 2.56 (1H, dd, J = 13.9, 6.8 Hz, H12a), 2.46 (1H, ddd, J = 13.8, 7.5, 6.6 Hz,
H14a), 2.38 (1H, dd, J = 13.9, 6.6 Hz, H12b), 2.17 (3H, d, J = 1.7 Hz, =CMe.Mey), 1.91
(3H, d, J = 1.2 Hz, =CMe.Mey), 1.85 (3H, d, J = 1.0 Hz, Me11), 1.70 (1H, ddd, J = 13.9,
6.4, 3.9 Hz, H14b), 1.20 (3H, s, Me16), 0.86 (9H, s, SiMe,Bu), 0.03 (3H, s, SiMeztBu),
0.01 (3H, s, SiMextBu); *C NMR (125 MHz, CDCls) 8¢ 165.7, 157.4, 144.9, 116.0, 84.5,
77.2,74.5,66.0, 46.3, 37.6, 27.4, 25.8, 24.5, 21.7, 20.3, 18.2, -5.5, =5.6; IR (neat): Vmax

(cm™) = 2927, 2853, 1723, 1561, 1444, 1144,1103; [(J(]ZD0 -13.0 (¢ 0.30, CHCI3); HRMS
(ESI*) calculated for C21H3704SilH [M+H]* 509.1579, found 509.1572.
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Synthesis of alcohol S2

TsOH-H»0 (3.5 mg, 20.3 umol) was added to a stirred solution of TBS ether 99 (103 mg,
203 pmol) in MeOH (1 mL) and dichloromethane (1 mL) at r.t.. The reaction mixture was
stirred for 3 h at r.t., after which it was diluted with dichloromethane (5 mL) and
qguenched by the addition of NaHCO3; (10 mL). The layers were separated, and the
aqueous phase was extracted with dichloromethane (3 x 5 mL). The combined organic
phases were dried (MgS0O4) and concentrated under reduced pressure. Purification by
flash column chromatography (EtOAc/PE 40-60: 20%) afforded the product S2 as a
colourless oil (54.6 mg, 138 umol, 68%).

Rr (EtOAC/PE 40-60: 20%) = 0.23; 'H NMR (400 MHz, CDCls) 84 5.99 (1H, s, H10), 5.70
(1H, s, =CH), 5.08 (1H, dd, J = 6.8, 4.9 Hz, H15), 4.22 (1H, app qn, J = 6.8 Hz, H13),
3.57 (1H, dd, J = 11.8, 6.3 Hz, H17a), 3.51 (1H, dd, J = 11.8, 6.2 Hz, H17b), 2.57 (1H,
dd, J = 13.9, 6.4 Hz, H12a), 2.52 (1H, ddd, J = 13.6, 6.8, 6.8 Hz, H14a), 2.42 (1H, dd, J
=13.9, 6.3 Hz, H12b), 2.18 (3H, s, =CMe:Mey), 1.93 (3H, s, =CMe:Mey), 1.87 (3H, s,
Me11), 1.72 (1H, ddd, J = 13.5, 7.1, 4.9 Hz, H14b), 1.26 (3H, s, Me16); *C NMR (100
MHz, CDCls) ¢ 166.4, 159.1 144.6, 115.3, 84.1, 78.1, 77.2, 74.1, 65.8, 46.0, 37.7, 27.6,
24.5,21.7, 20.4; IR (thin film): vmax (cm™!) = 3511, 2919, 1717, 1649, 1377, 1228, 1145,
1008; [a]2 +2.2 (¢ 0.19, CHCl3); HRMS (ESI*) calculated for CisH2304INa [M+Na]*
417.0539, found 417.0535.
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Synthesis of C10-C17 aldehyde 100

Dess-Martin Periodinane (250 mg, 583 umol) was added to a stirred suspension of
alcohol S2 (46.0 mg, 117 umol) and NaHCOs3 (48 mg, 1.17 mmol) in wet CH.Cl, (2 mL).
The reaction mixture was stirred at r.t. for 30 min before quenching by the addition of
NaHCOs3 (2 mL) and NazS203 solution (2 mL) and stirred at r.t. for 30 min. The layers
were separated, and the aqueous phase was extracted with CH>Cl, (3 x 2 mL). The
combined organic phases were dried (MgSQ4) and concentrated under reduced
pressure. Purification by flash column chromatography (EtOAc/PE 40-60: 0% — 5%)
afforded the product 100 as a colourless oil (30.3 mg, 77.2 umol, 86% brsm), alongside
with 20-30% of the C10 protodeiodinated product that is inseperable at this stage.

R (EtOAC/PE 40-60: 20%) = 0.35; "H NMR (500 MHz, CDCls) 64 9.63 (1H, s, H17), 6.03
(1H, g, J = 1.1 Hz, H10), 5.59 (1H, s, =CH), 5.19 (1H, dd, J = 6.4, 4.1 Hz, H15), 4.41
(1H, dt, J=13.7, 6.6 Hz, H13), 2.70 (1H, dd, J = 14.0, 6.7 Hz, H12a), 2.55 (1H, ddd, J =
13.7,7.2, 6.4 Hz, H14a), 2.50 (1H, dd, J = 14.0, 6.4 Hz, H12b), 2.15 (3H, d, J = 1.3 Hz,
=CMe.Mey), 1.90 (6H, s, Me11, =CMeaMey), 1.79 (1H, ddd, J=13.7, 6.2, 4.1 Hz, H14b),
1.31 (3H, s, Me16); *C NMR (125 MHz, CDCls) 5¢c 201.0, 165.1, 159.3, 144.4, 114.9,
87.6,79.7,77.6, 76.8, 45.9, 37.7, 27.5, 24.4, 20.4, 19.6; IR (thin film): Vmax (cm™) = 2918,
1738, 1723, 1649, 1443, 1377, 1224, 1138, 1076; [G]2D0 —-3.4 (¢ 0.29, CHCI3); HRMS
(ESI*) calculated for C15H21104Na [M+Na]* 415.0382, found 415.0373.

General procedure for the 1,2-addition of vinyl iodide 97 or 105 to aldehyde 100

tBuLi (13 eq., molarity in pentane titrated before use) was added dropwise (down the
side of the flask) to a stirred solution of vinyl iodide 97 or 105 (6.5 eq., dried by
azeotroping with PhH and over CaH>) in EtO (0.1 M relative to vinyl iodide) at =78 "C,
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taking care that the reaction temperature does not exceed —78 "C. The solution was
stirred for 30 seconds before the dropwise addition of a freshly prepared solution of
MgBr.-OEt; (19 eq., 0.6 M in Et,0) into the reaction mixture at —78 “C. The mixture was
stirred for 5 min at —78 "C before the dropwise addition of aldehyde 3 (1 eq., dried by
azeotroping with PhH x 3) in dichloromethane (0.1 M relative to aldehyde) via cannula
(down the side of the flask). The pale-yellow reaction mixture was stirred at —78 "C for 1
h before quenching with NH4Cl (3 mL) and warmed to r.t.. The layers were separated,
and the aqueous phase was extracted with CH2Cl,. The combined organic phases were
dried (MgS0O4) and concentrated under reduced pressure. Purification by flash column
chromatography (Et.O/PE 40-60: 0% — 5%) afforded the crude product as a colourless
oil as an inseparable mixture of diastereomers, alongside with their C10
protodeiodinated counterparts. The crude product mixture was subjected to the

acetonide formation sequence outlined below.
General procedure for the synthesis of diacetonides 103, 104 and 107

PPTS (one crystal) was added to a stirred solution of bis-silyl ethers 101, 102 or 106 (1
eq.) in dichloromethane (100 uL) and methanol (100 uL) at r.t.. The reaction mixture was
stirred for 16 h at r.t. before quenching with NaHCO3 and diluting with EtOAc. The layers
were separated, and the aqueous phase was extracted with EtOAc. The combined
organic phases were dried (MgSO4) and concentrated under reduced pressure. The
crude triol was dissolved in MeOH (150 uL) and K2CO3 (6 mg, ca. 10 eq.) was added.
The pale-yellow mixture was stirred overnight at r.t. before quenching with NH4CIl and
diluted with EtOAc. The layers were separated, and the aqueous phase was extracted
with EtOAc. The combined organic phases were dried (MgSQ4) and concentrated under
reduced pressure. The crude tetraol was redissolved in dichloromethane (100 pL) and
2,2-dimethoxypropane (100 uL) and PPTS (one crystal) was added. The solution was
stirred for a further 16 h before quenching with NaHCO3 and diluting with EtOAc. The
layers were separated, and the aqueous phase was extracted with EtOAc. The
combined organic phases were dried (MgSO4) and concentrated under reduced
pressure. Purification by preparative thin layer chromatography (EtOAc/PE 40-60: 20%)

afforded the diacetonide as a colourless oil.

147



Synthesis of Alcohol 101 and 15,17-anti acetonide 103

The addition reaction was performed according to the general procedure described
above, using vinyl iodide 97 (42.0 mg, 88.9 umol), tBuLi (120 pL, 185 umol, 1.5 M in
pentane), MgBr,-OEt; (381 uL, 229 umol, 0.6 M solution in Et,0), and aldehyde 3 (4.9
mg, 12.7 umol) to afford the crude product 101 (7.2 mg, 9.78 umol, 77%), a colourless
oil as an inseparable 5:1 mixture of diastereomers at C17 alongside with the C10

protodeiodinated material.

The crude product was transformed to the corresponding acetonide 103 according to the
general procedure described above to afford the pure diacetonide 103 as a colourless oll

(1.3 mg, 2.37 mmol, 24% over three steps)

Ry (EtOAC/PE 40-60: 20%) = 0.85; "H NMR (500 MHz, CDCls) 81 5.97 (1H, g, J = 0.9 Hz,
H10), 5.19 (1H, dq, J = 8.6, 1.0 Hz, H18), 4.40 (1H, d, J = 8.6 Hz, H17), 4.21-4.14 (1H,
m, H13), 3.94 (1H, dd, J = 7.0, 2.1 Hz, H15), 3.64 (1H, dd, J = 9.0, 2.7 Hz, H21), 3.61
(1H, d, J = 11.4 Hz, H23a), 3.28 (1H, d, J = 11.4 Hz, H23b), 2.63 (1H, dd, J = 13.9, 7.7
Hz, H12a), 2.48 (1H, dd, J = 13.9, 5.5 Hz, H12b), 2.32 (1H, app dt, J = 13.9, 7.0 Hz,
H14a), 2.11-2.01 (2H, m, H20), 1.85 (3H, d, J = 0.9 Hz, Me11), 1.73-1.65 (4H, m, H14b,
Me19), 1.39 (3H, s, MeaMesCO(O))*, 1.38 (3H, s, MeaMesCO(O))E, 1.36 (3H, s,
MeaMesCO(0))8, 1.34 (3H, s, MeaMesCO(0))?, 1.06 (3H, s, Me16), 1.01 (3H, s, Me22a),
0.74 (3H, s, Me22b); 13C NMR (125 MHz, CDCls) 8¢ 145.3, 137.6, 123.0, 100.3%, 98.68,
87.0,77.7, 76.6, 76.1, 75.5, 73.0, 46.4, 39.9, 38.7, 36.7, 32.9, 31.9, 29.78, 25.4A, 24.2,
23.8%,21.8, 18.98, 18.5, 18.0, 17.8; IR (thin film): vmax (cm™') = 2925, 1460, 1375, 1223,
1100; [0]2’ +19.5 (c 0.06, CHCl3); HRMS (ESI*) calculated for CosHa1OsIH [M+H]*
549.2077, found 549.2082.

148



ASignals attributed to the C15,C17 acetonide BSignals attributed to the C21,C23
acetonide

Alcohol 102 and 15,17-syn acetonide 104

The addition reaction was performed according to the general procedure described
above except omitting the addition of MgBr.OEty, using vinyl iodide 97 (42.0 mg, 88.9
umol), tBuLi (97 uL, 185 umol, 1.9 M in pentane), and aldehyde 100 (4.9 mg, 12.7 umol)
to afford the crude product 17b (3.5 mg, 4.74 umol, 37%), a colourless oil as an
inseperable 4 : 1 mixture of diastereomers at C17, alongside with the C10

protodeiodinated material.

The crude product was transformed to the corresponding acetonide 104 according to the
general procedure described above to afford the pure diacetonide as a colourless oil (1.8
mg, 3.28 mmol, 69% over three steps). Owing to competing lithium/iodine exchange at
C10 from the formed vinyllithium species in the previous step, the product acetonide

contains a 1:1 mixture of the C10 protodeiodinated species that was inseparable.

R¢ (EtOAC/PE 40-60: 20%) = 0.87; 'H NMR (500 MHz, CDCls) 511 5.98 (1H, s, H10), 5.55
(1H, d, J = 8.6 Hz, H18), 4.50 (1H, d, J = 8.6 Hz, H17), 4.22-4.19 (1H, m, H13), 4.11
(1H, app d, J = 4.5 Hz, H15), 3.81 (1H, dd, J = 7.0, 2.2 Hz, H21), 3.66 (1H, d, J= 11.6
Hz, H23a), 3.27 (1H, d, J = 11.5 Hz, H23b), 2.73 (1H, dd, J = 13.5, 7.8 Hz, H12a), 2.44
(1H, dd, J = 13.5, 5.8 Hz, H12b), 2.38-2.30 (1H, m, H14a), 2.25 (1H, dd, J = 15.5 Hz, 7.0
Hz, H20a), 1.98-1.93 (1H, m, H20b), 1.88 (3H, d, J = 1.0 Hz, Me11), 1.76 (3H, s, Me19),
1.74-1.66 (1H, m, H14b), 1.49 (3H, s, MeaMesCO(O))A, 1.42 (3H, s, MeaMesCO(O)),
1.42 (3H, s, MeaMesCO(0))B, 1.37 (3H, s, MeaMesCO(O))8, 1.03 (3H, s, Me22a), 0.93
(3H, s, Me16), 0.74 (3H, s, Me22b); *C NMR (125 MHz, CDCls) 5c 145.6, 140.2, 121.3,
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98.58, 97.4A, 78.8, 76.9, 75.3, 74.5, 72.3, 69.7, 46.8, 38.5, 36.9, 32.9, 30.0%, 29.98, 24 4,
21.8,20.6, 19.24, 19.0, 18.88, 18.1; IR (thin film): vmax (cm™) = 2928, 1464, 1377, 1261,

1129, 1098; [a]%’ +17.9 (c 0.08, CHCl3); HRMS (ESI*) calculated for CzsHa1OsIH [M+H]*
549.2077, found 549.2078.

