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ABSTRACT OF DISSERTATION

Cancer Regulation Through Splice Modulation

by

Kelsey Ann Trieger
Doctor of Philosophy in Chemistry
University of California San Diego, 2021

Professor Michael D. Burkart, Chair

RNA splicing plays a central role in cell regulation, development, and disease
progression, but the complexity of this macromolecular assembly process has left RNA
splicing underexplored in cancer. In recent years, it has become clear that alternative RNA
splicing becomes mis-regulated in and plays a role in the progression of a wide range of
cancers. Therefore, drugs that regulate RNA splicing could serve as powerful therapeutics
for cancer. Splice modulators (SPLMs) are a class of chemotherapeutics that regulate aberrant
splicing profiles in tumors, thereby inducing tumor cell apoptosis. SPLMs interfere with the

overused splicing machinery that cancer cells become dependent upon for expansion, thereby

Xvi



limiting the tumor’s ability to produce proteins necessary for growth and survival.
Understanding the relationship between splicing and cancer progression will allow for
expansion of our therapeutic arsenal in tackling cancer.

In my graduate studies, I evaluated splice modulator regulation of the cell cycle genes
Aurora kinase (AURK) and Polo-like kinase 1 (PLK-1). Next, I leveraged the SPLM FD-
895’s regulation of the cell cycle to develop a splicing-based combination therapy capable of
targeting a wide range of tumor types. This co-dosing approach relied on use of the splice
modulator FD-895 to reduce cell cycle RNA, followed by treatment with a cell cycle protein
inhibitor to further reduce cell cycle protein expression. This combination therapy was found
to be effective against a range of tumor types, including cervical, ovarian, and colorectal
tumor cell lines, indicating that this approach has wide therapeutic applications. These studies
suggest the potential to engage small molecule SPLM pretreatment as a therapeutic tool to
edit the levels of therapeutically targeted proteins by mis-splicing their RNAs. SPLM
combination therapy may be particularly useful for enhancing clinical agents that suffer from
off-target effects or dose-limiting toxicity and could therefore allow for previously
abandoned lead molecules (therapeutics) to re-enter the clinic.

Next, I synthesized analogs of the splice modulator FD-895 to investigate structure-
activity relationships (SARs) for this class of compound. It has been found that structural
differences from one SPLM to another lead to significant changes in splicing activity based
on SPLM orientation within the spliceosome binding pocket and contact with the incipient
premature messenger RNA (pre-mRNA). To this end, we synthesized a panel of splice-
modulating analogs of the natural product FD-895. I then used these analogs to explore the

role of drug structure in potency, gene selectivity, and splicing activity. I found that

xXvii



epimerization of stereocenters in the side chain or macrolide core typically led to a loss in
cytotoxic activity. However, I also found that some analogs had unique splicing selectivity
profiles, indicating that cytotoxic potency does not necessarily correlate with splicing
selectivity. Instead, a more complex relationship exists, accounting for SPLM fit in the
SF3B1<PHF5A pocket and SPLM interactions with pre-mRNA. Overall, these findings
indicate that SPLM structure could be tailored to target specific oncogenes, allowing for
tumor-specific targeting, opening the door for future studies on a personalized-medicine

approach using splice-modulating chemotherapeutics.
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Chapter 1. A Challenging Pie to Splice: Drugging the Spliceosome

Section 1.1 Introduction

Life operates through the orchestrated translation of the four-digit genetic code into a 20
amino acid code to give proteins. During this process, DNA, the storage oligonucleotide, passes
its information on through conversion into RNA, which in turn serves as an intermediary for the
translation of a gene into a protein. To match the needs of longer-lived eukaryotes, this process
has an additional stage of information processing. Here, the transcribed gene product mRNA
undergoes splicing, a reorganization process that allows the cell and organism to rapidly alter the
gene product in response to temporal or environmental challenges. Beginning in the 1970s,[1]
understanding the complex mechanisms of RNA splicing has become a vital new avenue for
chemical biological studies. While the bulk of splicing studies have been conducted in genetics
and RNA biology laboratories, the discovery of spliceosome-targeting natural products in 2007[2]

opened the door to chemists.

Section 1.2 The Chemistry of Splice Modulation

Access to splice modulators (SPLMs) has evolved from the early stages of natural product
isolation[3—5] to the current state of medicinal chemistry optimization and high-fidelity total
synthesis.[6—17] To date, the most established set of SPLMs share a common mode of action
(MOA), targeting the SF3b multiprotein component within the U2 small nuclear ribonucleoprotein
(snRNP) of the spliceosome.[2] This molecular class is broken down into three families that share

a common motif comprised of two functional moieties united through a central diene. Over the



last decade, total synthesis has played a key role in structural determination, material access,

medicinal chemistry optimization, and the facilitation of clinical trials.

Structures of Splice Modulators

To date, the most established SPLMs arise from three distinct families of polyketide natural
products. The first family is comprised of 12-membered macrolides 1——3 (Figure 1.1).[3] The
second family contains a pyran ring linked to a comparable side chain, as illustrated by 4—35

(Figure 1.1).[4]

pladienolide B (1) Ri=H

pladienolide D (2) R1=0OH OH

herboxidiene/GEX1A (4) Ri+=H
GEX1Q1 (5) R1=OH CO,H

Figure 1.1 Structures of selected examples of the 12-membered macrolide and 6-membered cyclic ether families of
polyketide SPLMs.

The third family is composed of four discrete chiral fragments: two pyran rings joined by

a diene moiety and an acyclic side chain linked to the central pyran via an a,p-unsaturated amide



bond. Examples of this family include 6—38 (Figure 1.2).[5] Overall, each of polyketides 1——8
contains 2—3 rings, 9—11 chiral centers, and various reactive groups (epoxide and/or a,f3-
unsaturated amide), to which their potent activity has in part been attributed.
O
OH Y~

OO

N =
H

Rq

FR901464 (6) R1=OH
spliceostatin A (7) R1=OCH3s

@)
Y
OO

N Yz
H

WOH

O thailanstatin A (8) Ri=H

Figure 1.2 Structures of members of a third family of polyketide SPLMs.

Synthetic Challenges and Solutions

Synthetic strategies toward these three families of SPLMs primarily dissect the molecule
into 2——3 components. In the 12-membered macrolide class (Figure 1.3), the routes developed by
Kotake and co-workers from Eisai Co.[6] and the Burkart,[7] Maier,[8] Ghosh,[9] and
Chandrasekhar groups,[10] derive the macrolide core using ring-closing metathesis. The core is
then attached to the respective side chains using either a Julia--Kocienski olefination (blue, (Figure

3 a,c) or Stille coupling (blue, (Figure 1.3b).



a)  Julia-Kocienski olefination

0) WOAC
pladienolide B (1)

“/OH
Evans OH

aldol Shi epoxidation Paterson aldol

ring-closing
0P \F metathesis
OH o SO,PT esterification” O 7.0
- >Ph
Sm(ll)-mediated e
Reformatsky
10 OTBS

O
pladienolide B (1)

Crimmins U OH

aldol Shi epoxidation
ring-closing
metathesis
o7 =
OH SO,PT esterification”™ Q 7 \OAC

11 6
“OTES
12 TBSO epoxide opening
C) Stille cciupling
WOAC
ll “/OH
o OH
Crimmins

Marshall allenyl

addition Brown crotylboration

aldol
ring-closing
metathesis

0O OH esterification” Q 7 W\OAc

Sammakia

aldol
14 OH

Figure 1.3 Synthetic disconnections implemented in the total syntheses of a--b) pladienolide B (1) or ¢) FD-895 (3).
Bond disconnections for component coupling steps (blue) and key steps in component syntheses (red) are shown.

S
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In the Eisai Co. synthesis of pladienolide B (1), core 10 was assembled by using a SmlI-
type Reformatsky reaction to create the C(3) carbinol and a Paterson aldol reaction to install the
C(10)C(11) stereodiad (Figure 1.3 a).[6] The C(6)C(7) centers were created early on through
Sharpless dihydroxylation. The synthesis of side chain 9 was conducted using an Evans aldol to
install the C(20)C(21) stereodiad followed by Shi epoxidation at C(18)C(19). In the Ghosh route
to 1 (Figure 1.3 b), C(20)C(21) in component 11 was set using a Crimmins aldol.[9] This was
followed by the implementation of a Shi epoxidation to set C(18)C(19). Core 12 was assembled
by an epoxide ring opening to afford the C(4)C(5) diad and a subsequent asymmetric crotylation
to install the C(10)C(11) stereocenters. Esterification, followed by ring-closing metathesis,
completed the synthesis of 12.

In our studies on 3 (Figure 1.3 c),[7] the C(3) center was installed in core 14 using a
Sammakia aldol on material that contained the C(6)C(7) stereodiad. This diad was prepared by a
Brown allylboration followed by 2-methoxyethoxymethyl (MEM) ether directed installation of the
methyl group at C(6). The C(10)C(11) centers were prepared using a Brown crotylboration. In this
route (Figure 1.3 ¢), component 13 was constructed using a Crimmins aldol to install the
C(20)C(21) stereodiad, a Sharpless epoxidation to install C(18)C(19) and a Marshall allenyl
addition to create the C(16)C(17) diad. The use of Marshall allenyl stannane chemistry was
advantageous, since it allowed access to all four of the C(16)C(17) diastereomers, a feature for
which the structure--activity relationship (SAR) was not previously investigated.

A number of groups, including the Koide,[11] Webb,[12] Ghosh-Jurica,[13] Hoveyda,[14]
Alvarez-Valcarcel,[15] and Nicolaou[17] groups, as well as Koehn and co-workers,[16] have
explored the second and third families (Figure 1.4). In the first example, Webb used a Julia--

Kocienski olefination strategy to complete the backbone of 4 ((Figure 1.4 a, blue), with the



C(12)C(13) epoxide being added in the last step.[12] Alternatively, the Koide group’s synthesis of
6 illustrated the use of olefin cross-metathesis to bring together both fragments ((Figure 1.4 b,
blue).[11] The third approach was demonstrated by the Nicolaou group’s synthesis of 8, which
involved the use of a Suzuki coupling to unite the two olefins of the internal diene.[17]

a) VO(acac)zepoxidation Julia-Kocienski olefination
OH

O herboxidiene (4) O,

7

Ireland-Claisen

b) olefin-cross
metathesis

OH

DH  FR901464 (6)

Sharpless epoxidation U Wittig
OH
B 10

vinyl addition

o 0O
’ N Z
OH mediated H amide

cyclization coupling

N
thailanstatin A (8) H

AW

HO,C
directed U oxa-Michael
epoxidation OH
QO =

pinB

0}
(0]
Takai cross N F
H amide

—;—kolefination metathesis
coupling

HOZC/ Mukaiyama-Michael

Figure 1.4 Synthetic disconnections implemented in the total syntheses of a) herboxidiene (4), b) FR901464 (6), and
c) thailanstatin A (8). Bond disconnections for component coupling steps (blue) and key steps in component syntheses
(red) are shown.