ASignals attributed to the C15,C17 acetonide BSignals attributed to the C21,C23

acetonide

Preparation of Mosher’s ester derivative of 102, S3

Ph

(R)- or (S)-S3

The assigned configuration at C17 was confirmed by forming the diastereomeric MTPA
esters of alcohol 102 described below: DCC (15 uL, 14.9 umol, 1 M in dichloromethane)
was added dropwise to a stirred solution of alcohol 102 (2.75 mg, 3.73 umol), (R) or (S)-
MTPA (3.5 mg, 14.9 umol) and DMAP (one crystal) in dichloromethane (50 pL). The
reaction mixture was stirred at r.t. for 16 h before filtering through a pad of silica The
crude product was dissolved in MeOH (25 uL) and dichloromethane (25 uL) and PPTS
(one crystal) was added. The solution was stirred at r.t. for 24 h before quenching with
NaHCOs; (one drop), dried (MgSOQ.), filtered and the solvent removed under reduced
pressure to afford the (S)-MTPA ester diols [(S)-MTPA-S3, 1.0 mg, 1.30 mmol, 46% over
two steps] or (R)-MTPA ester diols [(R)-MTPA-S3, 1.0 mg, 1.30 mmol, 46% over two

steps] as a colourless oil.
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(S)-MTPA-S3

Rt (EtOAC/PE 40-60: 20%) = 0.25; 'H NMR (500 MHz, CDCl3) 81 5.81 (1H, d, J = 10.0
Hz, H17), 5.79 (1H, s, H10), 5.66 (1H, s, =CH), 5.14 (1H, d, J = 10.0 Hz, H18), 5.04 (1H,
dd, J = 7.0, 5.8 Hz, H15), 4.40 (1H, d, J = 10.8 Hz, H23a), 4.18 (1H, m, H13), 4.01 (1H,
d, J = 10.8 Hz, H23b), 3.48 (1H, m, H21), 2.43 (1H, m, H14a), 2.41 (1H, m, H12a), 2.26
(1H, m, H12b), 2.19 (3H, s, =CMe.Mey), 2.11 (1H, m, H20a), 1.94 (1H, m, H20b), 1.93
(3H, s, =CMe.Me), 1.82 (3H, s, Me11), 1.75 (3H, s, Me19), 1.65 (1H, m, H14b), 1.17
(3H, s, Me16), 0.92 (3H, s, Me22a), 0.88 (3H, s, Me22b)

(R)-MTPA-S3

R¢ (EtOAC/PE 40-60: 20%) = 0.22; 'H NMR (500 MHz, CDCls) 511 5.88 (1H, s, H10), 5.73
(2H, m, =CH, H17), 5.33 (1H, s, H18), 4.95 (1H, dd, J = 7.8, 7.0 Hz, H15), 4.29 (1H, d, J
= 10.4 Hz, H23a), 4.09 (1H, d, J = 10.4 Hz, H23b), 4.09 (1H, m, H13), 2.52 (1H, m,
H12a), 3.50 (1H, m, H21), 2.51 (1H, m, H20a), 2.32 (1H, m, H12b), 2.25 (1H, m, H20b),
2.21 (3H, s, =CMeaMes), 2.13 (1H, m, H14a), 1.98 (3H, s, =CMe.Mey), 1.81 (3H, s,
Me11), 1.76 (3H, s, Me19), 1.14 (3H, s, Me16), 1.10 (1H, m, H14b), 0.92 (3H, s, Me22a),
0.88 (3H, s, Me22b)

Following the Mosher's ester analysis described by Hoye et al.,*” the C17 stereocentre

was assigned as S.

Alcohol 106 and 21-epi-anti acetonide 107

The addition reaction was performed according to the general procedure described
above, using vinyl iodide 105 (42.0 mg, 88.9 umol), tBuLi (97 pL, 185 umol, 1.9 M in
pentane), MgBr.-OEt, (381 uL, 229 umol, 0.6 M solution in Et20), and aldehyde 100 (4.9
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mg, 12.7 umol) to afford the crude product 106 (5.0 mg, 6.78 umol, 53%), a colourless
oil as an inseparable 5:1 mixture of diastereomers at C17, alongside with the C10

protodeiodinated material.

The crude product was transformed to the corresponding acetonide 107 according to the
general procedure described above to afford the pure diacetonide 107 as a colourless oil

(1.8 mg, 3.28 mmol, 48% over three steps)

Rt (EtOAC/PE 40-60: 20%) = 0.83; 'H NMR (500 MHz, CDCl3) 81 5.98 (1H, q, J = 0.8 Hz,
H10), 5.19 (1H, dq, J = 8.6, 1.2 Hz, H18), 4.42 (1H, d, J = 8.6 Hz, H17), 4.22-4.16 (1H,
m, H13), 3.95 (1H, dd, J = 6.9, 1.9 Hz, H15), 3.77 (1H, dd, J = 9.2, 2.4 Hz, H21), 3.62
(1H, d, J = 11.4 Hz, H23a), 3.27 (1H, d, J = 11.4 Hz, H23b), 2.64 (1H, dd, J = 13.8, 7.8
Hz, H12a), 2.49 (1H, dd, J = 13.9, 6.2 Hz, H12b), 2.33 (1H, app dt, J = 14.0, 6.2 Hz,
H14a), 2.21-2.18 (1H, m, H20a), 2.03-1.97 (1H, m, H20b), 1.86 (3H, d, J = 0.9 Hz,
Me11), 1.76 (3H, d, J = 1.0 Hz, Me19), 1.75-1.68 (1H, m, H14b), 1.42 (3H, s,
MeaMesCO(0))8, 1.39 (3H, s, MeaMesCO(O))?, 1.38 (3H, s, MeaMesCO(O))?, 1.35 (3H,
s, MeaMesCO(O))~, 1.07 (3H, s, Me16), 1.02 (3H, s, Me22a), 0.73 (3H, s, Me22b): 13C
NMR (125 MHz, CDCls) 8¢ 145.3, 138.9, 120.7, 100.4%, 98.58, 86.9, 78.2, 76.7, 76.1,
71.9, 71.0, 46.5, 39.4, 36.6, 32.9, 30.9, 29.88, 25.3 24.2, 23.6", 18.88, 18.7, 18.3, 18.1;

IR (thin film): vmax (cm™") = 2928, 2857, 1465, 1377, 1222, 1090, 1021; [0(]30 -22.9 (c
0.05, CHCI3); HRMS (ESI*) calculated for C2sH410sINa [M+Na]* 571.1891, found
571.1885.

ASignals attributed to the C15,C17 acetonide BSignals attributed to the C21,C23

acetonide
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A.2.3. Experimental Procedures for the Preparation of the
Phormidolide A Macrocycle

Svynthesis of PMBM ether 185

To a room temperature, stirred solution of THF 87 (1.07 g, 3.43 mmol, 1.0 eq.) in 1,2-
dichloroethane (20.0 mL) under N2> was added DIPEA (1.80 mL, 10.3 mmol, 3.0 eq.) and
freshly prepared PMBMCI 184 in dichloroethane (14.3 mL) in two washes. The resulting
mixture was heated to 40 °C and stirred for 18 hours until bis-protected by-product
material was observed by TLC analysis. The reaction mixture was diluted with sat.
NH.CI (30 mL) and the phases were separated. The aqueous phase was then washed
with DCM (3 x 30 mL). The organic layers were combined, and washed with brine, dried
with MgSOy, filtered, and concentrated under reduced pressure. The resulting oil was
purified by flash chromatography (gradient of EtOAc:hexanes 1:4 to 1:3 then
EtOAc:hexanes 1:1) to afford PMBM ether 185 as a clear oil (775 mg, 49%, 63% based

on recovered starting material).

H NMR (500 MHz, CDCls) & 7.29 — 7.25 (m, 2H), 6.92 — 6.86 (m, 2H), 5.96 (q, J = 1.1
Hz, 1H), 4.73 (s, 2H), 4.54 (d, J = 11.4 Hz, 1H), 4.51 (d, J = 11.4 Hz, 1H), 4.30 (dq, J =
8.1, 6.5 Hz, 1H), 4.20 (dt, J = 6.3, 4.0 Hz, 1H), 3.81 (s, 3H), 3.46 (d, J = 9.6 Hz, 1H),
3.38 (d, J = 9.7 Hz, 1H), 2.49 (ddd, J = 13.9, 6.3, 1.2 Hz, 1H), 2.31 (ddd, J = 13.9, 6.6,
1.0 Hz, 1H), 1.96 (ddd, J = 13.0, 6.5, 4.0 Hz, 1H), 1.92 — 1.87 (m, 1H), 1.85 (d, J = 1.1
Hz, 3H), 1.77 (d, J = 4.1 Hz, 1H), 1.24 (s, 3H). 3C NMR (126 MHz, CDCls) & 159.45,
144.91, 129.86, 129.66, 114.02, 94.90, 84.50, 77.15, 75.08, 74.64, 74.18, 69.41, 55.44,
46.15, 39.67, 24.74, 17.85. IR (neat): vmax (cm’") = 3439, 2933, 1513, 1248, 1108, 1036,
819, 736. [a]2°= -0.6 (c 0.93 in CH,Cl). HRMS (ESI*) calc. for C1oHz7INaOs [M+Na*
485.0795, found 485.0797.
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Synthesis of ketone 186

To a room temperature, stirred solution of PMBM ether 185 (789 mg, 1.71 mmol, 1.0
eq.) and NaHCO3 (1.43 g, 17.1 mmol, 10 eq.) in DCM (17.1 mL) was added Dess—
Martin periodinane (2.90 mL, 6.83 mmol, 4.0 eq). The resulting mixture was stirred for 1
hour after which complete consumption of the PMBM ether was observed by TLC
analysis. The reaction mixture was diluted with a solution of sat. NaHCO3: sat Na»S,0s:
H20 (1:1:1, 20 mL) and stirred vigorously for 2 hours. The phases were separated, and
the aqueous phase was then washed with DCM (3 x 20 mL). The organic layers were
combined, and washed with brine, dried with MgSOs., filtered, and concentrated under
reduced pressure. The resulting oil was purified by flash chromatography
(EtOAc:hexanes 1:4) to afford ketone 186 as a clear oil (632 mg, 81%).

H NMR (500 MHz, CDCls) 5 7.31 — 7.25 (m, 2H), 6.92 — 6.85 (m, 2H), 6.07 (q, J = 1.2
Hz, 1H), 4.69 (s, 2H), 4.48 (d, J = 11.1 Hz, 1H), 4.45 (d, J = 11.2 Hz, 1H), 4.38 (dq, J =
10.2, 6.1 Hz, 1H), 3.81 (s, 3H), 3.67 (d, J = 10.4 Hz, 1H), 3.55 (d, J = 10.5 Hz, 1H), 2.71
(ddd, J = 14.2, 6.3, 1.2 Hz, 1H), 2.57 (dd, J = 14.2, 6.2 Hz, 1H), 2.53 (dd, J = 17.7, 5.9
Hz, 1H), 2.29 (dd, J = 17.7, 10.3 Hz, 1H), 1.91 (d, J = 1.1 Hz, 3H), 1.17 (s, 3H). *C NMR
(126 MHz, CDCls) 8 215.67, 159.45, 143.95, 129.88, 129.77, 114.01, 94.39, 83.83,
77.98, 71.74, 70.92, 69.04, 55.44, 45.43, 42.83, 24.83, 18.13. IR (neat): Vmax (cm™) =
2935, 1758, 1514, 1248, 1103, 1043, 820. [a]2°= +46.2 (¢ 1.13 in CH.Cl,). HRMS (ESI*)
calc. for C1oH25INaOs [M+Na]* 483.0639, found 483.0636.
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Synthesis of PMBM ether 187

To a cold, -78 °C stirred solution of ketone 186 (300 mg, 0.653 mmol, 1.0 eq.) in

DCM (6.5 mL) was added DIBAL (1.0 M in DCM, 1.63 mL, 1.63 mmol, 2.5 eq). The
resulting mixture was stirred for 1 hour at -78 °C after which complete consumption of
the ketone was observed by TLC analysis. The reaction mixture was diluted with a
saturated solution of Rochelle’s salt (10 mL) and stirred vigorously for 2 hours. The
phases were separated, and the aqueous phase was then washed with DCM (3 x 10
mL). The organic layers were combined, and washed with brine, dried with MgSQa,,
filtered, and concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (gradient of EtOAc:hexanes 1:9 to 1:4) to afford PMBM ether 187 as a
clear oil (277 mg, 92%).

H NMR (500 MHz, CDCl3) & 7.27 (d, J = 8.5 Hz, 2H), 6.92 — 6.86 (m, 2H), 5.97 (q, J =
1.2 Hz, 1H), 4.78 (d, J = 6.5 Hz, 1H), 4.76 (d, J = 6.5 Hz, 1H), 4.55 (s, 2H), 4.15 — 4.09
(m, 2H), 3.81 (s, 3H), 3.74 (d, J = 10.0 Hz, 1H), 3.66 (d, J = 10.0 Hz, 1H), 2.93 (d, J =
6.2 Hz, 1H), 2.59 (dd, J = 13.9, 6.6 Hz, 1H), 2.43 (dd, J = 13.9, 6.4 Hz, 1H), 2.36 (dt, J =
13.2, 6.7 Hz, 1H), 1.86 (d, J = 1.1 Hz, 3H), 1.69 (ddd, J = 12.6, 7.1, 5.1 Hz, 1H), 1.18 (s,
3H). ¥C NMR (151 MHz, CDCl3) & 159.56, 145.15, 129.73, 129.55, 114.09, 95.04,
83.80, 78.79, 76.96, 74.56, 72.21, 69.66, 55.46, 46.35, 40.54, 24.68, 22.80. IR (neat):
Vmax (cm") = 3465, 2970, 1514, 1248, 1104, 1037, 820. [a]3°= -13.6 (¢ 0.71 in CHCly).
HRMS (ESI*) calc. for C1oH27INaOs [M+Na]* 485.0795, found 485.0796.

Svynthesis of TIPS ether 151

S OTIPS

TIPS ether 151 was prepared according to the reported procedure. Data in agreement

with that presented in the literature.'®
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Synthesis of vinyl iodide 152

OTIPS

To a cold, 0 °C stirred solution of TIPS ether 151 (2.97 g, 11.2 mmol, 1.0 eq.) in

hexanes (55.9 mL) was added 9-iodo-9-BBN (1.0 M in hexanes, 16.8 mL, 16.8 mmol, 1.5
eq) dropwise. The resulting mixture was stirred for 4 hours at 0 °C. Glacial acetic acid
(3.21 mL, 55.9 mmol, 5.0 eq) was added and the resulting mixture was stirred for 30
minutes at 0 °C. NaOH (1M in H20O, 7.5 mL), H202 (30% in H20, 15 mL), and NaHCO3
(sat. solution in H20, 50 mL) were added and the resulting mixture was warmed to room
temperature and stirred for 1 hour before the reaction mixture was diluted with Et,O (50
mL). The phases were separated, and the aqueous phase was then washed with Et,O (3
x 50 mL). The organic layers were combined, and washed with a saturated solution of
Na2S203 (100 mL), dried with MgSOs., filtered, and concentrated under reduced
pressure. The resulting oil was purified by flash chromatography (Et.O:hexanes 1:99) to
afford vinyl iodide 152 containing a 10% inseparable protodeiodinated by-product as a
clear oil (2.99 g, 68%).

H NMR (600 MHz, CDCls) & 6.28 (s, 1H), 5.84 (d, J = 1.5 Hz, 1H), 4.34 (dq, J = 8.8, 4.4
Hz, 1H), 2.81 (dd, J = 14.2, 4.8 Hz, 1H), 2.71 (dd, J = 14.2, 8.9 Hz, 1H), 2.61 (dd, J =
16.6, 4.4 Hz, 1H), 2.50 (dd, J = 16.6, 4.0 Hz, 1H), 1.16 — 1.06 (m, 21H). 13C NMR (151
MHz, CDCls) 5 129.86, 117.03, 104.43, 67.31, 51.83, 25.14, 18.18, 12.47. IR (neat): Vmax
(cm™') = 2944, 2867, 2253, 1464, 1110, 1069, 883, 740. [a]2°= +2.5 (c 0.88 in CH,Cly).
HRMS (ESI*) calc. for C1sHa2lN2OSi [M+NHa]* 411.1323, found 411.1325.