A detailed evaluation of the three synthetic approaches in Figure 1.4 illustrates several of
the key transformations required to complete the respective component syntheses. In the first
example Figure 1.4 a),[12] core 16 was prepared through an Ireland--Claisen rearrangement to
functionalize C(1) with an ester. Next, a PCC-mediated allylic alcohol transposition followed by
oxidation gave the distal aldehyde in 16. Side chain 15 was assembled through the use of an aldol
reaction to produce the C(13)C(14) connection. Next, an Ireland-- Claisen rearrangement was used
to orient all of the carbon atoms correctly, and this fragment was completed by using a Mitsunobu
reaction. While the routes developed to date are viable for small-scale syntheses, future efforts in
the application of new carbon--carbon bond forming reactions are needed to provide effective
routes to enable gram-scale access to these materials, as demonstrated by the Hoveyda
laboratory.[14]

In the Koide group’s synthesis of 6 ((Figure 1.4 b,[11] component 17 was prepared through
a vinyl addition-mediated cyclization of an epoxy aldehyde. The synthesis of the second
component 18 began with an amide coupling at C(2), which was followed by a Wittig olefination.
The components were then coupled through olefin-cross metathesis at C(9)C(10). The diene was
achieved through use of a Wittig olefination.

In the final example (Figure 1.4 c), Nicolaou and co-workers prepared the pyran of 20
through an oxa-Michael reaction, followed by an amide coupling and cross-metathesis.[17]
Fragment 19 is prepared by a Mukaiyama--Michael addition that adds the acyl group. Next, a
Takai olefination yields a vinyl iodide, which is completed by an epoxidation mediated by

VO(acac)2.



Medicinal Chemistry Optimization

To date there is limited structural information regarding the binding site of SPLMs on
SF3b, with suggestions of a tentative binding region obtained only through structure comparisons
from mutational studies.[18] Despite the lack of structural data, detailed SARs of the three major
families of SPLMs have been determined.[9] Of particular note is work in which four isomers of
FD-895 were synthesized. Upon screening in HCT-116 cells, improved activity and stability was
shown for 17S-FD-895 (23).[7] Along with ongoing synthetic modification, these efforts have

provided a detailed SAR map of the 12-membered macrolide family (Figure 1.5 a).

* [
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Figure 1.5 Structure--activity relationships (SARs) identified through synthetic and semisynthetic studies. These maps
were developed using data published up to January 2017 and represent findings from in vitro cytotoxicity assays, not
direct comparisons of the effect on RNA splicing. Data has been presented to show the optimal analogues for each
position, as given by fold increase (up arrow) or decrease (down arrow) in activity. Unchanged denotes substitutions
that have been shown to have little effect, while unexplored represents regions that lack sufficient data for assignment.



Furthermore, comparable SAR maps are also available for the second and third families,
as shown for 6 (Figure 1.5 b) and 4 Figure 1.5 c), respectively.[19] One of the problems with the
development of accurate SAR maps arises from the use of different cytotoxicity assays, cell lines,
and culture conditions (therein making it difficult to compare the current data). Moreover, many
of the activity reports do not provide splicing-modulation data using techniques such as RNAseq,
reverse transcriptase polymerase chain reaction (RT-PCR), or quantitative reverse transcriptase
polymer chain reaction (QRT-PCR). The lack of this data has further complicated the establishment
of detailed SAR studies. That aside, the SAR maps in Figure 1.5 reveal that few, if any, structural

modifications within these natural products lead to analogues with increased activity.

Ongoing Translational Efforts

Compounds targeting SF3b have entered clinical trials with various degrees of success
(Figure 1.6). E7107 (21), a derivative of 1, successfully altered RNA splicing in solid tumors in
phase I clinical trials; however, the trials were halted due to severe toxicity.[20] Studies from H3
Biomedicine have provided detailed evaluation of 6-deoxypladienolide B (22).[21] More recently
this team has translated a new candidate into Phase I clinical trials. Other compounds showing
promise include 17S-FD-895 (23) and its corresponding cyclopropane 24,[22] which have recently
demonstrated viable in vivo efficacy for acute myeloid leukemia (AML) by mediating stem cell

maintenance.[23]
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Figure 1.6 Structure of the first clinical entry, E7107 (21), which entered Phase 1 clinical trials for patients with solid
tumors. The next-generation analogues 6-deoxypladienolide D (H3B-8800, 22), 17S-FD-895 (23), and
cyclopropane 24 are currently being examined for clinical translation for hematologic malignancies.
IND=investigational new drug application.

In addition to derivatives of natural products, a new generation of synthetic derivatives are
currently under investigation. One of the key observations in this field was the identification of
two consensus motifs within these families (Figures 1.1).[24] This was validated by the preparation
of the pladienolide--herboxidiene hybrid 25 Figure 1.7). While 25 displayed reduced activity, it

demonstrated that structural simplification could facilitate SAR studies.
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Figure 1.7 Exemplary structures of synthetic analogues of natural products developed from the SAR profiles. These
include analogues that offer increased stability (27 or 29), provide improved synthetic access (25—29), or serve as
fusions between the pladienolide and herboxidiene families (25).

Recent studies have continued to search for a consensus motif that contains the minimum
atoms necessary to elicit activity (Figure 1.7). Subsequent efforts in the Webb laboratory have led
to the development of 26,[25] an analogue that demonstrated viable activity in cell and animal
models. Further explorations have also led to complete replacements of core units, including the
development of carbohydrate-based analogues such as 27,[26] meayamycin B (28),[27] or
cyclohexyl-derived analogue 29.[15] While the activity of these analogues may not be comparable
to their respective natural products, the improved stability in these materials, as demonstrated by

27 and 29, provide a solid foundation for next-generation advances (Figure 1.7).
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Section 1.3 Selectivity in Splice Modulation

RNA splicing is a complex multistep process that is carried out by a large macromolecular
machine called the spliceosome,[28] a ribonucleoprotein (RNP) particle containing five RNAs and
more than 100 associated proteins.[29] During its action, the spliceosome forms a series of
complexes, each of which serves to conduct a discrete step required to excise an intron, a
nucleotide sequence within a gene that is removed during RNA splicing, from the pre-mRNA.[30]
As illustrated in Figure 1.8, the process proceeds through the transesterification of an intron to
form a lariat (step 1), followed by cleavage of the lariat and release (step 2) to provide the fully
intact mRNA for translation into protein (Figure 1.8). Unsurprisingly, modulation of this process
by a small molecule is extremely complex, and hence prediction of selectivity becomes
increasingly complicated. Recent studies have identified some of the variables that need to be

considered when evaluating a SPLM.

pre-mRNA Gl
step 1 ‘

exon1 @ exon2

intron lariat

discarded
step 2
intron lariat Q— /‘ P

_ translation

exon1 exon2 — @

protein

spliced mRNA

Figure 1.8 Overview of the splicing process, depicting the conversion of pre-mRNA into spliced mRNA followed by
translation into a functional protein.

Cell Selectivity
RNA splicing has been targeted in solid tumors and hematologic malignancies by using

SPLMs designed to modulate the action of the SF3b complex in the spliceosome. Among the 12-

12



membered macrolide family, 1 has been the most explored.[31] Screening in the NCI-60 cell line
indicated potent activity in a unique set of cells, including NCI-H522 (nonsmall-cell lung cancer)
and NCI-H460 (large-cell lung carcinoma) cells.[2b] Pladienolide B (1) and 6 induced in vitro
cytotoxicity in A549 (lung adenocarcinoma) cells and showed in vivo efficacy in tumor xenograft
models. In addition, meayamycin B (28) and 1 inhibited tumor growth in xenografts derived from
HCT-116 (colon carcinoma) cells.[32] While NCI screening has been used to calibrate the activity
of these compounds in tumor cell lines, early studies have indicated that many of these materials
demonstrate remarkable efficacy in tumor cells over normal cells, with selectivity indices of 3—4
orders of magnitude often observed, thus providing a wide therapeutic window for treatment.[33]

In addition to altering the normal splicing process, SPLMs also modulate splicing to deliver
a gene product with differential functions to cells. One clear example involves the MCL1 and
BCL-x family of genes, which in cancerous cells typically modulate alternative splicing from anti-
apoptotic MCLIL (long) to pro-apoptotic MCLIS (short) upon SPLM treatment. [34, 35] In
addition, SPLMs can modulate post-translational modifications, as demonstrated by recent studies
illustrating that pladienolide B (1) can modulate the level of phosphorylation of SF3B1 at Thr

313.[35]

Mechanistic Selectivity

SPLMs produce different types of alternative splicing (AS) events when compared to
normal constitutive splicing (Figure 1.9).[36] Exon skipping (ES)[37] and intron retention (IR)[38]
are the most common AS events observed in SPLM-treated cells both in vitro and in vivo. Several
of the best studied compounds, including pladienolide B (1), FD-895 (3), meayamycin B (28),

FR901464 (6), and spliceostatin (7), have been characterized according to their ability to induce
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IR events by using a combination of RNAseq and RT/qRT-PCR analyses.[34, 39] Other efforts
have identified detailed maps of ES events.[12, 40] While both approaches are viable, there is a
need to move toward a detailed characterization of both IR and ES events in combination with

other less common forms of AS, such as mutually-exclusive splicing (Figure 1.9).[41]

a) exon1 — exon2 — exon3 a— GRS pre-mRNA

1 constitutive splicing

exon1 exon2 exon3 exon4
spliced mRNA
) exon1 exon2 i exon3 M S ‘S pre-mRNA

l mutually exclusive splicing l

exon1 exon2 exon4 exon1 exon3 exon4
spliced mRNA spliced mRNA

c) exon exony . exon3 —m. pre-mRNA
1 exon skipping

exon1 exon3 exon4
spliced mRNA

d) exon1 — exon2 exon3 — SRS pre-mRNA

1 intron retention

exon1 exon2 exon3 exon4
spliced mRNA

Figure 1.9 Different modes of RNA splicing. a) Constitutive splicing is most common, where, as part of the normal
processing of transcription, the spliceosome removes intronic (non-coding) portions of pre-mRNA. b) In diseased or
abnormal cells, other pathways, such as aberrant splicing machinery could, lead to mutually exclusive splicing. c)
Exon skipping or d) intron retention can also occur as part of normal splicing or in malignant cells treated with SPLMs.