Svynthesis of acetal 168

OTIPS OMe
| OMe

To a cold, -78 °C stirred solution of vinyl iodide 152 (3.14 g, 7.98 mmol, 1.0 eq.) in
toluene (40.0 mL) was added DIBAL (0.9 M in CH2Cl», 13.2 mL, 12.0 mmol, 1.5 eq)

dropwise. The resulting mixture was stirred for 1 hour at -78 °C. A solution of citric acid
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(10% in H20, 40 mL) was added, and the mixture was warmed to room temperature and
stirred for 1 hour. The reaction was diluted with Et,O (40 mL), the phases were
separated, and the aqueous phase was then washed with Et.O (3 x 50 mL). The organic
layers were combined and washed with brine, dried with MgSOs, filtered, and
concentrated under reduced pressure to afford the crude aldehyde 153. Due to the
relative instability of the product, the resulting crude material was filtered through a silica

plug, eluting with Et.O, and used without further purification.

To a room temperature stirred solution of crude aldehyde 153 (2.60 g, 7.21 mmol, 1.0
eq.) in methanol (54.1 mL) and trimethoxyorthoformate (18.0 ml) was added KHSO.
(98.2 mg, 0.721 mmol, 0.1 eq). The resulting mixture was stirred for 3 hours at room
temperature. The reaction mixture was then diluted with a saturated solution of NaHCO3
(50 mL) and CHxCI, (100 mL). The phases were separated, and the aqueous phase was
then washed with CH2Cl; (3 x 50 mL). The organic layers were combined, dried with
MgSOQs, filtered, and concentrated under reduced pressure. The resulting oil was purified
by flash chromatography (Et2O:hexanes 1:39) to afford acetal 168 containing a 10%

inseparable protodeiodinated by-product as a clear oil (3.02 g, 85% over two steps).

H NMR (400 MHz, CDCls) 5 6.12 (g, J = 1.3 Hz, 1H), 5.77 (s, 1H), 4.64 (dd, J = 6.7, 4.7
Hz, 1H), 4.22 (ddt, J = 8.2, 7.0, 4.6 Hz, 1H), 3.33 (s, 3H), 3.31 (s, 3H), 2.68 (dd, J = 13.8,
4.7 Hz, 1H), 2.56 (ddd, J = 13.9, 8.3, 1.0 Hz, 1H), 1.91 (ddd, J = 14.1, 6.7, 4.4 Hz, 1H),
1.67 (ddd, J = 14.0, 7.0, 4.7 Hz, 1H), 1.08 (d, J = 6.2 Hz, 22H). *C NMR (101 MHz,
CDCls) & 128.42, 107.02, 101.91, 68.59, 53.48, 53.30, 52.04, 39.04, 18.34, 12.91. IR
(neat): Vmax (cm™) = 2943, 2867, 1465, 1107, 1060, 883, 754. [«]20= -10.1 (¢ 0.85 in
CH,Cl2). HRMS (ESI*) calc. for C17HssINaOsSi [M+Na]* 465.1292, found 465.1300.

Svynthesis of vinyl stannane 169

OTIPS OMe
BuzSn OMe

To a cold, -78 °C stirred solution of acetal 168 (2.99 g, 6.75 mmol, 1.0 eq.) and SnBusCl
(3.70 mL, 13.5 mmol, 2.0 eq) in THF (67.5 mL) was added tBuLi (1.40 M in hexanes,
9.65 mL, 13.5 mmol, 2.0 eq). The resulting mixture was stirred for 1 hour at -78 °C. The
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reaction mixture was then diluted with a saturated solution of NH4CI (50 mL) and Et-O
(50 mL) and warmed to room temperature. The phases were separated, and the
aqueous phase was then washed with Et.O (3 x 50 mL). The organic layers were
combined, dried with MgSOQOs., filtered, and concentrated under reduced pressure. The
resulting oil was purified by flash chromatography on silica pre-washed with a 1%
triethylamine in hexanes solution (gradient of Et2O:hexanes 1:199 to 1:49) to afford vinyl

stannane 169 as a clear oil (2.90 g, 71%, 81% based on recovered starting material).

H NMR (600 MHz, CDCls) 8 5.72 (t, J = 2.3 Hz, 1H), 5.21 (s, 1H), 4.65 (dd, J = 8.0, 3.2
Hz, 1H), 4.06 (td, J = 9.3, 4.5 Hz, 1H), 3.28 (s, 6H), 2.67 — 2.61 (m, 1H), 2.34 (dd, J =
13.6, 10.1 Hz, 1H), 1.89 (ddd, J = 14.0, 8.0, 2.9 Hz, 1H), 1.55 — 1.41 (m, 7H), 1.31 (h, J
= 7.3 Hz, 6H), 1.08 (s, 21H), 0.93 — 0.86 (m, 15H). *C NMR (151 MHz, CDCls) 5 150.90,
128.22, 102.33, 68.86, 53.04, 52.36, 50.23, 39.66, 29.25, 27.63, 18.41, 18.38, 13.83,
13.00, 9.61. IR (neat): vmax (cm™!) = 2928, 1465, 1382, 1106, 1063, 883, 754. [a]2'= -
20.9 (c 1.0 in CH2Cl2). HRMS (ESI*) calc. for CasHs2NaO3SiSn [M+Na]* 629.3353, found
629.3387.

Svynthesis of aldehyde 166

OTIPS
BusSn o

To a cold, 0 °C stirred solution of acetal 169 (3.75 g, 6.19 mmol, 1.0 eq.) and 2,6-lutidine
(4.31 mL, 37.2 mmol, 6.0 eq) in CH2Cl, (61.9 mL) was added trimethylsilyl triflate (4.58
mL, 24.8 mmol, 4.0 eq). The resulting mixture was stirred for 3 hours at 0 °C. The
reaction mixture was then diluted with a saturated solution of NaHCO3 (50 mL) and Et.O
(50 mL) and warmed to room temperature. The phases were separated, and the
aqueous phase was then washed with Et,O (3 x 50 mL). The organic layers were
combined, dried with MgSOs., filtered, and concentrated under reduced pressure. The
resulting oil was purified by flash chromatography on silica pre-washed with a 0.5%
triethylamine in hexanes solution (Et.O:hexanes 1:99) to afford aldehyde 166 as a clear
oil (1.49 g, 43%).
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H NMR (600 MHz, CDCls) 8 9.88 (t, J = 2.6 Hz, 1H), 5.73 (t, J = 2.3 Hz, 1H), 5.26 (d, J
= 3.1 Hz, 1H), 4.42 (ddt, J = 10.5, 6.1, 4.2 Hz, 1H), 2.76 (dd, J = 13.5, 4.2 Hz, 1H), 2.56
(ddd, J = 15.8, 4.3, 2.1 Hz, 1H), 2.51 — 2.41 (m, 2H), 1.55 — 1.39 (m, 7H), 1.31 (h, J =
7.4 Hz, 8H), 1.07 (s, 21H), 0.93 — 0.85 (m, 15H). *C NMR (101 MHz, CDCls) 5 202.57,
150.54, 129.25, 68.47, 50.06, 49.76, 29.25, 27.56, 18.30, 13.78, 12.72, 9.79. IR (neat):
Vmax (CM") = 2927, 1726, 1464, 1102, 1011, 883. [a]2°= -10.1 (c 0.85 in CH2Cl,). HRMS
(ESI*) calc. for Co7Hs70,SiSn [M+H]* 561.3149, found 561.3158.

Svynthesis of phosphonate 125

9\)\/\'01\
EtO/FI) N OMe

OEt

Phosphonate 125 was prepared according to the reported procedure. Data in agreement

with that presented in the literature.'®*

Synthesis of diene 178

OTIPS 0]
Bu3Sn NN OMe

A 1.0M solution of lithium diisopropylamine was prepared. To a cold, 0 °C stirred solution
of diisopropylamine (1.0 mL, 7.0 mmol) in THF (3.08 mL) was added n-BuLi (2.4 M, 2.92
mL, 7.0 mmol). The resulting mixture was stirred for 1 hour at 0 °C and used in the

following reaction.

To a cold, -78 °C stirred solution of phosponate 125 (1.01 g, 4.02 mmol, 1.5 eq.) in
THF:HMPA (1:1, 17.9 mL) was added the prepared LDA solution (4.02 mL, 4.02 mmol,
1.5 eq). The resulting mixture was stirred for 30 minutes at -78 °C. Aldehyde 166 (1.50
g, 2.68 mmol, 1.0 eq) in THF (9.0 mL) was added to the reaction at -78 °C and allowed
to slowly warm to -40 °C over 1 hour. The resulting mixture was then stirred at -40 °C for

1 hour. The reaction mixture was then diluted with a saturated solution of NH4Cl (30 mL)
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and Et,0 (30 mL) and warmed to room temperature. The phases were separated, and
the aqueous phase was then washed with Et,O (3 x 30 mL). The organic layers were
combined, dried with MgSOQOsu, filtered, and concentrated under reduced pressure. The
resulting oil was purified by flash chromatography on silica pre-washed with a 0.5%
triethylamine in hexanes solution (Et2O:hexanes 1:199 to 3:197) to afford diene 178 as a
clear oil (1.57 g, 89%, 3:1 E/Z).

H NMR (500 MHz, CDCls) & 6.26 (dt, J = 14.9, 7.2 Hz, 1H), 6.10 (d, J = 15.3 Hz, 1H),
5.70 (ddd, J = 2.9, 1.9, 0.9 Hz, 1H), 5.67 (s, 1H), 5.25 — 5.19 (m, 1H), 4.02 (ddt, J = 10.1,
5.8, 4.2 Hz, 1H), 3.70 (d, J = 9.2 Hz, 3H), 2.63 — 2.54 (m, 1H), 2.47 — 2.36 (m, 2H), 2.27
(d, J = 1.2 Hz, 3H), 2.26 — 2.17 (m, 1H), 1.52 — 1.38 (m, 6H), 1.31 (h, J = 7.3 Hz, 3H),
1.07 (s, 21H), 0.98 — 0.81 (m, 15H). *C NMR (126 MHz, CDCl3) & 167.90, 153.09,
151.02, 135.90, 134.23, 128.29, 117.35, 71.26, 51.08, 49.67, 39.70, 29.27, 27.60, 18.36,
13.88, 13.81, 12.76, 9.74. IR (neat): Vmax (cm™) = 2927, 2868, 2109, 1722, 1437, 1240,
1156, 1111, 882, 724. [a]3°= -23.2 (c 0.83 in CH.Cl,). HRMS (ESI*) calc. for
CasHes03SiSn [M+H]* 657.3726, found 657.3713.

Svynthesis of ester S4

To a room temperature stirred solution of THF 187 (40.0 mg, 86.5 ymol, 1 eq.) and vinyl
stannane 178 (102 mg, 156 pymol, 1.8 eq) in DMSO (0.9 mL) was added copper (1)
thiophene carboxylate (33.0 mg, 173 umol, 2.0 eq) and tetrakis(triphenylphosphine)-
palladium (20.0 mg, 17.3 ymol, 0.2 eq). The resulting mixture was heated to 60 °C and
stirred for 1 hour. The reaction mixture was then cooled to room temperature and diluted
with a saturated solution of NH4Cl (3 mL) and EtOAc (3 mL). The phases were
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separated, and the aqueous phase was then washed with EtOAc (3 x 5 mL). The
organic layers were combined, dried with MgSOy, filtered, and concentrated under
reduced pressure. The resulting oil was purified by flash chromatography on silica pre-
washed with a 0.5% triethylamine in hexanes solution (gradient of EtOAc:hexanes 1:9 to
1:4) to afford ester S4 as a mixture of E/Z isomers (29.2 mg, 48%, 3:1 C2 E/Z).

H NMR (601 MHz, CDCls)  7.27 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.5 Hz, 2H), 6.27 —
6.21 (m, 1H), 6.10 (d, J = 15.7 Hz, 1H), 5.69 (s, 1H), 5.61 (s, 1H), 5.01 (s, 1H), 4.84 (s,
1H), 4.77 (qd, J = 6.5, 1.6 Hz, 2H), 4.55 (s, 2H), 4.11 (td, J = 6.6, 5.0 Hz, 2H), 3.97 (dq, J
= 9.6, 4.8 Hz, 1H), 3.80 (s, 3H), 3.75 (d, J = 10.1 Hz, 1H), 3.70 (s, 3H), 3.66 (d, J = 10.0
Hz 1H), 2.88 (d, J = 6.7 Hz, 1H), 2.48 (dd, J = 13.4, 5.9 Hz, 1H), 2.44 — 2.38 (m, 1H),
2.38 — 2.32 (m, 2H), 2.27 (d, J = 0.9 Hz, 3H), 2.26 — 2.20 (m, 3H), 1.81 (d, J = 1.0 Hz,
3H), 1.70 (ddd, J = 13.1, 7.7, 5.5 Hz, 1H), 1.20 (s, 3H), 1.05 (s, 21H). 13C NMR (151
MHz, CDCls) 5 167.87, 159.54, 153.05, 142.45, 135.96, 135.89, 134.19, 129.73, 129.60,
128.04, 117.42, 116.10, 114.06, 94.98, 83.36, 79.01, 75.12, 72.22, 71.11, 69.56, 55.44,
51.09, 47.27, 46.00, 40.81, 39.79, 29.86, 22.67, 18.96, 18.32, 12.73. IR (neat): Vmax (cm’
1) = 3476, 2942, 1714, 1612, 1247, 1159, 1040, 884. [a]3°= -11.5 (¢ 0.32 in CH2Cl,).
HRMS (ESI*) calc. for CsoHs:NaOsSi [M+Na]* 723.4263, found 723.4266.

Svynthesis of seco acid 188

To a room temperature stirred solution of ester S4 (37.5 mg, 53.5 ymol, 1 eq.) in MeOH
(0.6 mL) was added barium hydroxide octahydrate (169 mg, 535 ymol, 10.0 eq). The
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resulting mixture was stirred at room temperature for 4 days. The reaction mixture was
then diluted with a saturated solution of NH4ClI (3 mL) and CHCl, (3 mL). The phases
were separated, and the aqueous phase was then washed with CH.Cl, (3 x 5 mL). The
organic layers were combined, dried with MgSOy, filtered, and concentrated under
reduced pressure. The resulting oil was purified by flash chromatography on silica pre-
washed with a 0.5% triethylamine in hexanes solution (gradient of EtOAc:hexanes 3:7 to
1:1 then MeOH:DCM 1:4) to afford seco acid 188 as a mixture of E/Z isomers (26.4 mg,
71%, 3:1 E/Z).

H NMR (601 MHz, CDCls) 5 7.29 — 7.22 (m, 2H, overlap), 6.90 — 6.87 (m, 2H), 6.29 (dt,
J=14.9, 7.2 Hz, 1H), 6.13 (d, J = 15.7 Hz, 1H), 5.72 (s, 1H), 5.61 (s, 1H), 5.02 (s, 1H),
4.85 (s, 1H), 4.78 (d, J = 6.6 Hz, 1H), 4.76 (d, J = 6.6 Hz, 1H), 4.56 (s, 2H), 4.14 — 4.09
(m, 2H), 3.98 (dg, J = 9.4, 4.7 Hz, 1H), 3.80 (s, 3H), 3.75 (d, J = 10.1 Hz, 1H), 3.66 (d, J
= 10.1 Hz, 1H), 2.49 (dd, J = 13.4, 5.8 Hz, 1H), 2.42 (dt, J = 12.2, 5.5 Hz, 1H), 2.39 —
2.32 (m, 2H), 2.28 (s, 3H), 2.27 — 2.20 (m, 3H), 1.81 (d, J = 1.4 Hz, 3H), 1.70 (ddd, J =
13.0, 7.7, 5.5 Hz, 1H), 1.20 (s, 3H), 1.05 (s, 21H). *C NMR (151 MHz, CDCls) 5 169.48
(assigned by HMBC), 159.54, 155.25, 142.40, 135.92, 135.85, 135.15, 129.74, 129.59,
128.04, 116.27, 116.14, 114.07, 94.98, 83.37, 79.02, 77.37, 77.16, 76.95, 75.12, 72.22,
71.12, 69.58, 55.44, 47.27, 45.98, 40.80, 39.81, 22.68, 18.97, 18.32, 14.07, 12.72. IR
(neat): Vmax (cm™) = 2958, 1611, 1380, 1249, 1042, 883. [a]2°= +13.1 (¢ 0.40 in CH,Cl).
HRMS (ESI*) calc. for CsoHesNOsSi [M+NH.J]* 704.4552, found 704.4549.