Gene Selectivity
To date, RNAseq data (Figure 1.10 a) has provided a wealth of information about gene
selectivity. The use of these data, along with that from qRT-PCR and RT-PCR analysis, has

revealed two key findings.

14



I I
a) %) v = 209
0) ) 0) O
P OP v @ IIXHhINZ
mqm3m§$mm2h%§§2mm2§mq§%% <
e AR R T R 8
N0 ANORADRDSD X DW=l =X Ao X
CLL1
CLL1
CLL2
CLL2

-8.0 rommmmm 8.0

b) - C) « d 3
4]
5 /gZO didii Q,E ’gZO < gZO
% £ 15 % £ 15 £c15
8510 8510 2510 s
=0 =3 by = LT
32 5 39 ° : 58 °
ST 0 ST 0 270
C 3124 C 3124 = C 3124

Figure 1.10 a) Examples of gene selectivity identified by RNAseq analysis. b) Examples of gene selectivity identified
by qRT-PCR analysis. Three selected genes (SF341, SF3B2, and DNAJBI) are shown as representative examples.

The level of splicing in these genes was not identical for FD-895 (3), pladienolide B (1), and cyclopropane 24, as
shown in (b--d), respectively.

First, current data suggest that the different SF3b-targeting SPLLMs do not necessarily target
the same genes.[35] As shown in Figure 1.10 a, the levels of IR in CLL-B cells treated with 3
clearly differ for each gene. While this in part reflects the level of gene expression and splicing
ongoing for each gene, the relative levels of the splicing in untreated cells (blue) versus treated
cells (red) do not correlate. This indicates a complicated interplay between the splicing of specific
genes and the efficacy of 3 in inducing IR within a specific gene.

Second, early evidence indicates that different structural features within a SPLM can alter
its gene selectivity. As shown in Figure 1.10 b--d, the relative levels of splicing are different for

SF3A1, SF3B2, and DNAJB1.[35] While complete analyses of all AS events upon drug treatment
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has yet to be reported for any SPLM, current studies are now providing compelling evidence that
trends arise within genes from similar families, thus suggesting that gene- or gene-family-selective

SPLM development could be possible.[41]

Intron/Exon Selectivity

The complexity of SPLM selectivity is not limited to the mode of splicing (Section 3.2) or
gene specificity (Section 3.3), but is also reflected at the level of specific intron/exon pairs within
a gene transcript. While not fully charted, SPLM activity is not required to have comparable
efficacy for the removal of each intron within a gene. As shown in Figure 1.11, it is possible that
a given SPLM may have a different rate of activity for inducing IR of one intron (intron2) versus
that for another (intron3). While efforts are underway to explore this level of selectivity, the fact
that multiple mechanisms exist at each intron further complicates this analysis. Each human gene
contains on average 7.8 introns,[42] which adds further complexity to this problem. Recent
evidence indicates that small and GC-rich introns are more prone to undergo IR/ES events.[43]
Understanding the rules that guide this selectivity is not only fundamental to gauge the activity of

a given SPLM, but also essential for understanding the underlying nature of the selectivity.

exoni exon2 exon3 exon4

intron2

T splice modulator induced IR

pre-mRNA -

intI:an‘I intf'c'>n2 intron3 intF6n4
splice modulator induced IR 1

exon1 exon2 exon3 exon4
intron3

Figure 1.11 A schematic representation of intron/exon selectivity. In this example, two different IR products bearing
either intron2 (top) or intron3 (bottom) can arise from the same pre-mRNA.
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Downstream Protein Selectivity

While there is a good understanding of how to mark and identify SPLMs at the mRNA
level, as well as a conceptual understanding of how these events terminate or alter protein
synthesis, following these events at an analytical level will require significant additional study.
Our current knowledge arises predominantly from the study of genes that are regulated by AS,
such as commonly observed in MCL1.[34, 35] As shown in Figure 1.12, the SPLMs 1, 3, and 24
result in a shift from the long mRNA and translation of the MCL1 longer isoform 1, which inhibits

apoptosis, to the short mRNA and corresponding MCL1 shorter isoform 2, which induces

apoptosis.
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anti-apoptotic MCL1-L pro-apoptotic MCL1-S
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Figure 1.12 Example of splicing selectivity at the protein level. a) Mechanism of splicing modulation in MCL].
b) MCLI splicing in mantel cell lymphoma (MCL-B) cells after treatment with control (<M->) or 100 nm 1, 3,
or 24 for 4 h. The levels of spliced (S) and unspliced (L) transcripts were evaluated by RT-PCR analysis. Without
splicing modulation, MCL undergoes normal splicing leaving the longer form. Treatment with 1, 3, or 24 results in
exon skipping as noted by the formation of the shorter form.

While these effects can corroborate the potent antitumor activity of SPLMs, new tools are

needed to analytically evaluate SPLLM activity on genes that are prone to alternative splicing, such
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as MCL-1 described above. Furthermore, there is a vital need to understand the regulatory systems

that lie between the formation of a spliced mRNA and its ultimately translated protein product.

Attenuation through Feedback

The elegance and complexity of splicing modulation, however, does not end there. Recent
data have indicated that mRNAs encoding the protein components of the spliceosome are among
the most common families of genes to undergo splicing modulation during the action of a
SPLM.[35] Remarkably, RNAseq analysis along with RT-PCR Figure 1.13 a) and qRTPCR
(Figure 1.13 b) indicate that SF3B1, the gene associated with the protein target of 1, 3, and 24, is
one of the most commonly observed splicing-modified genes in cells treated with 1, 3, and 24
(Figure 1.13 a,b). This in turn results in a reduction in the levels of both SF3B1 and phosphorylated
SF3B1 (pSF3BI1; (Figure 1.13 c¢).[35] Overall, the feedback between missplicing of SF3B1 RNA
through IR and loss of protein leads to even more compromised spliceosomes through the
formation of a splice-altered U2 snRNP (Figure 1.13 d). While not yet established, it is likely that

this splice-altered U2 snRNP also induces further modulation of splicing events.
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Figure 1.13 Feedback in splicing modulation. a) RT-PCR and b) qRT-PCR analysis of MCL-B cells treated with 100
nm 1, 3, or 24, or a DMSO control for 4 h. ¢) Pladienolide B (1) regulates the level of SF3B1 phosphorylation. JeKo-
1 cells were treated with 100 nm 1 for 6 h, 12 h or 24 h. Untreated cells grown for 24 h were used as a control (C). d)
Schematic representation of the feedback modulation of SF3BI1. Inhibition of SF3B1 (green) results in IR
in SF3BI and leads to a reduction in the amount of SF3B1 protein (orange) within the U2 snRNP. The net effect is a
reduction in SF3B1 levels and the formation of a compromised splice-altered U2 snRNP.

Section 1.4 Chemical Biology of Splice Modulation

In addition to the issues of selectivity, understanding the fine details of SPLM activity must
be addressed by chemical biology. Our discussion will highlight two critical features relating to

the application of SPLMs, namely, the unique effects of timing and dose.
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Timing in Splice Modulation

Until recently, the bulk of splicing studies were conducted using unsynchronized cells.
Here, the observed effects at both the RNA and protein levels represent an average over different
states of the cell cycle. Recent evidence, however, indicates that synchronization is key to
providing a detailed link between splicing modulations at the RNA and protein levels and their
effects on the cell. In one study, the presentation of 24 during a brief window in the G1 phase of
the cell cycle (Figure 1.14 a) induced an effect that resulted in IR in PLK1 (Figure 1.14 b). While
little PLK1 protein was expressed during G1 (Figure 1.14 d), the levels of PLK1 prior to mitosis
were reduced in cells treated briefly with 24 several hours before passing from G2 to M. In this
study, the direct interrogations of the temporal properties of splicing modulation were evaluated

by using PLK1 as a marker of mitotic entry.
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Figure 1.14 A study on timing in splicing modulation. a) Clock diagrams denote the experimental timing as given by:
Step 1: synchronized JeKo-1 cells were treated 1 h after release from starvation (start, s) with 24. Step 2: after
incubation (treatment, t, red), the media was removed, the cells were washed with media lacking 24 and the cells were
cultured (incubation, i, purple) for an additional 12 h without 24. Step 3: the cells were collected (harvest, h, blue) and
evaluated. b) RT-PCR analysis was used to evaluate the levels of PLK1 in JeKo-1 cells treated (t) with 24, washed,
and harvested (h). IR was observed for PLK1 after treatment with 24. ¢c) Western blot analyses of lysates from cells
treated with 24 and collected either after treatment (t) or at harvest (h). PLK1 expression arises as cells enter the G2/M
transition during harvest and not at Gi during treatment. This blot confirms the increase in protein at the state of
harvest (h), thus indicating that the cells were at G2/M. d) Western blot analyses of cells treated with 24 and collected
at harvest (h). This blot confirms a dose-dependent reduction in the levels of PLK1 protein in cells exposed
to 24 relative to controls. See Ref. [15] for further details.
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Mechanistic Action of Splice Modulation

In 2007, it was shown that the molecular probes 1, 2 (Figure 1.1) and(7 (Figure 1.2) target
the SF3b complex within the U2 subunit of the spliceosome.[2] This data was soon validated by
the observation that pladienolide-resistant clones contained a mutation at Arg 1074 (R1074H) in
SF3BI1, thus suggesting that this residue is critical for activity.[44] While ongoing studies suggest
that all three families of natural products share a common binding site within SF3b, a lack of
kinetic and structural data currently prevents this validation.[18]

In addition to the SF3b complex, there is a vast array of different proteins, protein--protein
complexes, and protein--RNA complexes in the spliceosome that could be targeted. Like many
macromolecular machines, the spliceosome undergoes a complex, timed, mechanical process that
serves to loop an intron from within two exons and then clip it.[45] The current understanding of

this process has been highlighted schematically in Figure 1.15.

22



mRNA intron

Pr 5, Su5/UAP56
@ ATP

Prp22 7

@ 3
® — st e

¢ ‘ % Bact
B' % Prp2

ATP

Figure 1.15 The mechanism of splicing, depicting complexes A, B, B*', B’, C, and E. A detailed structural
understanding of each of the eight steps in this process is slowly being revealed using a combination of cryo-EM and
X-ray crystallography with recent human or yeast structures, as noted by highlighting in yellow (human) and cyan

(yeast).

Structural Understanding of Splicing

As shown in Figure 1.15, splicing begins with the formation of complexes E and A, which
are composed of the Ul and U2 snRNP and mRNA. Action of the U4/U5/U6 tri-snRNP results in
the formation of the precatalytic spliceosome, complex B, which in turn is activated to complex
Bact through loss of the U1 and U4 snRNPs. The catalytically activated complex B’ then performs
the first splicing step, cutting the intron, and the resulting complex C completes the process by

fusing the two exons and removing the intron lariat. SPLMs may interrupt many of these steps.
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One of the most impressive recent advances has been the development of detailed
structures of specific spliceosome complexes using a combination of cryo-EM[46] and X-ray
crystallography.[47] Cryo-EM has proven particularly useful to tease out the organization of the
snRNPs within each complex and illustrate the structural rearrangements within each snRNP.
While outside the scope of this review, structures of spliceosome complexes that include the Ul
snRNP, [48] complex A, [49] the U4/U5/U6 complex, [50] complex C,[51] and the post-
spliceosome complex[52] are beginning to reveal the mechanistic motions within this machine.

Recently teams led by Pena and Srinivasan elucidated the structure of the SF3b complex.
[18] Using protein--protein crosslinking, they were able not only to elucidate the structure of the
HEAT superhelix but also to determine its contacts with SF3b130, SF3b10, and SF3b14B and its
proximity to pl4 and U2AF6. Using this data, they utilized established pladienolide-resistance
mutations to gain a first glimpse of the possible binding pocket for SPLMs (cyan circle, (Figure

1.16).
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Figure 1.16 Structure of the human SF3b core complex with a cyan sphere showing the position of the R1074 mutation
found in cells resistant to pladienolide B (1). Two views are provided: a) front view, b) rotation 90° into the page.
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Alternate Avenues for Modulation through Chemical Biology

While this review has focused predominantly on SF3b-targeting inhibitors, efforts are now
underway to discover new motifs that target different complexes and their associated snRNPs, as
well as post-translational events associated with splicing. These materials include a variety of
natural products, their derivatives, as well as synthetic leads (Figure 1.17). One of these leads is
the CDC2-like kinase (CLK) inhibitor 30, which has been suggested to target the splicing factor
SRSF4.[53] Additional studies have also identified SPLM activity in a variety of kinase inhibitors,
such as the CLK1-targeting compound 31,[54] the PRP4 inhibitor 32,[55] and the potent CLK1-
binding compound 33.[56] In addition, there are number of other leads for which the detailed
modes of splicing modulation have not fully been established, including the inhibitor of
spliceosome assembly 34,[57] 35,[58] 36,[58] and N-palmitoyl-L-leucine.[59] Other leads such as
isoginkgetin (37), which inhibits precatalytic spliceosome complex B formation by blocking the
binding of U4/U5/U6 trisnRNP,[60] are already demonstrating that a variety of steps of the
splicing process can be effectively modulated. Further examples, including the use of SRPK1
inhibitors, have shown remarkable in vivo utility for regulating neovascularization in tumor tissues

by modulating VEGF splicing.[61]
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Figure 1.17 Structures of SPLMs that do not target SF3b. These include TG003 (30), leucettine L41 (31), the PRP4
inhibitor 32, KH-CB20 (33), madrasin (34), NSC659999 (35), NSC635326 (36), and isoginkgetin (37).

Section 1.5 Conclusion
The advance of SPLMs brings tremendous therapeutic potential. First, it offers a new set
of tools for the clinic, with immediate applications to cancer therapy. Recent evidence also

supports the use of SPLMs to regulate the formation of stem cells, thus suggesting that they may
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also serve as future tools to guide tissue reprogramming. Second, SPLMs provide a new set of
tools for basic biological studies.

Two main hurdles remain in the development of SPLM-based drugs. The first focuses on
properly adapting the SF3b-targeting SPLMs for clinical use. Second, there is a need to develop a
uniform standard (using defined cell lines with full RNA-seq characterization) to accurately
evaluate SPLM activity and RNA splicing to provide a detailed map of molecular features that
lead to distinct splicing patterns. While not always carefully identified in the literature, many of
the natural product SPLMs and associated analogues used lack sufficient pharmacological stability
and associated pharmacological properties for clinical applications. While initial evidence
indicates that this may have contributed to problems with the clinical application of E7107 (21),
further studies are needed to effectively evaluate activities in patients and develop SPLMs with
reduced potential for side or off-target effects. Although a series of studies have produced materials
with increased stability,[22, 53] often these compounds are significantly less effective at
modulating RNA splicing.[24—28] As illustrated in the current SAR maps (Figure 1.5),[19] only
a small number of analogues, such as 23 (Figure 1.6), have been identified that offer enhanced
activity over their natural product counterparts.

While first discovered as natural products, it has become increasingly clear that synthetic
chemistry will play an integral part in translating splicing modulators to clinical applications. This,
along with studies that advance a more detailed mechanistic understanding of the splicing
process[35, 62] at both the single-gene and genome-wide levels, are key to advancing SPLMs into
the clinic.[63]
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Chapter 2. Splice Modulation Synergizes Cell Cycle Inhibition

Section 2.1 Introduction

Splicing is an essential eukaryotic biological process that is frequently mis-regulated in
cancer.l Since their discovery in the early 1990s, splice-modulating polyketide natural products
FD-8952 (1a, Figure 2.1), pladienolide B3 (1b, Figure S2.1), or herboxidiene4 (1c, Figure S2.1),
and FR9014645 (1d, Figure S2.1), have been proposed as new anticancer therapeutics and used to
investigate the impact of spliceosome inhibition in healthy or tumor cells.6,7 These SPLMs share
a common mode of action (MOA) by targeting the splicing factor 3b (SF3B) unit of the human
spliceosome, leading to splicing inhibition and changes in alternative splicing patterns.8—10 Many
tumors depend on aberrant use of splicing machinery for expansion and metastasis, but interruption
of splicing by SPLMs limits the expression of genes necessary for tumor survival, ultimately
resulting in apoptotic cell death. 11 Because SPLMs regulate the splicing of several genes that are
overexpressed in cancer, they have been identified for their potential in anti-cancer therapy.6,12—
14 To date two SPLMs have entered the clinic, including the most recent entrance of H3B-880015
(1f, Figure S2.1) for acute myeloid leukemia (AML), and E-710716 (1e, Figure S2.1) against solid
tumors. Recent efforts in medicinal chemistry, RNA biology, and structural biology have allowed
for better understanding of SPLM activity and enhanced pharmaceutical access to SPLMs.17,18

Despite recent progress towards the development of anticancer chemotherapeutics,
desensitization, chemoresistance, and patient relapse remain challenges in the field. Advances in
combination therapy indicate that splice modulators could serve as a potential way to overcome
these issues. For instance, studies led by Mistelli suggest that splicing modulation can be used to

combat vemurafenib-resistance.19 More recently, studies led by Yamano have shown that
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FR901464 (1d, Figure S2.1), the natural product precursor to spliceostatin A, synergistically
improved efficacy of the PARP1 inhibitor olaparib.20 These studies suggest that splice modulatory
combination therapy may offer a new approach to target many of the challenges associated protein-
targeting chemotherapeutics.

To date, SPLMs have been found to interfere with the splicing of specific RNAs6 by
targeting the branch point adenosine binding pocket defined by the PHFSA-SF3b complex,21
ultimately down-regulating expression of encoded proteins. The timing of this effect was
demonstrated by examining the splice modulation of cell cycle regulatory proteins.22,23 We
reasoned that that SPLMs could likewise sensitize tumor cells to cell cycle inhibitors, leading to
synergistic anti-tumor effects (Figure 2.1). Here we describe these synergy studies to determine
whether pre-treatment of cancer cells with SPLMs followed by administration of established

kinase inhibitors could play a role in enhancing chemotherapeutics.

Section 2.2 Results and Discussion

Over the last decade, our laboratory has been exploring the multi-level effects of SPLMs
upon the normal course of splicing.6 We have found that SPLMs regulate splicing at two levels:
directly, through interactions with SF3b subunit within the spliceosome;17,18 and indirectly, by
altering the expression of spliceosomal proteins, which in turn modifies the splicing of subsequent
transcripts.22 As SPLMs such as FD-895 (1a, Figure 2.1) target the splicing process and result in
aberrant splicing within tumor cells, we suspected that pretreatment of cells with 1a could decrease
the expression of cell cycle RNA, thereby decreasing cellular levels of a target protein for a specific
inhibitor. Cell cycle RNA is only expressed at certain times in the cell cycle, such as the onset of

mitosis, so FD-895 (1a) can be applied at this time for optimal regulation of cell cycle RNA.
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Therefore, tumor cells pretreated with 1a would be more sensitive to inhibitors of a targeted
protein, as its levels would be reduced by mis-splicing of its precursor RNA. In this way we hoped
to achieve reduction of target protein levels, ultimately enhancing the efficacy of tumor cell death

(Figure 2.1).

cell-cycle
inhibition

Aurora or polo-like kinase ‘
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Figure 2.1 Concept of splice synergy of cell cycle inhibitors. Pretreatment of tumor cells with a SPLM such as FD-
895 (1a) induces alternate splicing of a RNA associated with a cell cycle response. Rendered unproductive, the
resulting mis-spliced RNA is no longer translated into protein leading to net loss in the levels of the given cell cycle
regulatory protein. Ultimately, this results in a synergistic enhancement of inhibitors of that cell cycle protein, as
demonstrated by AURK inhibitors 2a, 2b or a PLK-1 inhibitor 3a.
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Using cell cycle regulation as a model, we sought to evaluate the effect of FD-895 (1a)
treatment on the expression of critical cell cycle regulators (Figure 2.1). Using RNA-seq data
previously collected on cancer cells treated with FD-895,6 we identified the oncogenic kinases
aurora kinase A (AURKA), aurora kinase B (AURKB) and polo-like kinase 1 (PLK-1) as likely
targets for SPLM modulation.24 These proteins are established chemotherapeutic targets. AURKA
and AURKB regulate chromatin segregation during cell division. PLK-1 promotes centrosome
development while activating the anaphase-promoting complex. A schematic representation of
their role in the cell cycle has been provided in Supporting Figure S2.2. Despite much progress
towards the development of cell cycle-inhibiting chemotherapeutics, the concentrations required
for in vivo efficacy often lead to off-target activity.