Svynthesis of macrocycle 189

To a room temperature stirred solution of sodium bicarbonate (621 mg, 7.39 mmol, 200
eq.) and 2-bromo-1-ethylpyridinium tetrafluoroborate (203 mg, 739 umol, 20 eq) in
CH2Cl, (68 mL) was added seco acid seco acid 188 (25.4 mg in 6.0 mL of CH.Cl,, 37.0
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pmol, 1.0 eq) by syringe pump over 48 hours at a flow rate of 2.08 uL/min. After addition,
the reaction was stirred for a further 24 hours. The reaction mixture was then diluted with
a saturated solution of NH4Cl (50 mL) and CH.CI, (50 mL). The phases were separated,
and the aqueous phase was then washed with CH>Cl» (3 x 50 mL). The organic layers
were combined, dried with MgSOy, filtered, and concentrated under reduced pressure.
The resulting oil was purified by flash chromatography (gradient of EtOAc:hexanes 1:19

to 3:7) to afford macrocycle 189 as a mixture of E/Z isomers (17.8 mg, 72%)

H NMR (500 MHz, CDCls) & 7.29 (ddd, J = 8.6, 5.2, 2.9 Hz, 2H), 6.89 (ddd, J = 8.6, 5.1,
2.9 Hz, 2H), 6.09 (d, J = 16.1 Hz, 1H), 5.84 (ddd, J = 15.6, 11.6, 4.2 Hz, 1H), 5.66 (s,
1H), 5.23 (s, 1H), 5.13 (d, J = 11.5 Hz, 1H), 4.89 (t, J = 2.0 Hz, 1H), 4.77 (s, 2H), 4.72 (s,
1H), 4.57 (d, J = 11.4 Hz, 1H), 4.53 (d, J = 11.5 Hz, 1H), 4.49 (ddt, J = 11.5, 8.4, 4.4 Hz,
1H), 4.10 (tdd, J = 10.2, 4.2, 1.8 Hz, 1H), 3.83 (d, J = 9.6 Hz, 1H), 3.81 (s, 3H), 3.65 (d, J
= 9.6 Hz, 1H), 2.81 (dt, J = 12.6, 4.2 Hz, 1H), 2.63 — 2.55 (m, 1H), 2.47 (d, J = 15.6 Hz,
1H), 2.35 — 2.24 (m, 2H), 2.19 — 2.09 (m, 1H), 2.07 (d, J = 1.1 Hz, 3H), 1.82 (dd, J =
15.8, 10.4 Hz, 1H), 1.58 (s, 3H), 1.56 (d, J = 9.4 Hz, 1H), 1.29 (s, 3H), 1.12 — 1.03 (m,
21H). *C NMR (126 MHz, CDCl3) 5 167.71, 159.38, 151.95, 142.37, 133.85, 133.35,
133.06, 132.85, 130.13, 129.66, 118.31, 113.98, 113.05, 94.76, 83.94, 79.35, 76.91,
73.58, 71.37, 68.97, 55.45, 48.41, 45.23, 44.69, 35.03, 24.03, 18.25, 16.99, 13.88,
12.45. IR (neat): Vmax (cm'") = 2941, 1723, 1611, 1514, 1248, 1060. [«]20= +64 (¢ 0.13 in
CH,Cl,). HRMS (ESI*) calc. for CsoHe1O7Si [M+H]* 669.4181, found 669.4185.

Svynthesis of macrocycle 190

To a room temperature stirred solution of macrocycle 189 (7.6 mg, 11 ymol, 1.0 eq.) in
DCE (0.37 mL) was added trimethoxybenzene (0.96 mg in 0.1 mL of DCE, 5.7 ymol, 0.5
eq) and silver hexafluoroantimonate (0.29 mg in 0.1 mL of DCE, 0.85 pymol, 0.075 eq).
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The resulting mixture was heated to 40 °C and stirred for 6 hours after which complete
consumption of the PMBM ether was observed by TLC analysis. The reaction mixture
was filtered through silica by eluting with a solution of EtOAc and hexanes (1:1) and
concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (gradient of EtOAc:hexanes 1:19 to 1:4) to afford macrocycle 189 as a
clear oil (3.4 mg, 57%).

H NMR (500 MHz, CDCls) & 6.14 (d, J = 15.5 Hz, 1H), 5.87 (ddd, J = 15.6, 11.6, 4.3 Hz,
1H), 5.72 (s, 1H), 5.25 (s, 1H), 5.13 (d, J = 4.7 Hz, 1H), 4.91 (s, 1H), 4.73 (s, 1H), 4.50
(ddd, J = 12.7, 8.3, 5.7 Hz, 1H), 4.11 (tdd, J = 10.3, 4.2, 2.2 Hz, 1H), 3.81-3.71 (m, 2H),
3.76 (s, 1H, OH), 2.82 (dt, J = 12.2, 4.2 Hz, 1H), 2.57 (dd, J = 13.3, 5.4z Hz 1H), 2.47 (d,
J=15.5 Hz, 1H), 2.30 (m, 1H, ovip), 2.30 (m, 1H, ovlp), 2.19 — 2.10 (m, 1H), 2.08 (d, J =
1.1 Hz, 3H), 1.83 (dd, J = 15.5, 10.3 Hz, 1H), 1.59 (s, 3H), 1.58 (d, J = 14.3 Hz, 1H,
ovip), 1.26 (s, 3H), 1.16 — 1.04 (m, 28H). *C NMR (151 MHz, CDCl3) & 167.66, 152.49,
142.33,133.77, 133.42, 133.24, 132.87, 118.06, 113.18, 84.61, 79.91, 73.52, 66.82,
48.30, 45.18, 44.65, 35.20, 23.85, 18.25, 17.05, 13.98, 12.42. IR (neat): Vmax (cm'') =
3596, 3439, 2931, 1724, 1463, 1235, 1062, 885, 703. [a]2°= +30 (c 0.15 in CH2Cl,).
HRMS (ESI*) calc. for CaoHs10sSi [M+H]* 519.3504, found 519.3500.

Synthesis of C1-C23 fragment 201

To a room temperature stirred solution of macrocycle 190 (9.3 mg, 18 ymol, 1.0 eq.) in
CH2Cl; (0.9 mL) was added Dess-Martin periodinane (30 mg, 72 ymol, 4.0 eq.). The
resulting mixture was stirred for 3 hours at room temperature after which complete
consumption of the alcohol was observed by TLC analysis. The reaction mixture was
diluted with CH2Cl, (3 mL) and a 1:1:1 solution of sat. NaS,0s:sat. NaHCO3:H>O (3 mL).

This mixture was stirred vigorously for 2 hours. The phases were separated, and the
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aqueous phase was then washed with CH2Cl, (3 x 5 mL). The organic layers were
combined, washed with brine, dried with MgSOs., filtered, and concentrated under
reduced pressure to afford macrocyclic aldehyde 198. Due to the instability of the
product on solid-phase purification media, the material was quickly filtered through a

small Fluorosil plug with Et20 (20 mL) and used in the next step.

A solution of vinyl iodide 199 (14.8 mg, 29 umol, 6 eq.) in dry Et,O (0.20 mL) was cooled
to -78 °C. A solution of tButyl lithium (37 uL, 1.56 in hexanes, 58 umol, 12 eq.) was added
and the resulting mixture stirred at -78 °C for 5 minutes. A prepared solution of MgBr;
(0.26 mL, 0.3 M in 3:1 Et2O:benzene, 77 umol, 16 eq.) was then added and the resulting
mixture was stirred for an additional 15 minutes at -78 °C. Aldehyde 198 (2.5 mg, 4.8 umol,
1.0 eq.) in Et20 (0.4 mL) was then added and the resulting mixture was stirred for 1 hour
at -78 °C. The reaction mixture was then diluted with sat. NH4Cl solution (3 mL), and
CH.CI, (5 mL) and allowed to warm to room temperature. The phases were separated,
and the aqueous phase was then washed with CH>Cl, (3 x5 mL). The organic layers were
combined, washed with brine, dried with MgSO4, filtered, and concentrated under reduced
pressure. The resulting oil was purified by flash chromatography (gradient of
EtOAc:hexanes) to afford C1-C23 fragment 201 as a 5:1 mixture of C2 E/Z isomers as a
clear oil (2.9 mg, 3.2 pmol, 68%).

H NMR (601 MHz, CDCls) & 6.16 (d, J = 15.4 Hz, 1H), 5.87 (ddd, J = 15.7, 11.6, 4.2 Hz,
1H), 5.80 (s, 1H), 5.34 (d, J = 8.8 Hz, 1H), 5.30 (s, 1H), 5.17 (d, J = 4.4 Hz, 1H), 4.91 (s,
1H), 4.73 (s, 1H), 4.69 (dd, J = 9.0, 4.3 Hz, 1H), 4.48 (dt, J = 14.0, 6.1 Hz, 1H), 4.15 —
4.08 (m, 1H), 3.85 (dd, J = 8.0, 2.9 Hz, 1H), 3.37 (d, J = 9.5 Hz, 1H), 3.33 (d, J = 9.5 Hz,
1H), 2.82 (d, J = 12.4 Hz, 1H), 2.63 — 2.57 (m, 1H), 2.50 — 2.45 (m, 1H), 2.37 — 2.27 (m,
4H), 2.19 — 2.14 (m, 1H), 2.09 (s, 3H), 2.08 — 2.04 (m, 1H), 1.88 — 182 (m, 1H), 1.78 (s,
3H), 1.58 (s, 3H), 1.57 (m, 1H), 1.17 (s, 3H), 1.08 (m, 21H), 0.95 (it, J = 6.9, 3.2 Hz,
18H), 0.86 (s, 3H), 0.80 (s, 3H), 0.62-0.55 (m, 12H). *C NMR (151 MHz, CDCl3)
167.74, 152.16, 142.41, 139.03, 133.90, 133.33, 133.18, 132.87, 125.69, 118.45,
113.26, 87.20, 79.90, 77.37, 77.16, 76.95, 76.81, 74.02, 73.73, 70.31, 69.82, 48.42,
45.15, 44.76, 44.35, 40.99, 34.87, 21.03, 20.57, 18.26, 17.16, 17.01, 14.01, 12.46, 7.39,
7.02, 5.72, 4.62. [a]2%= +94 (¢ 0.10 in CH2Cl,). IR (n€at): Vmax (cm™') = 3321, 2917, 1724,
1462, 1237, 1092, 1014, 740. HRMS (ESI*) calc. for CsiHesNaO7Sis [M+Na]* 925.6299,
found 925.6200.

165



A.2.4. Experimental Procedures for the Synthesis of Nucleoside
Analogues

Ketofluorohydrins containing nucleobases or nucleobase analogues were prepared’® or
purchased from WuXi Chemistry. Data for the prepared compounds match the reported

literature data.

Preparation of silyl ether 231

o o Cl
7.

To a cold, 0 °C, stirred solution of alcohol 233 (81 mg, 0.323 mmol, 1.0 eq) in THF (2.58
mL) and CH2Cl, (0.65 mL) under N, was added 2,6-lutidine (0.262 mL, 2.26 mmol, 7.0
eq) followed by TBSOTf (0.26 mL, 1.13 mmol, 3.5 eq). The resulting mixture was
maintained at 0 °C and stirred for an additional 1 hour. The reaction mixture was then
diluted with saturated NH4Cl solution (5 mL) and allowed to warm to room temperature.
The mixture was then diluted with CH2Cly, (5 mL) and the phases were separated. The
aqueous phase was washed with CH>Cl (3 x 10 mL) and the organic phases were
combined and washed with brine, dried over MgSOQ,, filtered, and concentrated under
reduced pressure. The resulting oil was purified by flash chromatography
(EtOAc:hexanes 1:19) to afford silyl ether 231 as a clear oil (114.2 mg, 97%).

H NMR (601 MHz, CDCls) 8 4.33 (dd, J = 3.3, 1.4 Hz, 1H), 4.22 (dd, J = 16.7, 1.5 Hz,
1H), 4.18 (dd, J = 6.8, 4.5 Hz, 1H), 4.13 (dd, J = 6.8, 3.3 Hz, 1H), 3.96 (d, J = 16.7 Hz,
1H), 2.00 (hept, J = 6.6, 4.5 Hz, 1H), 1.47 (s, 3H), 1.45 (s, 3H), 1.05 (d, J = 6.5 Hz, 3H),
0.96 (d, J = 6.6 Hz, 3H), 0.88 (s, 8H), 0.16 (s, 3H), 0.10 (s, 3H). 3C NMR (151 MHz,
CDCls) & 206.96, 101.27, 75.68, 74.25, 71.39, 67.46, 30.61, 26.18, 24.27, 23.55, 21.29,
18.61, 17.16, -3.75, -4.18. IR (neat): Vmax (cm™') = 2961, 2932, 1752, 1379, 1224, 1095,
988, 778, 735 [a]2%= -99.7 (c 1.08 in CH2Cl,). HRMS (ESI*) calc. for C17H33CINaO,Si
[M+Na]* 387.1729, found 387.1739.
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Preparation of aldol 232

To a 0 °C stirred solution of isovaleraldehyde (1.00 ml, 9.11 mmol, 1.5 eq) in DMF (12
mL) was added NaHCOs3 (766 mg, 9.11 mmol, 1.5 eq), L-proline (1.05 g, 9.11 mmol, 1.5
eq), and N-fluorobenzenesulfonimide (2.87 g, 9.11 mmol, 1.5 eq). The resulting mixture
was maintained at 0 °C and stirred for 2 hours until analysis by '"HNMR aliquot indicated
consumption of the aldehyde. A solution of 2,2-dimethyl-1,3-dioxan-5-one (0.73 mL, 6.08
mmol, 1.0 eq) in CH2Cl> (120 mL) was added and the reaction warmed to room
temperature. The resulting mixture was maintained at room temperature and stirred for
18 hours. The mixture was then diluted with a saturated solution of NaHCO3 (100 mL)
and the phases were separated. The aqueous phase was washed with CH.ClI, (3 x 100
mL) and the organic phases were combined and washed with brine, dried over MgSQOa,
filtered, and concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (gradient of acetone:hexanes 1:19 to 3:37) to afford aldol 232 as a clear
oil solid (814.1 mg, 57%).