We screened the cytotoxicity of FD-895 (1a) alone or in combination with the AURK
inhibitors danusertib (2a) 27 or PF-03814735 (2b). 28 Consistent with the literature, the GI50
values were observed at 0.8+0.1 nM for 1a29 (Figure 2.2a,d), 4.3+0.4 uM for 2a27 (Figure 2.2a),
and 2.1£0.2 uM for 2b28 (Figure 2.2d) in HCT-116 colorectal carcinoma cells. Comparable
activities were observed in Caov3 ovarian adenocarcinoma or HeLa cervical adenocarcinoma cells
with GI50 values at 2.0+0.1 nM for la (Caov3, Figure 2.2b), 3.7+0.4 nM for 1a (HeLa, Figure
2.2¢), 5.5+0.5 uM for 2a (Caov3, Figure 2.2b), 10.1+1.0 uM for 2a (HeLa, Figure 2.2¢), 6.0+0.6
uM for 2b (Caov3, Figure 2.2e) and 19.5£2.0 uM for 2b (HeLa, Figure 2.2f). Pre-treatment of
either cell line with 1 nM la or 5 nM la was found to significantly decrease the associated GI50
values for each inhibitor (Figure 2.2a-f). Treatments with 1 nM la led to reductions up to 10-fold
reduction in cell cycle inhibitor GI50 values, whereas 5 nM 1a led to reduction by up to 90,000-

fold. At 1 nM la, the combination of 1a and the AURK inhibitors 2a and 2b was found to be
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antagonistic. Interestingly, in cells treated with 5 nM 1a, the combination was synergistic for both

2a and 2b. Similar trends were observed for combination treatment in Caov3 (Figure 2.2b,e) and

HeLa (Figure 2.2¢,f) cells, indicating that this effect was not cell line specific.
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Figure 2.2 Synergistic reduction in tumor cell viability. HCT-116, HeLa, or Caov3 cells were treated with FD-895
(1a) for 24 h, washed with PBS to remove 1a, and then treated with cell cycle inhibitors: (a—c) PF-03814735 (2a), (d—
f) danusertib (2b), or (g—i) BI 2536 (3a) for 72 h. Analysis of tumor cell viability showed that pretreatment with 1
nM 1a led to an antagonistic reduction in cell viability, whereas treatment with 5 nM 1a led to synergistic reductions

in cell viability. Experiments were conducted in triplicate with Glso values reported for each experiment. Statistical
analyses and confidence limits are provided in Tables S2 and S3.
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We then explored the effects of 1a in combination with the PLK-1 inhibitor BI 2536 (3a)
(Figure 2.2g-1). In accordance with the literature, the GI50 values were 0.5 + 0.1 nM for 1a28 and
160 £+ 50 nM for 3a30 in HCT-116 cells. Comparable activities were observed in Coav3 or HeLa
cells with GI50 values were observed at 2.0+0.2 nM for 1a (Caov3, Figure 2.2h), 4.0+0.4 nM for
la (HeLa, Figure 2.21), 25.9+£3 nM for 3a (Caov3, Figure 2.2h), and 13.2+1 pM for 3a (HeLa,
Figure 2.21). Pre-treatment of either cell line with 1 nM 1a or 5 nM 1a was found to decrease the
associated GI50 values for 3a (Figure 2.2g-1); 1 nM 1la led to reductions in cell cycle inhibitor
GI50 values by a factor of up to 200-fold, whereas 5 nM 1a led to reduction by a factor of up to
60,000-fold. At 1 nM la, the combination of 1a and 3a was found to be antagonistic, but at the
slightly higher concentration of 5 nM la, this combination was synergistic for 3a. Once again,
similar trends were observed in HeLa and Caov3 cell lines.

To further investigate the synergistic relationship between 1a and the AURK inhibitors, we
investigated the effects of FD-895 (1a) treatment on AURK gene expression at the RNA and
AURK protein level. We treated HCT-116 cells with 1a and found that nanomolar concentrations
could diminish the levels of AURKA (Figure 2.3a) and AURKB (Figure 2.3b). As depicted in
Figure 2.3, SPLM 1a was found to decrease the expression of AURKA (Figure 2.3d) and AURKB
(Figure 2.3e), inducing exon skipping in AURKA and AURKB (Figure S2.3), likely introducing
a premature termination codon (PTC) and leading to nonsense mediated decay (NMD). These
reductions in AURKA and AURKB also translated to decreases in AURKA and AURKB protein

(Figure 2.3¢,d).
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Figure 2.3 Demonstration of synergistic splice modulation of AURKA and AURKB. HCT-116 cells were treated
with SPLM 1a for 24 h and then expression of (a) AURKA RNA, (b) AURKB RNA, or (¢, d) AURKA protein was
analyzed. (e—g) For combination studies, synchronized HCT-116 cells were treated with 5 nM or 10 nM 1a for 6 or
24 h, 200 nM 2a for 24 h, or a combination of 1a and 2a. Treatment efficacy was assessed by visualizing pAURKA
and pAURKB levels by western blotting. pAURK values were expressed relative to the reference gene cofilin. The
“+” sign above bars indicates synergy. Experiments were conducted in biological triplicate. Statistics were calculated
using a standard one-way ANVOA; p-values were represented so that * signifies p < 0.05, ** signifies p < 0.01, ***
signifies p < 0.001, and **** signifies p < 0.0001.
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This observation was not limited to AURK alone. Similarly, SPLM 1la diminished PLK-1
RNA levels (Figure 2.4a). Previous studies have found that 1a induces utilization of an alternative
5’ splice site, introducing a PTC and leading to nonsense mediated decay (NMD) of PLK-1. 22
Complete loss of PLK-1 was observed at treatments > 20 nM la. As evident in Figure 4d,
comparable results were also observed in phosphorylated PLK-1 where treatments > 20 nM la
demonstrated complete loss of PLK-1. Interestingly, treatment with < 10 nM 1a resulted in an
increase in PLK-1 protein (clearly evident at 2.5 nM in Figure 2.4b,c), presumably through
feedback regulation. However, cells treated with >20 nM 1a underwent a loss in PLK-1 expression
as expected from modulated splicing of its incipient PLK-1. We were able to confirm that this

decreases in PLK-1 correlated with a reduction in PLK-1 protein (Figure 2.4e).
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Figure 2.4 Demonstration of synergistic splice modulation of PLK-1. HCT-116 cells were treated with SPLM 1a for
24 h and then expression of (a) PLK-1 RNA or (b, ¢) PLK-1 protein was analyzed. (d, ¢) For combination studies,
synchronized HCT-116 cells were treated with 5 nM or 10 nM 1a for 6 or 24 h, 2 uM 3a for 24 h, or a combination
of 1a and 3a. Treatment efficacy was assessed by visualizing PLK-1 levels via Western blotting. The “+” sign above
bars indicates synergy. Experiments were conducted in biological triplicate. Statistics were calculated using a standard
one-way ANVOA; p-values were represented so that * signifies p < 0.05, ** signifies p < 0.01, *** signifies p <

0.001, and **** signifies p < 0.0001.

We also analyzed the effects of combination treatment on AURK protein expression.

Because 2a inhibits AURK activation by blocking the kinase’s ATP binding site, AURK

phosphorylation levels were used to assess the efficacy of this cell cycle inhibitor. Synchronized
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HCT-116 cells were treated with 1a, 2a, or a combination of 1a and 2a, and then phosphorylated
AURKA (pAURKA) and phosphorylated AURKB (pAURKB) levels were examined by western
blotting (Figure 2.3e-g). Although all treatments were found to reduce expression of pAURK to
some extent, combination treatment most successfully decreased pAURK levels. In fact, in some
treatment conditions, la and 2a were found to act synergistically to reduce pAURKA and
pAURKB protein levels (Figure 2.3).

The effects of combination treatment were also evaluated for PLK-1 protein. Because 3a
inhibits PLK-1 activation by targeting its ATP binding site, phosphorylated PLK-1 (pPLK-1)
protein levels were used to measure efficacy of this inhibitor. Synchronized HCT-116 cells were
treated with la, 3a, or a combination of la and 3a, followed by evaluating pPLK-1 levels by
western blotting (Figure 2.3e). All treatments successfully reduced pPLK-1 expression, but
combination treatment was found to be particularly effective in reducing pPLK-1. Synergy
between la and 3a was observed for all conditions tested (Figure 2.4).

Interestingly, our studies suggest that SPLM response can be attenuated by exploring the
structure activity relationships (SARs) within the SPLM. As shown in Figure S2.4, different
SPLMs target AURK and PLK-1 to a different extent. These studies suggest the need to tailor the
gene selectivity of splice modulation. While early evidence (Figure S2.4) suggest the potential to
use medicinal chemical methods to encourage the mis-splicing of genes of therapeutic interest, the
scope and potential of this interplay will require significant systems and gene-specific studies
before the global regulatory network is revealed. While it is clear that SPLMs can play a role as
tools to reduce the levels of a given target within a cell, and hence increase therapeutic potency,

the development of methods that selectively engage splice modulation within a tumor cell would
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have profound implications, suggesting a means to specifically activate and target cells with a

high-degree of cell specificity.

Section 2.3 Conclusion

Nearly a decade ago, the concept of modulating the RNA levels of proteins associated with
cell cycle regulatory proteins was suggested as a therapeutic option to treat diverse cancers. 31
Studies such as that led by Ashihara32 demonstrate the potential for RNA interference of PLK-1
as a therapeutic approach for non-small cell lung cancers. Here, we show how the small molecule
la can be used in a complementary approach to modulate the levels of properly spliced cell cycle
regulators AURKA, AURKB and PLK-1 across a series of cell lines. This splice-induced loss
resulted in a reduction in AURKA, AURKB and PLK-1 protein, attributing to a net improvement
in efficacy of AURK inhibitors 2a-2b or PLK-1 inhibitor 3a, with marked enhancements up to
90000-fold (Figure 2.2).