Data for the prepared compound matches the reported literature data.®®

Svynthesis of aldol 233

o @) Cl

/-

To a room temperature stirred solution of isovaleraldehyde (1.0 mL, 9.1 mmol, 1.0 eq) in
CHCI, (45 mL) was added L-proline (0.84 g, 7.3 mmol, 0.8 eq) and N-chlorosuccinimide
(1.3g, 9.6 mmol, 1.05 eq). The resulting mixture was stirred for 1 hour and 2,2-dimethyl-
1,3-dioxan-5-one (1.15 mL, 9.6 mmol, 1.05 eq) was added. The resulting mixture was
stirred for 24 hours. The mixture was then diluted with sat. NH4Cl (50 mL) and the

phases were separated. The aqueous phase was washed with CH2Cl, (3 x 50 mL) and
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the organic phases were combined and washed with brine, dried over MgSOy, filtered,
and concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (EtOAc:hexanes 7.5:92.5) to afford aldol 233 as a yellow solid (1.32 g,
58%, d.r. 8.0:1).

Data for the prepared compound matches the reported literature data.®®

Svynthesis of aldol 234

PN

®) ©)

/-

To a cold, 0 °C, stirred solution isovaleraldehyde (200 mg, 2.32 mmol, 1.0 eq) in

DMF (4.64 mL) was added L-proline (53.3 mg, 0.46 mmol, 0.2 eq) and 2,2-dimethyl-1,3-
dioxan-5-one (0.833 mL, 6.97 mmol, 3.0 eq). The resulting mixture was maintained at 0
°C and stirred for an additional 120 hours. The reaction mixture was then diluted with
saturated NH4CI (5 mL) and EtOAc (5 mL) and the phases were separated. The aqueous
phase was washed with EtOAc (3 x 5 mL) and the organic phases were combined and
washed with brine, dried over MgSOy, filtered, and concentrated under reduced
pressure. The resulting oil was purified by flash chromatography (gradient of
EtOAc:hexanes 1:9 to 1:4) to afford aldol 234 as a clear oil (356 mg, 71%).

Data for the prepared compound matches the reported literature data.??3

Preparation of diol 235a

To a cold, -78 °C, stirred solution of aldol 232 (97.6 mg, 0.417 mmol, 1.0 eq) in
CH.CI, (6.1 mL) under N2 was added MeMgl (0.69 mL, 3.0 M in diethyl ether, 2.08
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mmol, 5.0 eq) slowly (along interior wall of flask). The resulting mixture was maintained
at -7 °C and stirred for an additional 5 hours. The reaction mixture was then quenched
with a 1:1 mixture of saturated NH4+Cl and MeOH solution (10 mL) and allowed to warm
to room temperature. The mixture was then diluted with CH.Cl,, (10 mL) and the phases
were separated. The aqueous phase was washed with CH2Clz (3 x 10 mL) and the
organic phases were combined and washed with brine, dried over MgSOQy, filtered, and
concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (gradient of EtOAc:hexanes 1:9 to 3:7) to afford diol 235a as a white
solid (62.4 mg, 60%, d.r. 7.8:1).

MP 45-48 °C. 'H NMR (400 MHz, CHCls) & 4.26 (ddd, J = 46.9, 8.8, 1.4, 1H), 3.79
(overlap, d, J = 6.0 Hz, 1H), 3.80 — 3.75 (overlap, m, 1H), 3.73 (d, J = 11.3 Hz, 1H), 3.50
(d, J = 11.3 Hz, 1H), 3.03 (s, 1H), 2.29 (s, 1H), 2.17 — 2.02 (m, 1H), 1.46 (s, 3H), 1.42 (s,
3H), 1.38 (s, 3H), 1.06 (dd, J = 6.6, 1.3 Hz, 3H), 0.95 (dd, J = 6.8, 0.9 Hz, 3H). 1*C NMR
(101 MHz, Chloroform-d) & 99.46, 96.57 (d, J = 173.4 Hz), 72.45 (d, J = 3.8 Hz), 71.22
(d, J = 18.9 Hz), 70.34, 68.20, 28.93, 28.67 (d, J = 20.0 Hz), 20.11, 19.24, 18.65 (d, J =
5.4 Hz), 18.37 (d, J = 8.7 Hz). IR (neat): Vmax (cm™") = 3625, 3399, 2967, 1473, 1382,
1200, 1131, 1044, 864. [a]2°= -23.5 (¢ 1.13 in MeOH). HRMS (ESI*) calc. for
C12H2sFNaO4 [M+Na]* 273.1473, found 273.1482.

Svynthesis of carbonate S5

To a room temperature stirred solution of diol 235a (20 mg, 0.080 mmol, 1.0 eq) in

THF (0.40 mL) was added N,N’-carbonyldiimidazole (26 mg, 0.16 mmol, 2.0 eq). The
resulting mixture was maintained at room temperature and stirred for an additional 18
hours. N,N’-carbonyldiimidazole (26 mg, 0.16 mmol, 2.0 eq) was then added again and
the resulting mixture was maintained at room temperature and stirred for an additional 6

hours. The reaction mixture was then diluted with saturated NH.CI (3 mL) and CH.ClI (3

169



mL). The phases were separated. The aqueous phase was washed with CH.Cl, (3 x 5
mL) and the organic phases were combined and washed with brine, dried over MgSQOa,
filtered, and concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (EtOAc:hexanes 1:9) to afford carbonate S5 as a clear oil (18.8 mg,
85%).

H NMR (400 MHz, CDCls) & 4.38 (ddd, J = 25.4, 10.1, 1.1 Hz, 1H), 4.19 (d, J = 10.4 Hz,
1H), 4.11 (dd, J = 44.9, 9.3 Hz, 1H), 3.90 (d, J = 10.7 Hz, 1H), 3.71 (d, J = 10.7 Hz, 1H),
2.33 (tp, J = 9.7, 6.7 Hz, 1H), 1.59 (s, 2H), 1.53 (s, 3H), 1.45 (s, 3H), 1.09 (d, J = 6.6 Hz,
3H), 0.96 (d, J = 6.8 Hz, 3H). ®C NMR (101 MHz, CDCls) 5 147.08, 101.64, 93.69 (d, J =
183.0 Hz), 76.42 (d, J = 18.4 Hz), 73.09, 68.23, 65.07 (d, J = 6.7 Hz), 29.10, 28.07 (d, J
= 20.3 Hz), 19.02 (d, J = 4.4 Hz), 18.96, 17.97 (d, J = 9.1 Hz), 17.31. IR (neat): Vmax (cm"
1) = 2068, 1765, 1357, 1200, 1086, 848. [a]2%= -29.0 (c 1.0 in CH2Cl,). HRMS (ESI*)
calc. for C13Hz2FOs [M+H]* 277.1446, found 277.1445.

Svynthesis of diol 236a

To a cold, -78 °C, stirred solution of ketone 233 (118 mg, 0.471 mmol, 1.0 eq) in
CH2Cl> (6.8 mL) under N> was added MeMgl (0.94 mL, 3.0 M in diethyl ether, 2.82
mmol, 6.0 eq) slowly (along interior wall of flask). The resulting mixture was maintained
at -78 °C and stirred for an additional 5 hours. The reaction mixture was then quenched
with a 1:1 mixture of saturated NH4Cl and MeOH solution (15 mL) and allowed to warm
to room temperature. The mixture was then diluted with CH.Cl,, (15 mL) and the phases
were separated. The aqueous phase was washed with CH2Cl; (3 x 15 mL) and the
organic phases were combined and washed with brine, dried over MgSOy, filtered, and
concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (gradient of EtOAc:hexanes 1:9 to 3:7) to afford diol 236a as a white
solid (98.2 mg, 78%, d.r. 5.5:1).
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MP: 79-85 °C. 'H NMR (601 MHz, CDCls) & 4.06 (dd, J = 7.6, 1.5 Hz, 1H), 3.93 (td, J =
9.1,1.5Hz, 1H), 3.77 (d, J= 9.1 Hz, 1H), 3.72 (d, J = 11.2 Hz, 1H), 3.48 (d, J = 11.2 Hz,
1H), 3.09 (d, J = 1.6 Hz, 1H), 2.37 (d, J = 9.1 Hz, 1H), 2.10 (dh, J=7.7, 6.6 Hz, 1H),
1.47 —1.45 (m, 3H), 1.42 (d, J = 0.8 Hz, 3H), 1.38 — 1.36 (m, 3H), 1.12 (d, J = 6.6 Hz,
3H), 1.06 (d, J = 6.7 Hz, 3H). 3*C NMR (151 MHz, CHCIl3) 8 99.52, 73.77, 72.19, 71.15,
70.28, 68.07, 32.83, 28.95, 20.58, 20.41, 20.22, 19.17. IR (neat): Vmax (cm™) = 3726,
3420, 2968, 2875, 1381, 1198, 1157, 1045, 944, 866. [a]3°= -26.2 (¢ 0.96 in CH.Cl,).
HRMS (ESI*) calc. for C12H23CINaO4 [M+Na]* 289.1177, found 289.1180.

Svynthesis of THF S6

HO/\EEO)_<

HO 3
OH

A solution of diol 236a (20 mg, 0.075 mmol, 1.0 eq) in MeOH (2.5 mL) was heated to
120 °C in a sealed tube in a microwave, reaching a pressure of 20 PSI. The reaction
was maintained at 120 °C for 2 hours. The reaction mixture was then cooled and
concentrated under reduced pressure. The resulting oil was purified by flash

chromatography (EtOAc:hexanes 4:1) to afford diol S6 as a clear oil (13.6 mg, 98%).

H NMR (601 MHz, CHCls) & 4.04 (dd, J = 6.6, 1.3 Hz, 1H), 3.93 (dd, J = 6.7, 5.2 Hz,
1H), 3.59 (dd, J = 6.5, 5.2 Hz, 1H), 3.52 (d, J = 11.5 Hz, 1H), 3.46 (d, J = 11.5 Hz, 1H),
1.82 —1.73 (m, J = 6.8 Hz, 1H), 1.18 (s, 3H), 0.97 (d, J = 6.8 Hz, 6H). 3C NMR (151
MHz, CHCls) 5 87.40, 83.38, 73.26, 72.12, 67.53, 31.37, 18.60, 18.43, 16.84. IR (neat):
Vmax (cm™) = 3390, 2934, 1466, 1271, 1098, 962, 874, 737. [a]2°= -8.7 (¢ 1.2 in CHCl,).
HRMS (ESI*) calc. for CoH19O4 [M+H]* 191.1278, found 191.1280.
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Synthesis of diol 273a

06
/-

To a cold, -78 °C, stirred solution of aldol 234 (50 mg, 0.23 mmol, 1.0 eq) in CHxCl, (7.7
mL) under N2 was added MeMgl (0.39 mL, 3.0 M in diethyl ether, 1.20 mmol, 5.0 eq)
slowly (along interior wall of flask). The resulting mixture was maintained at -78 °C and
stirred for an additional 5 hours. The reaction mixture was then quenched with a 2:1
mixture of saturated NH4Cl and MeOH solution (10 mL) and allowed to warm to room
temperature. The mixture was then diluted with CH2Cl», (10 mL) and the phases were
separated. The aqueous phase was washed with CH2Cl, (3 x 10 mL) and the organic
phases were combined and washed with brine, dried over MgSQs, filtered, and
concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (gradient of EtOAc:hexanes 1:19 to 3:7) to afford diol 237a as a clear
oil (31.4 mg, 58%, d.r. 1.8:1).

H NMR (400 MHz, CDCls) & 3.79 (tdd, J = 9.4, 4.0, 2.4 Hz, 1H), 3.68 (d, J = 11.2 Hz,
1H), 3.54 (s, 1H), 3.46 (d, J = 11.2 Hz, 1H), 3.42 (d, J = 9.0 Hz, 1H), 2.13 (d, J = 4.2 Hz,
1H), 1.83 — 1.72 (m, 1H), 1.59 (ddd, J = 14.2, 10.1, 2.5 Hz, 1H), 1.43 (s, 3H), 1.40 (s,
3H), 1.36 (s, 3H), 1.29 (ddd, J = 14.1, 9.7, 4.4 Hz, 1H), 0.97 (d, J = 6.6 Hz, 3H), 0.93 (d,
J = 6.5 Hz, 3H). *C NMR (151 MHz, CDCls) § 99.17, 77.01, 71.21, 70.35, 68.47, 43.86,
29.00, 24.13, 24.03, 21.75, 20.30, 19.17. IR (neat): vmax (cm™) = 3381, 2956, 2872,
1381, 1199, 1157, 1044, 867. [a]2°= -23.3 (¢ 1.0 in CH.Cl,). HRMS (ESI*) calc. for
C12Has04 [M+H]* 233.1747, found 233.1749.
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Svynthesis of carbonate S7

To a room temperature stirred solution of diol 237a (18.1 mg, 0.078 mmol, 1.0 eq) in
THF (0.39 mL) was added N,N’-carbonyldiimidazole (50.5 mg, 0.31 mmol, 4.0 eq). The
resulting mixture was maintained at room temperature and stirred for an additional 24
hours. The reaction mixture was then diluted with saturated NH.CI (3 mL) and CH.Cl (3
mL). The phases were separated. The aqueous phase was washed with CH.Cl, (3 x 5
mL) and the organic phases were combined and washed with brine, dried over MgSQOs.,
filtered, and concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (EtOAc:hexanes 1:19) to afford carbonate S7 as a clear oil (14.8 mg,
74%).

H NMR (500 MHz, CDCls) & 4.37 (dt, J = 9.9, 6.2 Hz, 1H), 3.84 (d, J = 10.7 Hz, 1H),
3.69 (d, J = 7.9 Hz, 1H), 3.67 (d, J = 8.9 Hz, 1H), 1.98 (dh, J = 13.6, 6.8 Hz, 1H), 1.58 (s,
3H), 1.55 (dd, J = 7.8, 5.5 Hz, 2H), 1.50 (s, 3H), 1.44 (s, 3H), 0.97 (d, J = 6.8 Hz, 3H),
0.95 (d, J = 6.7 Hz, 3H). *C NMR (126 MHz, CDCls) 5 147.63, 101.32, 77.47, 73.36,
70.68, 68.18, 42.00, 29.15, 23.78, 23.55, 21.73, 18.96, 17.71. IR (neat): Vmax (cm™") =
2958, 1763, 1386, 1199, 1104, 1075, 856, 732. [«]20= -29.1 (c 1.0 in CH2Cl,). HRMS
(ESI*) calc. for C13H230s [M+H]* 259.1540, found 259.1541.

Svynthesis of alcohol 238

OH OTBS

0] ©) Cl

/-

To a cold, -78 °C, stirred solution of ketone 231 (60.6 mg, 0.116 mmol, 1.0 eq) in
CH.CI, (5.5 mL) under N2 was added MeMgl (0.33 mL, 3.0 M in diethyl ether, 0.99
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mmol, 6.0 eq) slowly (along interior wall of flask). The resulting mixture was maintained
at -78 °C and stirred for an additional 8 hours. The reaction mixture was then quenched
with a 1:1 mixture of saturated NH4+Cl and MeOH solution (10 mL) and allowed to warm
to room temperature. The mixture was then diluted with CH.Cl,, (10 mL) and the phases
were separated. The aqueous phase was washed with CH>Cl, (3 x 10 mL) and the
organic phases were combined and washed with brine, dried over MgSOQy, filtered, and
concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (gradient of EtOAc:hexanes 1:39 to 1:9) to afford alcohol 231 as a clear
oil (33.5 mg, 53%).

H NMR (500 MHz, CDCls) & 4.13 (dd, J = 6.2, 3.9 Hz, 1H), 4.08 (t, J = 6.0 Hz, 1H), 4.05
(s, 1H), 3.76 (d, J = 3.9 Hz, 1H), 3.55 (d, J = 11.7 Hz, 1H), 3.48 (d, J = 11.7 Hz, 1H),
2.11 (dg, J = 12.9, 6.5 Hz, 1H), 1.43 (s, 3H), 1.40 (s, 3H), 1.20 (s, 3H), 1.05 (d, J = 6.6
Hz, 3H), 1.01 (d, J = 6.5 Hz, 3H), 0.94 (s, 9H), 0.22 (s, 3H), 0.18 (s, 3H). 13C NMR (151
MHz, CDCls) 5 99.51, 77.00, 74.12, 71.19, 70.70, 69.45, 30.87, 28.24, 26.39, 23.19,
21.30, 19.69, 18.80, 17.93, -2.87, -3.72. IR (neat): Vmax (cm™') = 3471, 1383, 1254, 1108,
1072, 857, 777. [a]2°= +14.3 (¢ 1.0 in CH,Cl,). HRMS (ESI*) calc. for C1sH3Cl104Si
[M+H]* 381.2222, found 381.2225.

Alcohol 231 was deprotected with according to the following procedure:

To a cold, 0 °C, stirred solution of alcohol 231 (12.5 mg, 34.0 ymol, 1.0 eq.) in THF (0.34
mL) was added TBAF (51 uL, 51.4 ymol, 1.5 eq). The resulting mixture was maintained
at 0 °C and stirred for 30 minutes. The mixture was then diluted with CH2Cl> (3 mL) and
a saturated solution of NH4Cl (3 mL) and the phases were separated. The aqueous
phase was washed with CH.Cl, (3 x 5 mL) and the organic phases were combined and
washed with brine, dried over MgSOQOy, filtered, and concentrated under reduced

pressure.

Data for the prepared compound matches the data for the minor diastereomer from the

preparation of diol 236a.
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Synthesis of diol 240

oy
7

To a cold, -78 °C, stirred solution of ketone 239 (15 mg, 0.047 mmol, 1.0 eq) in
CH.CI, (3.2 mL) under N2 was added MeMgl (80 uL, 3.0 M in diethyl ether, 0.24 mmol,

5.0 eq) slowly (along interior wall of flask). The resulting mixture was maintained at -78

0
HO_ Me OH %\f
* N A
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F

°C and stirred for an additional 5 hours. The reaction mixture was then quenched with a
1:1 mixture of saturated NH4Cl and MeOH solution (5 mL) and allowed to warm to room
temperature. The mixture was then diluted with CHCl», (5 mL) and the phases were
separated. The aqueous phase was washed with CH2Cl; (3 x 5 mL) and the organic
phases were combined and washed with brine, dried over MgSO., filtered, and
concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (gradient of EtOAc:hexanes 1:1 to 4:1) to afford diol 240 as a white
solid (9.6 mg, 61%, d.r. 6.0:1).

MP 151-156 °C. "H NMR (500 MHz, MeCN-ds) & 7.45 (q, J = 1.3 Hz, 1H), 6.38 (dd, J =
43.8, 3.8 Hz, 1H), 3.96 (ddd, J = 19.6, 9.4, 3.8 Hz, 1H), 3.80 (d, J = 9.4 Hz, 1H), 3.68 (d,
J=11.2 Hz, 1H), 3.39 (d, J = 11.2 Hz, 1H), 2.17 (s, 2H), 1.84 (d, J = 1.3 Hz, 3H), 1.39
(s, 3H), 1.32 (s, 3H), 1.25 (s, 3H). 13C NMR (126 MHz, MeCN-ds) 5 164.31, 151.03,
137.59 (d, J = 3.0 Hz), 111.01, 100.02, 93.49 (d, J = 206.8 Hz), 73.29 (d, J = 3.4 Hz),
72.22 (d, J = 24.1 Hz), 70.62, 68.37, 28.92, 19.69, 18.98, 12.35. IR (neat): Vmax (cm™) =
3247, 2994, 1772, 1667, 1380, 1278, 1087, 1049, 861, 734. [a]3°= -44.4 (¢ 1.0 in
MeOH). HRMS (ESI*) calc. for C14HzoFN,Og [M+H]* 333.1462, found 333.1449.
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Synthesis of diol 241

oy
7

To a cold, -78 °C, stirred solution of ketone 239 (150 mg, 0.474 mmol, 1.0 eq) in
CH.CI, (15.8 mL) under N2 was added EtMgl (0.79 mL, 3.0 M in diethyl ether, 2.37

mmol, 5.0 eq) slowly (along interior wall of flask). The resulting mixture was maintained

o}
HO Et OH %\f
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at -78 °C and stirred for an additional 5 hours. The reaction mixture was then quenched
with a 1:1 mixture of saturated NH4+Cl and MeOH solution (20 mL) and allowed to warm
to room temperature. The mixture was then diluted with CH.Cl,, (20 mL) and the phases
were separated. The aqueous phase was washed with CH2Cl; (3 x 20 mL) and the
organic phases were combined and washed with brine, dried over MgSOy, filtered, and
concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (EtOAc:hexanes 2:3) to afford diol 241 as a white solid (52 mg, 54%,
2.5:1).

MP: 176-180 °C. 'H NMR (500 MHz, MeCN-d3) & 9.01 (s, 1H), 7.42 (s, 1H), 6.36 (dd, J =
43.8, 3.9 Hz, 1H), 4.36 (d, J = 4.6 Hz, 1H), 4.07 — 3.97 (m, 1H), 3.85 (d, J = 9.6 Hz, 1H),
3.67 (d, J=11.7 Hz, 1H), 3.50 (dd, J = 11.7, 1.3 Hz, 1H), 3.35 (s, 1H), 1.96 (ovip,
assigned via COSY spectrum, 1H), 1.83 (d, J = 1.3 Hz, 3H), 1.52 (dt, J = 14.1, 7.5 Hz,
1H), 1.39 (s, 3H), 1.23 (s, 3H), 0.94 (t, J = 7.5 Hz, 3H). 3C NMR (126 MHz, MeCN-d3) &
164.35, 151.03, 137.58, 111.03, 100.07, 93.79 (d, J = 207.0 Hz), 74.17 (d, J = 3.4 Hz),
71.55 (d, J = 24.1 Hz), 70.09, 65.73, 28.75, 23.84, 19.17, 12.35, 6.97. IR (neat): Vmax
(cm™) = 3452, 3365, 2994, 1692, 1666, 1377, 1280, 1085, 861, 741. [a]3°=-37.0 (¢ 1.0
in CH.Clz). HRMS (ESI*) calc. for C1sH24FN2Og [M+H]* 347.1613, found 347.1617.
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Synthesis of diol 242

N
\\\ o
HM/

N NH
O
7.

O
To a cold, -78 °C, stirred solution of MeCN (0.33 mL, 6.35 mmol, 4.0 eq) in THF (19.9
mL) under N2 was added n-BuLi (2.76 mL, 2.3M in hexanes, 6.35 mmol, 4.0 eq). The

resulting mixture was maintained at -78 °C and stirred for 30 min. A prepared solution of

o F

Mgl2 (10.6 mL, 0.6M, 6.35 mmol) was added and the resulting mixture was maintained at
-78 °C and stirred for an additional 1 hour. A solution of 239 (500 mg, 1.59 mmol, 1.0 eq)
in CH2Cl> (60 mL) was added and the resulting mixture was maintained at -78 °C and
stirred for an additional 5 hours. The reaction mixture was then quenched with a 1:1
mixture of saturated NHsCl and MeOH solution (120 mL) and allowed to warm to room
temperature. The mixture was then diluted with CH2Cl,, (100 mL) and the phases were
separated. The aqueous phase was washed with CH>Cl; (3 x 200 mL) and the organic
phases were combined and washed with brine, dried over MgSOQO., filtered, and
concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (EtOAc:hexanes 2:3) to afford diol 242 as a white solid (198.3 mg, 35%,
d.r. 1.8:1).

H NMR (500 MHz, MeCN-d5) & 9.19 (s, 1H), 7.33 (s, 1H), 6.32 (dd, J = 43.8, 4.3 Hz,
1H), 4.76 (s, 1H), 4.18 (s, 1H), 4.02 — 3.93 (m, 1H), 3.95 (d, J = 1.8 Hz, 1H), 3.73 (s,
2H), 3.08 (d, J = 16.9 Hz, 1H), 2.72 (d, J = 16.9 Hz, 1H), 1.84 (d, J = 1.3 Hz, 3H), 1.40
(s, 3H), 1.26 (s, 3H). 13C NMR (126 MHz, MeCN-ds) & 164.24, 150.98, 137.31 (d, J = 3.1
Hz), 118.48, 111.30, 100.67, 94.15 (d, J = 207.1 Hz), 72.91 (d, J = 4.6 Hz), 71.60 (d, J =
25.3 Hz), 68.28, 67.27, 28.77, 22.95, 18.75, 12.31. IR (neat): vmax (cm™!) = 3432, 1707,
1690, 1662, 1380, 1266, 1201, 1044, 860, 742. [a]2°= -60.4, (c 0.74 in CH.Cl,). HRMS
(ESI*) calc. for C1sHa1FN3Os [M+H]* 358.1414, found 358.1410.
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Synthesis of diol 243
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To a cold, -78 °C, stirred solution of iodouracil ketofluorohydrin™ (214 mg, 0.50 mmol,
1.0 eq) in CH2Cl» (16 mL) under N2 was added methylmagnesium iodide (0.83 mL, 3.0
M, 2.5 mmol, 5.0 eq) slowly and the resulting mixture was maintained at -78 °C and
stirred for an additional 5 hours. The reaction mixture was then quenched with a solution
of saturated NH4Cl (20 mL) and allowed to warm to room temperature and the phases
were separated. The aqueous phase was washed with CH2CI2 (3 x 20 mL) and the
organic phases were combined and washed with brine, dried over MgS04, filtered, and
concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (EtOAc:hexanes) to afford diol 243 as a white solid (103 mg, 46%, d.r.
6.2:1).

"H NMR (500 MHz, DMSO-d6) & 11.87 (s, 1H), 8.16 (s, 1H), 6.27 (dd, J = 44.0, 4.3 Hz,
1H), 5.98 (d, J= 5.7 Hz, 1H), 4.72 (s, 1H), 4.06-4.01 (m, 1H), 3.70 (d, J = 9.2 Hz, 1H),
3.59 (d, J = 11.2 Hz, 1H), 3.32-3.29 (m, 1H), 1.31 (s, 3H), 1.19 (s, 3H). *C NMR (500
MHz, DMSO-d6) & 160.29, 149.76, 145.82, 100.57, 98.38, 93.32 (d, J = 207.5 Hz),
72.57,69.95 (d, J = 23.8 Hz), 69.64, 66.66, 28.46, 18.57. UPLC/MS calc. for
C13H16D3FIN206 [M+H]+ 448, found 448.

Svynthesis of diol 244
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To a cold, -78 °C, stirred solution of pyrazole ketofluorohydrin™ (35 mg, 0.14 mmol, 1.0
eq) in CHxCl, (4.5 mL) under N2 was added methylmagnesium iodide (0.18 mL, 3.0 M in
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ethyl ether, 0.54 mmol, 4.0 eq) slowly (along interior wall of flask). The resulting mixture
was maintained at -78 °C and stirred for an additional 5 hours. The reaction mixture was
then quenched with a 1:1 mixture of saturated NH4+Cl and MeOH solution (5 mL) and
allowed to warm to room temperature. The mixture was then diluted with CH2Clz, (5 mL)
and the phases were separated. The aqueous phase was washed with CH2CI, (3 x 5
mL) and the organic phases were combined and washed with brine, dried over MgSQOs.,
filtered, and concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (gradient of EtOAc:hexanes 1:4 to 2:3) to afford diol 244 as a white
solid (15.1 mg, 51%, d.r. 5:1).

MP: 92-98 °C. 'H NMR (500 MHz, CDCls) 5 7.67 (d, J = 2.6 Hz, 1H), 7.65 (d, J = 1.9 Hz,
1H), 6.39 (t, J = 2.2 Hz, 1H), 6.14 (d, J = 51.9 Hz, 1H), 4.26 (dd, J = 22.6, 9.5 Hz, 1H),
4.06 (dd, J = 9.5, 1.1 Hz, 1H), 3.80 (d, J = 11.3 Hz, 1H), 3.54 (d, J = 11.3 Hz, 1H), 1.53
(s, 3H), 1.43 (s, 3H), 1.41 (s, 3H). 13C NMR (126 MHz, CDCls) 5 141.56 (d, J = 1.9 Hz),
132.05, 107.12, 99.44, 92.13 (d, J = 212.2 Hz), 73.52 (d, J = 21.6 Hz), 72.06, 70.10,
67.19, 29.07, 19.98, 19.24. IR (neat): Vmax (cm'!) = 3362, 2994, 2369, 1380, 1196, 1045,
865, 762. [a]20= -17.9 (c 1.0 in MeOH). HRMS (ESI*) calc. for C1oH1oFN204 [M+H]*
275.1402, found 275.1414.

Synthesis of diol 245
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To a cold, -78 °C, stirred solution of pyrazole ketofluorohydrin™ (30.2 mg, 0.117 mmol,
1.0 eq) in CH2Cl> (3.9 mL) under N2 was added ethylmagnesium iodide (0.53 mL, 1.1 M
in ethyl ether, 0.585 mmol, 5.0 eq) slowly (along interior wall of flask). The resulting
mixture was maintained at -78 °C and stirred for an additional 2.5 hours. After this time,
further ethylmagnesium iodide (0.27 mL, 1.1 M in ethyl ether, 0.292 mmol, 2.5 eq) was
added resulting mixture was maintained at -78 °C and stirred for an additional 2.5 hours.
The reaction mixture was then quenched with a 1:1 mixture of saturated NH4Cl and

MeOH solution (5 mL) and allowed to warm to room temperature. The mixture was then
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diluted with CH.Cl,, (5 mL) and the phases were separated. The aqueous phase was
washed with CH2Cl, (3 x 5 mL) and the organic phases were combined and washed with
brine, dried over MgSOQy, filtered, and concentrated under reduced pressure. The
resulting oil was purified by flash chromatography (gradient of EtOAc:hexanes 1:9 to 2:3)
to afford diol 245 as a clear viscous oil (17.4 mg, 52%, d.r. 4:1).

H NMR (500 MHz, CDCls) & 7.67 (d, J = 2.5 Hz, 1H), 7.65 (d, J = 1.7 Hz, 1H), 6.39 (t, J
= 2.2 Hz, 1H), 6.13 (d, J = 52.0 Hz, 1H), 5.95 (s, 1H), 4.32 (dd, J = 22.6, 9.7 Hz, 1H),
4.11(d, J = 9.7 Hz, 1H), 3.80 (d, J = 11.7 Hz, 1H), 3.62 (dd, J = 11.6, 1.3 Hz, 1H), 3.41
(s, 1H), 2.01 (dg, J = 14.8, 7.5 Hz, 1H), 1.64 (dq, J = 14.6, 7.4 Hz, 1H), 1.54 (s, 3H), 1.40
(s, 3H), 1.02 (t, J = 7.4 Hz, 3H). *C NMR (126 MHz, CDCls) & 141.55, 132.05, 107.11,
99.47,92.24 (d, J = 212.2 Hz), 72.92 (d, J = 21.5 Hz), 72.74, 68.81, 65.18, 28.97, 23.38,
19.41, 6.87. IR (neat): vmax (cm™) = 3409, 2918, 2369, 1380, 1198, 1136, 1046, 821,
761. [a]2°= -26.5 (c 0.6 in CH2Clo). HRMS (ESI*) calc. for C13Ha1FN2O4 [M+H]*
289.1556, found 289.1558.