Overall, this study suggests the potential to engage small molecule SPLM pre-treatment as
a therapeutic tool to edit the levels of therapeutically targeted proteins by mis-splicing their RNAs.
Here, one can envision the use of cell-specific SPLMs such as la for therapeutic intervention that
begins with application of a SPLM to down-regulate the expression of a chemotherapeutic target
(i.e., AURKA, AURKB or PLK-1) at the RNA level, resulting in a net loss of a targeted protein,
followed by treatment with a target-selective inhibitor. Comparable to RNAi and RNAsi
approaches, synergistic applications of SPLMs suggests an expanded potential for the use of splice
modulation as a strategy for drug enhancement. SPLM combination therapy may be particularly
useful for enhancing clinical agents that suffer from off-target effects or dose-limiting toxicity and

could therefore allow for previously abandoned lead molecules (therapeutics) to re-enter the clinic.
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This suggestion was recently supported by studies in which FR901462, the natural product
precursor to spliceostatin A (1d, Figure S2.1), synergistically-improved efficacy of the PARP1
inhibitor olaparib.20 Ongoing studies are now focused on exploring specificity of this SPLM
combination therapy at a systems-wide level, with the overall goal of validating this strategy as

mechanism-based approach to synergize chemotherapeutic treatment.

Section 2.4 Methods
Compounds

FD-895 (1a) and 17S-FD-895 (1g) were prepared by total synthesis.28 PF-03814735 (2a),
danusertib (2b) and BI 2536 (3a) were purchased from Millipore-Sigma, Adipogen Corporation,
and Selleck Chemical, respectively. All oligonucleotides were purchased by custom synthesis
(Integrated DNA Technologies). Unless stated otherwise, all reagents and media were purchased
from VWR or Fisher Scientific.
Cell culture

The HCT-116 cell line was cultured in McCoy’s 5a (Life Technologies) supplemented with
10% fetal bovine serum (FBS), 2 mM L-glutamine, and 100 U mL—1 of penicillin and 100 pg
mL—1 of streptomycin at 37 °C in an atmosphere of 5% CO2. Both the HeLa and Caov3 cell lines
were maintained in DMEM (Life Technologies) supplemented with 10% FBS, 2 mM L-glutamine,
and 100 U mL—1 of penicillin and 100 pg mL—1 of streptomycin at 37 °C in an atmosphere of 5%
CO2.
Cellular drug treatments

Compounds were dissolved in DMSO (MilliporeSigma). Cells were treated with 1a, 2a,

2b, or 3a in media with >0.5% DMSO for 24-72 h.
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Cell viability assays

HCT-116 cells were plated at 5 x 103 cells/well in McCoy’s 5a containing 10% FBS. Cell
were cultured for 24 h and then pre-treated with 1a for 24 h, then washed twice with 100 pL PBS.
Next, cells were treated with cell cycle inhibitors ranging from 0—-10 uM of 2a, 2b, or 3a for 72 h.
Then, the cells were washed twice with 100 uL PBS, and 100 pL of media was added to each well,
followed by 20 puL of CellTiter Aqueous One Solution (Promega). After 2 h at 37 °C, absorbance
readings were taken at 490 nm (test wavelength) and 690 nm (reference wavelength). GI50 values
were calculated in Prism (GraphPad) using > 3 biological replicates.
Analysis of drug effects

CompuSyn (ComboSyn) was used to analyze cytotoxic effects of the combination of 1a
with 2a, 2b, or 3a. The following equation was fitted to experimental data using nonlinear

regression:

_ Dg Cl-Dg ' Dp
1= 1 + 1 + 1 1

E = 1 E - E =X
Glsoa(Ggo—p)ma Glsop(T5o—)™P Glsoq * Glsop * (755-5)2™M * Glsop(5—5)2™MP
100-E 100-E 100-E 100-E

Dy

where D, is the concentration of drug A, Dy in the concentration of drug B, Glsea is the median
effective drug concentration, E is the fraction of cells surviving, and m is the slope parameter of
the individual drug’s concentration-effect curve. When the combination index (CI) value > 1,
antagonism is indicated, meaning that the observed efficacy is less than the expected additive
effect. CI = 1 reflects additive effects, meaning the observed efficacy is within the range of
expected additive effects. CI < 1 indicates synergy, meaning the observed efficacy is greater than
the expected additive effects.33
Quantitative real time PCR (qPCR)

Cells were treated with la, 2a, 2b, or 3a in 0.5% DMSO for 24 h. Untreated cells were

considered as a control. Total RNA was isolated using mirVana miRNA isolation kit (Life
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Technologies). A 1 pg sample of RNA was subjected to DNAsel from a TURBO DNA free kit
(Life Technologies). The cDNA was prepared by using SuperScript III reverse transcriptase kit
(Life Technologies). The amount of unspliced RNA for different genes was determined using
Power SYBR Green PCR master mix (Applied Biosystems) by qPCR using specific primers for
each gene (Supplementary Table 1). qPCR using 2.5 uM of each primer was performed on 5 ng of
the obtained cDNA. qPCR conditions were as follows: 95 °C for 10 min for one cycle, then 95 °C
for 30 s, 55 °C for 60 s, 72 °C for 60 s, for 40 cycles using the MXPro. Quantification cycle (Cq)
values were identified for each sample, and then RNA levels were calculated using 2-42¢T
method.34 GAPDH was used as a control for normalization.21 At least three biological replicates
were conducted. Statistics were calculated using a standard one-way ANVOA; p-values were
represented so that * signifies p<0.0001.
Western blot analyses

Cells were synchronized using a double thymidine block followed by treatment with 100
ng/mL nocodazole. Then cells were treated with la, 2a, 2b, or 3a in 0.5% DMSO for 6-24h.
Untreated cells were considered as a control. Cells were washed twice with PBS, and lysed with
modified RIPA buffer (Cell Signaling Technology) containing 1% of a human protease and
phosphatase inhibitor cocktail (Cell Signaling Technology) at 4 °C. The protein content of the
whole cell lysates was quantified using the Pierce BCA Assay (Thermo Fisher). Lysates in sample
buffer comprised of 720 mM 2-mercaptoethanol, 0.001% bromophenol blue, 2% SDS, 10%
glycerol, 80 mM Tris « HCI pH 6.8 were denatured at 95 °C for 5 min. Total cellular proteins (20—
50 pg) were subjected to SDS PAGE using a 4-20% Criterion precast gel (Bio-Rad) followed by
transfer to a 0.45 pm polyvinylidene difluoride (PVDF) membrane (Millipore). After blocking

with 5% BSA for 1 h in 25 mL Tris-buffered saline with Tween 20 (TBST) comprised of 20 mM
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Tris « HCI, 137 mM NacCl, 0.1% Tween-20 pH 7.6, the membrane was incubated with a primary
antibody overnight at 4 °C. The primary antibodies included a rabbit anti-PLK-1 (4513, Cell
Signaling Technology), rabbit antiphospho-PLK-1 (5472, Cell Signaling Technology), mouse
anti-AURKA (610938, BD), rabbit anti-phospho-AURK (2914, Cell Signaling Technology), and
mouse anti-cofilin (54532, Abcam). All primary antibodies were used at a 1:1000 dilution in TBST
containing 5% BSA. After washing three times with 25 mL of TBST, the membranes were
incubated with AP-labeled anti-rabbit (7054, Cell Signaling Technology) or AP-labeled anti-
mouse (S372B, Promega) secondary antibodies with a dilution of 1:1000-7500 TBST containing
5% BSA for 60 min at rt. The membranes were washed three times with 25 mL TBST and protein-
antibody complexes signals were detected using a BCIP/NBT (S3771, Promega) then stained blots
were imaged on a conventional flatbed scanner (1260, Epson). Band signal was quantified using
ImageStudio (LI-COR). At least three biological replicates were conducted. Statistics were
calculated using a standard one-way ANVOA; p-values were represented so that * signifies
p<0.0001.

Chapter 2, in full, is a reprint of the material as it appears: Trieger, K.A., La Clair, J.J.,
Burkart, M.D. “Splice Modulation Synergizes Cell Cycle Inhibition” ACS Chem. Biol. 2020 15

(3), 669-674. The dissertation author is the primary co-author of this manuscript.

48



Section 2.5 Supplementary Information

Supplementary Information

Splice Modulation Synergizes Cell Cycle Inhibition

Kelsey A. Trieger, T James J. La Clair," and Michael D. Burkart™"

T Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA 92093-

0358, United States

*Correspondence: Michael D. Burkart, Phone: 858-534-5673, e-mail: mburkart@ucsd.edu

Table of Contents

Supplementary Figure S1 Sl
Supplementary Figure S2 S2
Supplementary Figure S3 S3
Supplementary Figure S4 S4
Supplementary Table S1 S5
Supplementary Table S2 S6

49



OR:2

FD-895 (1a) Ri=OH, R2=CHjs
pladienolide B (1b) Ri=H, R=H

FR901464 (1d)

E7107 (1e)

H3B-8800 (1f)

17S-FD-895 (1g) i

OH

Supplementary Figure S1. Expanded set of splicing modulators including
natural products FD-895 (1a), pladienolide B (1b), herboxidiene (1¢), and
FR901464 (1d). Structures of clinically-evaluated analogs E7107 (1e) and H3B-
8800 (1f) along with clinical-candidate 17S-FD-895 (1g).
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Supplementary Figure S2. Roles of polo-like kinase 1 (PLK-1) and aurora kinases
(AURK) in the mitotic cycle. Both kinases play an interactive role in regulating each
stage of passage through mitosis with effects arising from inhibition or reduced
expression of PLK-1 (in red) and aurora kinases (in green).
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Supplementary Figure S3. AURKA gene regulation by FD-895. Increasing
concentrations of FD-895 led to a decrease in the inclusion of exons 3-7 in
AURKA RNA.
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Supplementary Figure S4. Splice modulator selectivity. FD-895 (1a) and
pladienolide B (1b) reduced AURKA and PLK-1 protein expression in a
concentration-dependent manner. 17S-FD-895 (1g) reduced AURKA expression
and modestly increased PLK-l expression. Experiments were conducted in
biological triplicate. Statistics were calculated using a standard one-way ANVOA;
p-values were represented so that * signifies p<0.05, ** signifies p<0.01, ***
signifies p<0.001, and **** signifies p<0.0001.
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Supplementary Figure S5. Full scale scans of representative western blots used in
this manuscript. a) Representative western blot used in Figure 3d. b)

Representative western blot used in Figure 3e. ¢) Representative western blot used
in Figure 4c. d) Representative western blot used in Figure 4d.
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Supplementary Table 1. Sequences of the qPCR primers used in this study.

gPCR primers
Primer Location 5’ Sequence 3’

GAPDH-FP Exon 3 TGGTCACCAGGGCTGCTT
GAPDH-RP Exon 4 AGCTTCCCGTTCTCAGCCTT
AURKA-FP Intron 2 CCACCTTCGGCATCCTAAT
AURKA-RP Intron 2 TCCAAGTGGTGCATATTCC
AURKB-FP Intron 2 GGAGAGCTTAAAATTGCAG
AURKB-RP Intron 2 TGCAGCTCTTCTGCAGCTC

PLKI-FP CTCAACACGCCTCATCCTC

PLKI-RP GTGCTCGCTCATGTAATTG

FP: forward primer; RP reverse primer
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Supplementary Table 2. Confidence intervals of Glsg values for cytotoxicity studies.*

Compounds Cell Line Glsg value (nM) Standard error (nM) | Confidence interval
1a HCT116 0.5-1.7 0.1-0.4 0.4-2.6
1a Caov3 1.6-2.0 0.46-0.59 0.94-3.46
1a HeLa 3.7-4.5 0.92-1.26 2.16-8.24
2a HCT116 430.0 440.7 3453.0 - 5231.0
2a+ 1 nM la HCTI116 517.0 281.0 136.9 - 1886.0
2a+5nM la HCT116 0.05 0.05 0.01-0.18
2a Caov3 5500 621 4303 - 6938
2a+1nM1a | Caov3 2800 450 1906 - 3979
2a+5nM1a [ Caov3 0.08 0.06 0.01 -0.22
2a Hela 10100 3371 5527 -20150
2a+1nM la HeLa 4000 1084 2368 - 6667
2a+5nM la HelLa 0.20 0.10 0.01 -0.42
2b HCT116 2100 186 1737 - 2492
2b+1nM1a |HCTI1I16 250.0 35.7 180.3 - 351.6
2b+5nM1a |HCTI116 0.05 0.04 0.01-0.13
2b Caov3 6000 402 5233 - 6942
2b+1nM1a |Caov3 900 230 468 - 1765
2b+5nM1a | Caov3 0.07 0.06 0.01-0.19
2b HeLa 19500 4112 13180 - 31166
2b+1nM1a |Hela 16300 4178 10281 - 28836
2b+5nM1a |Hela 0.30 0.16 0.01 -0.74
3a HCT116 160.0 52.9 67.0-444.6
3a+1nMla HCTI116 0.90 0.33 0.33-2.28
3a+5nMla HCT116 0.004 0.002 0.001 - 0.008
3a Caov3 25.9 9.6 6.2-79.8
3a+1nMla | Caov3 12.8 5.4 1.7-48.8
3Ja+5nM1la | Caov3 0.20 0.05 0.07 -0.30
3a HelLa 13200 2662 8927 - 20456
3a+1nMla HeLa 10700 2369 7036 - 17217

* Data from these studies was obtained from and reported in Figure 2
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Supplementary Table 3. Combination Index values for cytotoxicity studies.*

Figure | [1a] (nM) | [2a] (nM) | [2b] (nM) | [2b] (nM) CI value
1.0 1.0 2.35
1.0 10.0 12.4
1.0 50.0 28.4
2a 1.0 100.0 24.5
1.0 500.0 12.2
1.0 1,000.0 4.34
1.0 5,000.0 0.190
1.0 | 10,000.0 0.166
5.0 1.0 0.0605
5.0 10.0 0.0741
5.0 50.0 0.0525
a 5.0 100.0 0.0403
5.0 500.0 0.0530
5.0 1,000.0 0.0681
50 5,000.0 0.627
50| 10,000.0 0.833
1.0 1.0 12,700,000
1.0 10.0 76,600,000
1.0 50.0 404,000
% 1.0 100.0 1,600
1.0 500.0 1,790,000
1.0 1,000.0 3,300
1.0 5,000.0 10.7
1.0 | 10,000.0 0.0962
5.0 1.0 0.000218
5.0 10.0 0.000329
5.0 50.0 0.000348
% 5.0 100.0 0.000372
5.0 500.0 0.000567
5.0 1,000.0 0.000810
5.0 5,000.0 0.00275
5.0 10,000.0 0.00519
1.0 1.0 498,000,000
1.0 10.0 30,400
1.0 50.0 1,790,000
2% 1.0 100.0 1,790,000
1.0 500.0 1,790,000
1.0 1,000.0 76,600,000
1.0 5,000.0 78.6
1.0 | 10,000.0 0.0000407
5.0 1.0 0.00811
2% 5.0 10.0 0.00642
5.0 50.0 0.00642
5.0 100.0 0.0156
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5.0 500.0 0.0157
5.0 1,000.0 0.00234
5.0 5,000.0 0.0000237
5.0 10,000.0 0.0000108
1.0 1.0 4,580
1.0 10.0 6.75
1.0 50.0 2.56
2d 1.0 100.0 2.30
1.0 500.0 0.519
1.0 1,000.0 0.268
1.0 5,000.0 0.260
1.0 10,000.0 0.0409
50 1.0 0.0761
50 10.0 0.0823
50 50.0 0.0686
2 5.0 100.0 0.0787
50 500.0 0.0769
5.0 1,000.0 0.0890
5.0 5,000.0 0.181
50 10,000.0 0.450
1.0 1.0 587,000
1.0 10.0 426,000
1.0 50.0 154,000
2e 1.0 100.0 54,800
1.0 500.0 2,090
1.0 1,000.0 223
1.0 5,000.0 8.74
1.0 10,000.0 4.04
5.0 1.0 0.00242
5.0 10.0 0.01263
5.0 50.0 0.00593
e 5.0 100.0 0.00882
5.0 500.0 0.0251
5.0 1,000.0 0.0187
5.0 5,000.0 0.0123
5.0 10,000.0 0.0120
1.0 1.0 307,000,000,000.
1.0 10.0 307,000,000,000.
1.0 50.0 307,000,000,000.
2 1.0 100.0 307,000,000,000.
1.0 500.0 1,108,000,000.
1.0 1,000.0 307,000,000,000.
1.0 5,000.0 1,108,000,000.
1.0 10,000.0 8.53
5.0 1.0 0.0591
2f 5.0 10.0 0.0344
5.0 50.0 0.437
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5.0 100.0 0.135
5.0 500.0 0.0156
5.0 1,000.0 0.0156
5.0 5,000.0 0.000324
5.0 10,000.0 0.0000536
1.0 1.0 4.03
1.0 10.0 1.57
1.0 50.0 1.49
2 1.0 100.0 1.66
1.0 500.0 0.807
1.0 1,000.0 0.501
1.0 5,000.0 0.00378
1.0 10,000.0 0.000414
5.0 1.0 0.0254
5.0 10.0 0.00704
5.0 50.0 0.00415
2 5.0 100.0 0.00712
5.0 500.0 0.0185
5.0 1,000.0 0.00472
5.0 5,000.0 0.0170
5.0 10,000.0 0.0000336
1.0 1.0 35,700,000
1.0 10.0 240,000,000
1.0 50.0 922,000
2h 1.0 100.0 4,470,000
1.0 500.0 2,610
1.0 1,000.0 4,330
1.0 5,000.0 10.4
1.0 10,000.0 0.0938
5.0 1.0 0.000188
5.0 10.0 0.000412
5.0 50.0 0.000309
oh 5.0 100.0 0.000295
5.0 500.0 0.000447
5.0 1,000.0 0.000879
5.0 5,000.0 0.00385
5.0 10,000.0 0.00455
1.0 1.0 307,000,000,000
1.0 10.0 6,140,000
1.0 50.0 76,600,000
2% 1.0 100.0 76,600,000
1.0 500.0 1,790,000
1.0 1,000.0 307,000,000,000
1.0 5,000.0 144,000
1.0 10,000.0 1.59
2% 5.0 1.0 0.0156
5.0 10.0 0.0234
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5.0 50.0 0.135

5.0 100.0 0.0496

5.0 500.0 0.00811
5.0 1,000.0 0.00811
5.0 5,000.0 0.000142
5.0 10,000.0 0.0000167

*Data from these studies was obtained from and reported in Figure 2
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Chapter 3. Stereochemical Attenuation of Splice Modulation

Section 3.1 Introduction

RNA splicing plays a central role in cell regulation, development, and disease progression,
but the complexity of this macromolecular assembly process has left RNA splicing underexplored
in cancer. In recent years, it has become clear that alternative RNA splicing becomes mis-regulated
in and plays a role in the progression of a wide range of cancers [1,2]. However, this therapeutic
vulnerability has not been well explored due to a lack of RNA-targeting methods and little
information on the splicing changes that take place during cancer progression. Understanding the
relationship between splicing and cancer progression will allow for expansion of our therapeutic

arsenal in tackling cancer.
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Figure 3.1 RNA splicing. (A) The splicing reaction begins when the branch point adenine (black circle) reacts with
the 5° splice site (ss). The 5’ ss then reacts with the 3’ ss, ligating the exon ends together. (B) Exons can be
constitutively spliced, where all exons are present in every mRNA product, or alternatively spliced, where exon and
intron inclusion in the mRNA product can vary based on the directives of various splicing factors.

Splicing serves to remove noncoding sequences (introns) from precursor messenger RNA
(pre-mRNA), and ligate coding sequences (exons), forming mRNA that can then be translated into
protein (Figure 3.1) [3]. This reaction is carried out by a macromolecular machine called the
spliceosome, a ribonucleoprotein (RNP) complex containing five small nuclear RNAs (snRNA)

and over 200 associated proteins. The splicing reaction begins when the branch point adenine
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(BPA) within an intron attacks the 5” splice site, forming the intron lariat. This process is highly
regulated; the spliceosome prevents premature reaction of the BPA by shielding it until ready for
catalysis, at which point the spliceosome arranges the secondary structure of the pre-mRNA intron
in such a way that the BPA is positioned near the 5’ splice site. Specifically, two spliceosomal
proteins, splicing factor 3b 1 (SF3B1) and PHD finger protein 5a (PHF5A), are responsible for
binding and positioning the BPA for the start of the splicing reaction. After the pre-mRNA is
successfully spliced, the resulting intron lariat is discarded, and the spliceosome disassembles.