Svynthesis of carbonate S8
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To a room temperature stirred solution of diol 235 (7.8 mg, 27 ymol, 1.0 eq) in THF (0.14
mL) was added N,N’-carbonyldiimidazole (18 mg, 0.11 mmol, 4.0 eq). The resulting
mixture was maintained at room temperature and stirred for 18 hours. N,N’-
carbonyldiimidazole (18 mg, 0.11 mmol, 4.0 eq) was then added again and the resulting
mixture was maintained at room temperature and stirred for an additional 24 hours. The
reaction mixture was then diluted with saturated NH4ClI (3 mL) and CH2Cl> (3 mL). The
phases were separated. The aqueous phase was washed with CH,Cl, (3 x 5 mL) and
the organic phases were combined and washed with brine, dried over MgSOy, filtered,

and concentrated under reduced pressure. The resulting oil was purified by flash
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chromatography (gradient of EtOAc:hexanes 1:19 to 1:4) to afford carbonate S8 as a
clear oil (4.0 mg, 47%).

H NMR (500 MHz, CDCls) 5 7.98 (d, J = 2.6 Hz, 1H), 7.62 (d, J = 1.7 Hz, 1H), 6.42 (t, J
= 2.2 Hz, 1H), 6.40 (dd, J = 45.7, 1.5 Hz, 1H), 4.75 (ddd, J = 18.7, 10.4, 1.7 Hz, 1H),
4.29 (d, J=10.3 Hz, 1H), 4.01 (d, J = 11.1 Hz, 1H), 3.77 (dd, J = 11.1, 1.7 Hz, 1H), 2.26
(dq, J = 15.2, 7.6 Hz, 1H), 1.69 (dqd, J = 14.7, 7.4, 1.7 Hz, 1H), 1.54 (s, 4H), 1.42 (s,
3H), 1.08 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, CDCls) & 145.83, 141.03 (d, J = 2.2
Hz), 129.89, 108.52, 101.85, 94.05 (d, J = 211.8 Hz), 76.74 (d, J = 23.6 Hz), 75.11,
66.60, 63.49, 28.88, 21.28, 18.88, 6.49. IR (neat): vmax (cm'!) = 2986, 1779, 1389, 1205,
1106, 1053, 819, 759. [a]2°= -63 (¢ 0.26 in CH,Cl2). HRMS (ESI*) calc. for C1sH20FN2Os
[M+H]*315.1351, found 315.1349.

Synthesis of diol 246

To a cold, -78 °C, stirred solution of chloroiododeazadenine ketofluorohydrin (20.0 mg,
0.043 mmol, 1.0 eq) in CH2Cl2 (1.42 mL) under N> was added methylmagnesium iodide
(0.57 mL, 3.0 M in ethyl ether, 0.17 mmol, 4.0 eq) slowly (along interior wall of flask).
The resulting mixture was maintained at -78 °C and stirred for an additional 3 hours. The
reaction mixture was then quenched with a 1:1 mixture of saturated NH4Cl and MeOH
solution (1.5 mL) and allowed to warm to room temperature. The mixture was then
diluted with CH2Cl., (1.5 mL) and the phases were separated. The aqueous phase was
washed with CH2Cl; (3 x 2 mL) and the organic phases were combined and washed with
brine, dried over MgSOQy, filtered, and concentrated under reduced pressure. The
resulting oil was purified by flash chromatography (EtOAc:hexanes 3:7) to afford diol
246 as a white solid (16.1 mg, 78%, d.r. 15:1).

MP: 100-105 °C. 'H NMR (600 MHz, CDCls) & 8.70 (s, 1H), 7.75 (s, 1H), 6.46 (d, J =
49.0 Hz, 1H), 6.18 (s, 1H), 4.19 (dd, J = 19.3, 9.5 Hz, 1H), 4.02 (d, J = 9.5 Hz, 1H), 3.80
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(d, J = 11.3 Hz, 1H), 3.54 (d, J = 11.3 Hz, 1H), 3.40 (s, 1H), 1.49 (s, 3H), 1.44 (s, 3H),
1.38 (s, 3H). *C NMR (151 MHz, CDCls) 5 154.21, 150.86, 135.81, 118.30, 99.73, 92.38
(d, J = 213.0 Hz), 72.47, 72.17 (d, J = 21.4 Hz), 70.12, 67.77, 54.17, 28.97, 19.87,
19.18. IR (neat): vmax (cm™") = 3285.37, 2958.78, 2928.80, 2859.70, 1721.39, 1461.74,
1268.34, 1117.46, 730.97. [a]2°= +17 (c 0.7 in CHCl3). HRMS (ESI*) calc. for [M+H]*
486.0087 m/z, found 486.0068 m/z.

Svynthesis of diol 247

To a cold, -78 °C, stirred solution of chloroiododeazadenine ketofluorohydrin’ (34.8 mg,
74.1 ymol, 1.0 eq) in CH2Cl; (3.7 mL) under N2> was added ethylmagnesium iodide
(0.257 mL, 1.44 M in ethyl ether, 0.37 mmol, 5.0 eq) slowly (along interior wall of flask).
The resulting mixture was maintained at -78 °C and stirred for an additional 5 hours. The
reaction mixture was then quenched with a 1:1 mixture of saturated NH4Cl and MeOH
solution (5 mL) and allowed to warm to room temperature. The mixture was then diluted
with CH2Clz, (10 mL) and the phases were separated. The aqueous phase was washed
with CH2Cl2 (3 x 10 mL) and the organic phases were combined and washed with brine,
dried over MgSO,, filtered, and concentrated under reduced pressure. The resulting oil
was purified by flash chromatography (EtOAc:hexanes 1:9) to afford diol 247 as a white
solid (22.8 mg, 61%, d.r. 2.6:1).

MP: 136-143 °C. TH NMR (600 MHz, MeCN-d5) & 8.64 (s, 1H), 8.20 (s, 1H), 6.94 (dd, J =
45.1,2.5 Hz, 1H), 4.88 (d, J = 4.3 Hz, 1H), 4.59 — 4.47 (m, 1H), 3.57 (d, J = 11.7 Hz,
1H), 3.26 (dd, J = 11.7, 1.3 Hz, 1H), 3.24 (s, 1H), 3.19 (d, J = 9.7 Hz, 1H), 1.99 (overlap,
dq, J = 14.3, 7.5 Hz, 1H), 1.58 (dq, J = 14.6, 7.5 Hz, 1H), 1.22 (s, 3H), 0.94 (t, J= 7.5
Hz, 3H), 0.71 (s, 3H). 3C NMR (151 MHz, MeCN-ds) 5 153.32, 152.62, 152.15, 135.38
(d, J = 1.9 Hz), 117.64, 99.85, 91.46 (d, J = 202.7 Hz), 74.68 (d, J = 5.7 Hz), 71.60 (d, J
= 25.0 Hz), 69.66, 65.49, 54.55, 28.69, 24.08, 18.61, 6.97. IR (neat): Vmax (cm™) = 3369,
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2369, 1579, 1444, 1259, 1091, 865, 721. [a]3°= -13.8 (¢ 1.0 in MeOH). HRMS (ESI*)
calc. for C16H21CIFIN3O4 [M+H]* 500.0249, found 500.0220.

Svynthesis of carbonate S9

To a room temperature stirred solution of diol 247 (4.0 mg, 8.0 umol, 1.0 eq) in

THF (0.16 mL) was added N,N’-carbonyldiimidazole (13 mg, 80 umol, 10.0 eq) and the
resulting mixture was maintained at room temperature and stirred for 24 hours. The
reaction mixture was then diluted with saturated NH4Cl (3 mL) and CH2ClI2 (3 mL). The
phases were separated. The aqueous phase was washed with CH,Cl, (3 x 5 mL) and
the organic phases were combined and washed with brine, dried over MgSOy, filtered,
and concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (gradient of EtOAc:hexanes 1:19 to 1:4) to afford carbonate S9 as a
white solid (2.3 mg, 55%).

MP: 93-100 °C. 'H NMR (601 MHz, CDCls) & 8.65 (s, 1H), 7.84 (s, 1H), 7.07 (d, J = 41.8
Hz, 1H), 5.04 (t, J = 9.9 Hz 1H), 3.92 (d, J = 11.3 Hz, 1H), 3.54 (d, J = 11.1, 2H), 2.31
(dq, J= 15.7, 7.4 Hz, 1H), 1.74 (dq, J = 15.2, 7.5 Hz, 1H), 1.47 (s, 3H), 1.29 (s, 3H), 1.09
(t, J = 7.3 Hz, 3H). *C NMR (151 MHz, CDCls) 5 153.79, 151.73, 151.68, 145.25,
132.64, 117.29, 102.02, 89.32 (d, J = 210.0 Hz), 75.07, 66.55 (d, J = 5.4 Hz), 63.21,
55.69, 29.86, 28.92, 21.52, 18.72, 6.50. IR (neat): vmax (cm™!) = 3418, 1779, 1445, 1211,
1111, 948, 736. [a]2°= -20 (¢ 0.15 in CH,Cl,). HRMS (ESI*) calc. for C17H1sCIFIN3Os
[M+H]* 526.0037, found 526.0040.
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Synthesis of diol 248
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7

To a cold, -78 °C, stirred solution of ketone 239 (30 mg, 95 umol, 1.0 eq) in CH.Cl; (3.2
mL) under N2 was added vinylmagnesium bromide (0.95 mL, 1.0 M in THF, 0.95 mmol,
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10.0 eq) slowly (along interior wall of flask). The resulting mixture was maintained at -78
°C and stirred for an additional 5 hours. The reaction mixture was then quenched with a
1:1 mixture of saturated NH4Cl and MeOH solution (5 mL) and allowed to warm to room
temperature. The mixture was then diluted with CHCl», (5 mL) and the phases were
separated. The aqueous phase was washed with CH2Cl; (3 x 5 mL) and the organic
phases were combined and washed with brine, dried over MgSO., filtered, and
concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (EtOAc:hexanes 2:3) to afford diol 248 as a white solid (10.5 mg, 32%,
d.r. 1:2).

MP: 83-88 °C. 'H NMR (500 MHz, MeCN-ds) 5 9.02 (S, 1H), 7.38 (p, J = 1.1 Hz, 1H),
6.40 (dd, J = 17.5, 11.0 Hz), 6.35 (dd, J = 46.7, 2.7 Hz), 5.45 (dd, J = 17.5, 1.9 Hz, 1H),
5.31(dd, J = 11.0, 1.9 Hz, 1H), 4.26 (d, J = 4.5 Hz, 1H), 3.90 (d, J = 9.3 Hz, 1H), 3.83 (s,
1H), 3.80 (d, J = 11.2 Hz, 1H), 3.46 (d, J = 11.2 Hz, 1H), 1.83 (d, J = 1.3 Hz, 3H), 1.45
(s, 3H), 1.30 (s, 3H). *C NMR (126 MHz, MeCN-ds) & 164.34, 150.95, 138.31, 137.41
(d, J = 3.8 Hz), 115.35, 111.02, 100.31, 93.40 (d, J = 206.8 Hz), 73.55 (d, J = 3.4 Hz),
72.34 (d, J = 24.1 Hz), 70.83, 69.71, 28.76, 18.99, 12.34. IR (neat): vmax (cm") = 3394,
2995, 2368, 1708, 1676, 1380, 1276, 1087, 1047, 864. [a]3°= -51.5 (¢ 1.0 in MeOH).
HRMS (ESI*) calc. for C1sH22FN2Os [M+H]* 345.1456, found 345.1462.
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Synthesis of diol 249

To a cold, -78 °C, stirred solution of chloroiododeazadenine ketofluorohydrin (19.7 mg,
0.042 mmol, 1.0 eq) in CH2Cl» (5.3 mL) under N> was added ethynylmagnesium bromide
(0.42 mL, 0.5 M in THF, 0.21 mmol, 5.0 eq) slowly (along interior wall of flask). The
resulting mixture was maintained at -78 °C and stirred for an additional 5 hours. The
reaction mixture was then quenched with a 1:1 mixture of saturated NH4Cl and MeOH
solution (5 mL) and allowed to warm to room temperature. The mixture was then diluted
with CH2Cl», (10 mL) and the phases were separated. The aqueous phase was washed
with CH2Cl. (3 x 10 mL) and the organic phases were combined and washed with brine,
dried over MgSOQ., filtered, and concentrated under reduced pressure. NMR internal
standard indicated a yield of 6.2 mg, 30%. The two product diastereomers were
separated by flash chromatography (gradient of EtOAc:hexanes 1:19 to 3:7). The
product proved inseparable from the starting material by flash chromatography and was
used as is for the subsequent reaction. An analytical sample was purified by HPLC for

characterization to afford diol 249 as a white solid.

MP: 188-192 °C. 'TH NMR (601 MHz, CDCls) 5 8.71 (s, 1H), 7.70 (s, 1H), 6.62 (s, 1H),
6.45 (d, J = 49.3 1H), 4.58 (dd, J = 20.0, 9.3 Hz, 1H), 4.37 (s, 1H), 4.02 (d, J = 11.3 Hz,
1H), 3.98 (d, J = 11.3 Hz, 1H), 3.87 (d, J = 11.3 Hz, 1H), 2.51 (s, 1H), 1.50 (s, 3H), 1.44
(s, 3H). 13C NMR (151 MHz, CDCls) & 154.44, 150.83, 149.74, 135.99, 118.50, 100.12,
92.63 (d, J = 213.1 Hz), 82.94, 74.23, 73.05 (d, J = 21.0 Hz), 72.21, 68.26, 66.51, 54.30,
28.61, 19.23. IR (neat): vmax (cm™!) = 3725, 3425, 3285, 2985, 2889. [«]20= +14.5 (¢ 1.0
in CHCls). HRMS (ESI*) calc. for C1eH1sCIFINsNaO. [M+Na]* 517.9750, found 517.9749.
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Synthesis of diol 251
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To a cold, -78 °C, stirred solution of ketone 239 (100 mg, 0.316 mmol, 1.0 eq) in

CH.CI, (15.8 mL) under N2 was added ethynylmagnesium bromide (3.16 mL, 0.5 M in
THF, 1.58 mmol, 5.0 eq) slowly (along interior wall of flask). The resulting mixture was
maintained at -78 °C and stirred for an additional 5 hours. The reaction mixture was then
qguenched with a 1:1 mixture of saturated NH4+Cl and MeOH solution (20 mL) and allowed
to warm to room temperature. The mixture was then diluted with CH2Clz, (20 mL) and
the phases were separated. The aqueous phase was washed with CH2Cl» (3 x 20 mL)
and the organic phases were combined and washed with brine, dried over MgSOs,
filtered, and concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (gradient of EtOAc:hexanes 2:3 to 1:1) to afford diol 251 as a white
solid (33.4 mg, 31%, d.r. 1:1).

H NMR (400 MHz, DMSO-ds) & 11.49 (s, 1H), 7.56 (s, 1H), 6.36 (dd, J = 43.6, 4.1 Hz,
1H), 6.23 (d, J = 6.1 Hz, 1H), 5.38 (s, 1H), 3.71 (d, J = 8.8 Hz, 1H), 3.68 (s, 2H), 3.44 (s,
1H), 3.32 (s, 2H), 1.78 (d, J = 1.2 Hz, 3H), 1.33 (s, 3H), 1.21 (s, 3H).

Data in agreement with that presented by Meanwell et al.”

Svynthesis of nucleoside analogue 255
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To a room temperature stirred solution of diol 240 (6.0 mg, 18 ymol, 1.0 eq) in
MeCN (0.18 mL) was added NaOH (90 uL, 2.0 M in H.0, 0.18 mmol, 10.0 eq). The
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resulting mixture was heated to 60 °C and stirred for 1 hour. The reaction mixture was
then quenched with a saturated NH4ClI solution (3 mL) and cooled to room temperature.
The mixture was then diluted with CH2Cl2, (6 mL) and the phases were separated. The
aqueous phase was washed with CH2Cl2 (3 x 5 mL) and the organic phases were
combined and washed with brine, dried over MgSO., filtered, and concentrated under
reduced pressure. The resulting oil was purified by flash chromatography (gradient of
EtOAc:hexanes 4:1 to pure EtOAc) to afford nucleoside analogue 255 as a white solid
(3.6 mg, 61%).

MP: 108-115 °C. 'H NMR (500 MHz, MeCN-ds) & 8.96 (s, 1H), 7.20 (d, J = 1.3 Hz, 1H),
5.84 (d, J = 1.5 Hz, 1H), 4.25 (ddd, J = 6.1, 4.4, 1.5 Hz, 1H), 3.95 (d, J = 9.4 Hz, 1H),
3.74 (d, J= 9.5 Hz, 1H), 3.72 (d, J = 6.3 Hz, 1H), 3.65 (d, J = 4.3 Hz, 1H), 1.85 (d, J =
1.2 Hz, 3H), 1.53 (s, 3H), 1.47 (d, J = 0.8 Hz, 3H), 1.45 (s, 3H). *C NMR (151 MHz,
MeCN-ds) & 164.40, 151.23, 137.30, 111.48, 102.64, 93.09, 76.78, 76.11, 73.99, 73.05,
29.50, 20.04, 18.31, 12.25. IR (neat): Vmax (cm'') = 3464, 2921, 2398, 1691, 1274, 1178,
1142, 1103, 1032, 851. [a]2°= -21.1 (¢ 0.4 in MeOH). HRMS (ESI*) calc. for C14H20N206
[M+H]* 313.1394, found 313.1395.

Nucleoside analogue 255 was deprotected according to the following procedure:

Nucleoside analogue 255 (1.6 mg, 5.1 ymol, 1.0) was dissolved in a solution of acetyl
chloride (0.23 uL, 5.1 ymol, 1.0 eq.) in D20 (0.5 mL). The resulting mixture was
maintained at room temperature for 2 hours. The reaction was then directly analyzed by

NMR analysis.

Data for the prepared compound matches the reported literature data.?*®
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Synthesis of nucleoside analogue 256
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To a room temperature stirred solution of diol 241 (43.6 mg, 126 umol, 1.0 eq) in
MeCN (1.26 mL) was added NaOH (0.63 mL, 2.0 M in H20O, 1.3 mmol, 10.0 eq). The
resulting mixture was heated to 50 °C and stirred for 1 hour. The reaction mixture was
then quenched with a saturated NH4Cl solution (3 mL) and cooled to room temperature.
The mixture was then diluted with CH2Clz, (5 mL) and the phases were separated. The
aqueous phase was washed with CH2Cl2 (3 x 5 mL) and the organic phases were
combined and washed with brine, dried over MgSO., filtered, and concentrated under
reduced pressure. The resulting oil was purified by flash chromatography (gradient of
EtOAc:hexanes 1:1 to 3:2) to afford nucleoside analogue 256 as a white solid (14.1 mg,
34%).

MP: 102-108 °C. 'H NMR (600 MHz, MeCN-d3) & 9.08 (s, 1H) 7.22 (s, 1H), 5.78 (d, J =
1.7 Hz, 1H), 4.26 (ddd, J=6.4, 4.4, 1.7 Hz, 1H), 3.99 (d, J=9.8 Hz, 1H), 3.79 (d, J=6.6
Hz, 1H), 3.77 (dd, J=9.9, 1.7 Hz, 1H), 3.74 — 3.70 (m, 1H), 2.03 (dqd, J=15.0, 7.5, 1.7
Hz, 1H), 1.93 (overlap, assigned via COSY spectrum, 1H), 1.85 (d, J = 1.3 Hz, 3H), 1.53
(s, 3H), 1.44 (s, 3H), 0.90 (t, J = 7.6 Hz, 3H). 3C NMR (151 MHz, MeCN-d5) & 164.47,
151.28, 137.41, 111.55, 102.47, 92.91, 78.83, 77.00, 73.84, 68.49, 29.43, 20.98, 20.04,
12.24, 6.86. IR (neat): vmax (cm™) = 3411, 2922, 2369, 1705, 1465, 1372, 1267, 1103,
1022, 851. [a]3%=-27 (¢ 0.7 in MeOH). HRMS (ESI*) calc. for C1sH23N206 [M+H]*
327.1551, found 327.1550.
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Synthesis of nucleoside analogue 257
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To a room temperature stirred solution of diol 248 (10.8 mg, 31.4 umol, 1.0 eq) in
MeCN (0.31 mL) was added NaOH (0.16 mL, 2.0 M in H20, 0.31 mmol, 10.0 eq). The
resulting mixture was heated to 50 °C and stirred for 1 hour. The reaction mixture was
then quenched with a saturated NH4Cl solution (3 mL) and cooled to room temperature.
The mixture was then diluted with CH2Clz, (5 mL) and the phases were separated. The
aqueous phase was washed with CH2Cl2 (3 x 5 mL) and the organic phases were
combined and washed with brine, dried over MgSO., filtered, and concentrated under
reduced pressure. The resulting oil was purified by flash chromatography (gradient of
EtOAc:hexanes 7:3 to pure EtOAc) to afford nucleoside analogue 257 as a white solid
(5.9 mg, 58%).

MP: 85-89 °C. 'H NMR (500 MHz, MeCN-ds) & 9.00 (s, 1H), 7.24 (g, J = 1.4 Hz, 1H),
6.51 (dd, J = 17.7, 11.1 Hz, 1H), 5.82 (d, J = 1.4 Hz, 1H), 5.44 (dd, J = 17.8, 1.8 Hz, 1H),
5.27 (dd, J = 11.1, 1.7 Hz, 1H), 4.27 — 4.21 (m, 1H), 4.12 (d, J = 9.3 Hz, 1H), 3.92 (d, J =
6.1 Hz, 1H), 3.82 (d, J = 9.3 Hz, 1H), 3.32 (dd, J = 5.2, 1.4 Hz, 1H), 1.86 (d, J = 1.2 Hz,
3H), 1.58 (s, 3H), 1.49 (s, 3H). *C NMR (151 MHz, MeCN-ds) & 164.44, 151.25, 138.44,
137.58, 114.52, 111.63, 103.02, 93.19, 77.87, 77.41, 73.92, 73.25, 29.32, 20.06, 12.25.
IR (neat): vmax (cm™!) = 3459, 2920, 2368, 1706, 1466, 1374, 1271, 1142, 1104, 1032,
989, 855. [a]2°= -13 (¢ 1.0 in MeOH). HRMS (ESI*) calc. for C1sH21N206 [M+H]*
325.1400, found 325.1413.
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Synthesis of nucleoside analogue 258

To a room temperature stirred solution of diol 242 (73.8 mg, 207 umol, 1.0 eq) in

MeCN (10.3 mL) was added NaOH (103 uL, 2.0 M in H20, 207 ymol, 1.0 eq). The
resulting mixture was stirred at room temperature for 72 hours. The reaction mixture was
then quenched with a saturated NH4ClI solution (10 mL). The mixture was then diluted
with CH2Cl», (10 mL) and the phases were separated. The aqueous phase was washed
with CH2Cl. (4 x 10 mL) and the organic phases were combined and washed with brine,
dried over MgSO, filtered, and concentrated under reduced pressure. The resulting oil
was purified by flash chromatography (gradient of EtOAc:hexanes 3:2 to 9:1) to afford

nucleoside analogue 258 as a white solid (45.0 mg, 65%).

MP: 143-147 °C. 'H NMR (500 MHz, MeCN-ds) 5 8.99 (s, 1H), 7.19 (d, J = 1.3 Hz, 1H),
5.86 (d, J = 1.3 Hz, 1H), 4.37 (t, J = 5.2 Hz, 1H), 4.09 (d, J = 10.4 Hz, 1H), 4.04 (dd, J =
10.4, 1.8 Hz, 1H), 3.97 (d, J = 4.3 Hz, 1H), 3.96 (d, J = 6.0 Hz, 1H), 3.26 (dd, J = 17.7,
1.8 Hz, 1H), 3.16 (d, J = 17.7 Hz, 1H), 1.86 (d, J = 1.3 Hz, 3H), 1.55 (s, 3H), 1.47 (s,
3H). ¥C NMR (151 MHz, MeCN-ds) & 164.66, 151.27, 137.62, 118.48, 111.76, 103.46,
94.45, 76.52, 75.40, 73.20, 69.75, 29.20, 21.14, 19.97, 12.26. IR (neat): Vmax (cm™) =
3405, 2994, 2260, 1705, 1278, 1181, 1134, 1030, 845. [a]3°= -51.7 (¢ 0.9 in MeOH).
HRMS (ESI*) calc. for C1sH20NsOs [M+H]* 338.1352, found 338.1350.
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Synthesis of nucleoside analogue 259
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To a room temperature stirred solution of diol 249 (6.5 mg, 13.3 umol, 1.0 eq) in
MeCN (0.2 mL) was added InCls; (0.6 mg, 2.7 umol, 0.2 eq). The resulting mixture was
stirred at room temperature for 24 hours. Acetone (0.1 mL) and 2,2-dimethoxypropane
(4 yL, 2.5 eq) were then added, followed by camphorsulphonic acid (0.5 mg, 0.15 eq).
The reaction mixture was then quenched with a saturated sodium bicarbonate solution
(0.5 mL). The mixture was then diluted with CH.Cl., (0.5 mL) and the phases were
separated. The aqueous phase was washed with CH2Cl, (3 x 1 mL) and the organic
phases were combined and washed with brine, dried over MgSOQO., filtered, and
concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (EtOAc:DCM 1:9) to afford nucleoside analogue 259 as a white solid
(2.8 mg, 45%).

MP: 112-121 °C. 'H NMR (601 MHz, CDCls) & 8.63 (d, J = 2.4 Hz, 1H), 7.49 (d, J = 2.5
Hz, 1H), 5.79 (t, J = 3.9 Hz, 1H), 5.39 (dt, J = 11.4, 2.2 Hz, 1H), 5.30 (t, J = 5.2 Hz, 1H),
5.02 — 4.96 (m, 1H), 3.79 — 3.72 (m, 1H), 3.63 (t, J = 11.7 Hz, 1H), 1.65 (d, J = 2.4 Hz,
3H), 1.37 (d, J = 2.4 Hz, 3H), 1.34 (d, J = 2.4 Hz, 3H). 3C NMR (151 MHz, CDCls) &
154.06, 150.53, 149.40, 135.30, 119.26, 114.44, 94.89, 88.34, 83.37, 82.70, 69.09,
51.72, 27.72, 25.41, 18.11. IR (neat): Vmax (cm™') = 3362.15, 2929.04, 2857.50, 1461.86,
1380.77, 1268.48, 1117.39, 1019.11. [«]2°= +20.3 (¢ 0.3 in MeOH). HRMS (ESI*) calc.
for [M+H]* 466.0025 m/z, found 466.0011 m/z.
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Synthesis of nucleoside analogue 260
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To a room temperature stirred solution of diol 249 (4.9 mg, 9.9 umol, 1.0 eq) in

MeCN (0.2 mL) was added InCls (11.0 mg, 49 umol, 5.0 eq). The resulting mixture was
maintained at room temperature with stirring for 18 hours. 2,2-dimethoxypropane (3.0
ML, 25 ymol, 2.5 eq) was then added, followed by camphorsulphonic acid (0.15 mg, 1.5
pmol 0.15 eq) in acetone (0.1 mL). The resulting mixture was maintained at room
temperature with stirring for an additional 4 hours. The reaction mixture was then
qguenched with a saturated NaHCOs; solution (5 mL). The mixture was then diluted with
CH.CI,, (5 mL) and the phases were separated. The aqueous phase was washed with
CH.CI, (5 x 5 mL) and the organic phases were combined and washed with brine, dried
over MgSOQOu, filtered, and concentrated under reduced pressure. The resulting oil was
purified by flash chromatography (gradient of EtOAc:hexanes 1:9 to 3:7) to afford diol
260 as a white solid (2.1 mg, 44%).

MP: 75-84 °C. "H NMR (500 MHz, CDCls) & 8.63 (s, 1H), 7.47 (s, 1H), 5.94 (d, J = 5.1
Hz, 1H), 5.30 — 5.26 (m, 2H), 5.14 (d, J = 6.2 Hz, 1H), 3.98 (dd, J = 12.2, 2.4 Hz, 1H),
3.88 (d, J= 11.9 Hz, 1H), 2.77 (s, 1H), 1.71 (s, 3H), 1.40 (s, 3H). 3C NMR (101 MHz,
CDCls) 3 154.25, 150.75, 149.55, 135.01, 119.24, 115.83, 94.61, 84.48, 83.03, 81.86,
78.15, 77.37, 68.05, 52.21, 27.38, 25.57. IR (neat): Vmax (cm™') = 3362.15, 2917.58,
2849.93, 1574.23, 1434.09. [a]20= +20.3 (¢ 0.3 in MeOH). HRMS (ESI") calc. for
Ci6H16CIINsO4 [M+H]* 475.9869, found 475.9883.
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Synthesis of nucleoside analogue 261
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To a room temperature stirred solution of diol 244 (5.0 mg, 18 umol, 1.0 eq) in

MeCN (0.18 mL) was added NaOH (91 uL, 2.0 M in H20, 0.18 mmol, 10.0 eq). The
resulting mixture was heated to 50 °C and stirred for 30 hours. The reaction mixture was
then quenched with a saturated NH4ClI solution (3 mL) and cooled to room temperature.
The mixture was then diluted with CH2Cl», (5 mL) and the phases were separated. The
aqueous phase was washed with CH2Cl» (3 x 5 mL) and the organic phases were
combined and washed with brine, dried over MgSO., filtered, and concentrated under
reduced pressure. The resulting oil was purified by flash chromatography (gradient of
EtOAc:hexanes 1:4 to 2:3) to afford nucleoside analogue 261 as a white solid as a
mixture of a and B anomers (2.9 mg, 63%). An analytical sample was purified by HPLC

to obtained characterization of the desired (3-anomer.

MP: 102-108 °C. 'H NMR (600 MHz, CDsCN) & 7.79 (dd, J = 2.5, 0.6 Hz, 1H), 7.56 (d, J
= 1.7 Hz, 1H), 6.35 (dd, J = 2.5, 1.7 Hz, 1H), 5.29 (d, J = 1.4 Hz, 1H), 4.16 (t, J = 1.6 Hz,
1H), 4.01 (d, J = 1.8 Hz, 1H), 3.71 (dd, J = 11.2, 1.0 Hz, 1H), 3.41 (d, J = 11.1 Hz, 1H),
3.22 (s, 1H), 1.42 (s, 3H), 1.35 (s, 3H), 1.24 (s, 3H). 3C NMR (151 MHz, CDsCN) &
141.72, 130.93, 107.83, 99.82, 72.95, 70.85, 67.01, 64.58, 56.93, 29.13, 20.05, 19.06.
IR (neat): Vmax (cm'!) = 3423, 2959, 2929, 2873, 1461, 1381, 1268, 1102, 908, 731.
[«]20= +20.3 (c 0.3 in MeOH). HRMS (ESI*) calc. for C12H1eN2O4 [M+H]* 255.1339,
found 255.1341.
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