Because aberrant splicing has been identified as a major contributor to cancer progression
and metastasis, drugs that regulate RNA splicing could serve as powerful therapeutics for cancer.
Splice modulators (SPLMs) are a class of chemotherapeutics that regulate aberrant splicing
profiles in tumors, thereby inducing tumor cell apoptosis [4]. These drugs affect splicing by
binding to the spliceosomal pocket formed by proteins SF3B1 and PHF5A in the same spot that
typically binds the BPA of the pre-mRNA (Figure 3.2). SPLM occupation of this binding pocket
interrupts normal interactions between the pre-mRNA and the spliceosome, thereby preventing
initiation of splicing, or inducing usage of an alternative BPA within the intron [5]. In this way,
SPLM treatment alters splicing of thousands of different genes involved in splicing, metabolism,
the cell cycle, and more. Overall, SPLMs interfere with the overused splicing machinery that
cancer cells become dependent upon for expansion, thereby limiting the tumor’s ability to produce
proteins necessary for growth and survival.

Though splice modulators share some unifying structural features, such as a long side chain

and 6- or 12-membered ring, this class of compounds is quite structurally diverse. Structural
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Figure 3.2 Binding of FD-895 to the SF3B1PHF5A pocket. a) Structure of FD-895 (1) bound to the human core
SF3B complex including: b) a depiction of the key amino acid residues within the binding pocket and surface rendering
of the pocket illustrating the regions occupied by the c) core and d) side chain. Protein components are given by SF3B1
(dark blue) and PHF5A (light blue).

differences from one SPLM to another lead to significant changes in splicing activity based on
SPLM orientation within the spliceosome binding pocket (Figure 3.2). Therefore, although most
SPLMs affect the splicing of the same category of genes, each SPLM affects the splicing of
individual genes to a different extent. In 2004, the Burkart laboratory began synthesizing splice
modulators and structural analogs in order to investigate the structure-activity relationship of these
compounds [6,7]. Through these efforts, we have been able to obtain splice modulators with
optimized features. For example, the synthetic splice modulator 17S-FD-895 shows enhanced
stability compared to its parent natural products [8]. Having found that changing the structural
features of splice modulators could favorably alter drug properties, we became interested in further

exploring the structure-activity relationships (SARs) of FD-895.
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In this series of studies, we explored the relationship between structural features of the
splice modulator FD-895 and RNA splicing selectivity. To this end, we synthesized a panel of
splice-modulating analogs of the natural product FD-895. We then used these analogs to explore

the role of drug structure in potency, gene selectivity, and splicing activity.

Section 3.2 Results and Discussion

Using synthetic methods recently developed at gram scales, 12 we began by adapting routes
to prepare analogs of FD-895 (1) with inversion of the stereochemistry at 10 of the 11 stereocenters
(C3,C7,Cl10,C11,Cl16,C17,C18, C19, C20 and C21). Our approach developed through the Stille
coupling of macrolide core (C1-C11) and side chain (from C12-C28) components. [somers with
inversion at C3, C7, C10 or C11 were prepared by synthesis of the corresponding isomeric
macrolide core and coupling it to a desired side chain in a final step. Side chain analogs at C16,
C17, C18, C19, C20, and C21 were prepared in an analogous manner. Further information on
synthetic routes, procedures, and compound validation are provided in the supplementary

information.
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modifications within the core at C3, C7, C10 and C11 and side chain at C17, C18, C19, C20, C21. Red indicates the
position of modification.

In order to evaluate the impact of the FD-895 analogs on inhibiting tumor cell growth, we
treated HCT116 colorectal carcinoma cells with analogs 1a-1j for 72 hours and then measured
tumor cell viability using the MTS assay (Table 1). The natural product FD-895 1 was found to
have Glso value = 1.7 nM. Comparatively, the analogs were equally or less active than 1, but all
were found to retain some tumor-inhibiting activity (Glso value <1 uM) except for analog 1ec.

The range in potencies of the analogs allowed us to classify the importance of structural
and stereochemical features in FD-895. Modifications to the macrolide core decreased tumor-
inhibiting activity. Epimerization of the C3 or C7 centers (analogs 1a,b) led to near hundredfold
reductions in activity, and epimerization of the C10,11 center (1¢) led to a complete loss in activity,
indicating that the spatial arrangement of the macrolide core in the spliceosomal binding pocket
affects drug activity. The one exception to this rule was analog 1a, representing epimerization of
the C3 center for the 17S-FD-895 analog, which showed no reduction in activity. Modifications

along the side chain had more variable effects on activity. For instance, epimerization of C17 (1d)
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or the installment of a methoxy group at C17 (1e) did not change drug activity. However,
epimerization of the epoxide at C18,19 (1i) or co-epimerization of the C20,21 centers (1j) led to
decreases in activity by 260- and 150- fold, respectively. Overall, this data implies that spatial

arrangement of SPLMs in the spliceosomal binding pocket directs drug activity.

Table 3.1 Glso values for analogs 1-1j. HCT116 were treated with analogs 1-1j ranging from 0.1-5000 nM for 72
hours, then cell viability was measured using the MTS assay. Full cell viability graph included in Figure S3.1, and
confidence intervals provided in Table S3.1.

Analog Glso value (nM)
FD-895 (1) 1.72
C3 FD-895 (1a) 2.21
C7 FD-895 (1b) 431.8
C10,11 FD-895 (1¢) 36553
17S-FD-895 (1d) 2.06
17-methoxy FD-895 (1e) 2.21
17-methoxy 17S-FD-895 (1f) 37.65
C3 17S-FD-895 (1g) 131.2
C7 17S-FD-895 (1h) 806.2
C18,19 17S-FD-895 (1i) 445.5
C20,21 17S-FD-895 (1j) 262.2
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Figure 3.4 Structure-splicing profiles for RNA splice modulators after four-hour treatment. HCT116 tumor cells were
treated with analogs 1, 1, 1a, 1b, 1d-g, 1i, and 1j at 20 times the GIso value for each analog (listed in table 1) for four
hours and then cellular RNA was isolated and purified for gPCR. Primers were designed to evaluate intron retention
or exon skipping, direct responses to splice modulator treatment. Genes evaluated included those involved in splicing
regulation (SF3A1, SF3A3, SF3BI1, SF3B2), apoptosis (MCL-1L), protein folding (DNAJB1), and cell cycle
regulation (AURKA, PLK-1) relative to the unspliced control GAPDH.

To probe the structure-splicing relationship of the FD-895 analogs, we next evaluated the
impact of treatment on tumor splicing in situ. For these studies, we used only the analogs that
were considered active (Glso value < 500 nM). Here, we treated HCT116 tumor cells with analogs
1, 1a, 1b, 1d-g, 1i, and 1j at 20 times the Glso value for each analog, allowing us to normalize

each analog relative to each other and thereby evaluate changes in gene response due to splicing
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selectivity rather than compounding effects due to differences in potency. We treated cells for four
hours so that we could evaluate early changes in splicing activity, and then cellular RNA was
isolated and purified for qPCR (Figures 3.4 and 3.5). None of the concentrations tested led to
significant changes in cell viability over the four-hour time window, ensuring that changes in gene
expression were not due to cell death (Figure S3.7). For these studies, we evaluated the expression
of genes involved in splicing regulation (SF3A1, SF3A3, SF3B1, SF3B2), apoptosis (MCL-1v),
protein folding (DNAJBI), and cell cycle regulation (AURKA, PLK-1) relative to the unspliced
control GAPDH. Primers were designed to evaluate intron retention or exon skipping, direct
responses to splice modulator treatment. The master splicing regulator alternative splicing factor
(SF2) was also evaluated, with the primers for this gene designed to evaluate overall gene

expression, which changes in response to splice modulator treatment.
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Figure 3.5 Structure-activity profiles for RNA splice modulators after four-hour treatments. HCT116 tumor cells
were treated with analogs 1, 1, 1a, 1b, 1d-g, 1i, and 1j at 20 times the Glso value for each analog (listed in table 1) for
four hours and then cellular RNA was isolated and purified for qPCR. Primers were designed to evaluate gene
expression, which changes in response splice modulator treatment for the alternative splicing regulator (SF2) relative
to the unspliced control GAPDH.

We found that splicing activity typically corresponded to drug activity for the analogs;
however, each analog also displayed a unique splicing signature. For instance, in looking at the
gene DNAJB1, we found that the natural product FD-895 (1) was not able to significantly induce

intron 2 retention for this gene, but all other analogs tested were able to induce intron 2 retention
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in DNAJBI. Interestingly, both C3 analogs 1a and 1g induced intron 2 retention to similar extent,
despite analog 1g being over 50 times less potent than analog 1a. It was also notable that relatively
inactive analogs like 1b and 1i, with Glso values of 431.8 and 445.5 nM respectively, were able to
induce intron 2 retention to a greater extent than 1 in DNAJB1.

Another unique finding from these studies was that all analogs tested were able to alter the
expression of splicing factor expression, as seen with the intron 6 retention in SF3A1 induced by
SPLM treatment. This indicates that these analogs affect splicing in situ by two different
mechanisms: directly, by interfering with spliceosomal interactions with pre-mRNA, and
indirectly, by altering the ratio of proteins involved in spliceosome formation. It was also found
that all analogs tested were able to reduce the expression of oncogenes MCL-11, AURKA, and
PLK-1 by inducing exon skipping for these genes.

A handful of analogs were also selected to evaluate the late-phase effects of splice
modulator treatment on tumor splicing in situ. For these studies, HCT116 tumor cells were treated
with analogs 1-1j at 500 nM for 24 hours and then cellular RNA was isolated and purified for
qPCR (Figures 3.6 and 3.7). Additional studies were conducted with HCT116 tumor cells treated
with analogs 1-1j at 100 or 250 nM for 24 hours to evaluate splicing effects at a range of drug
concentrations (Figures S3.2, S3.3, S3.4, and S3.5). None of the concentrations tested led to
significant changes in cell viability over the 24-hour time window, ensuring that changes in gene
expression were not due to cell death (Figure S3.6). The majority of primers were designed to
evaluate intron retention or exon skipping, direct responses to splice modulator treatment. Genes
evaluated included those involved in splicing regulation (SF3A1, SF3A3, SF3B1, SF3B2),
apoptosis (MCL-1¢), and protein folding (DNAJBI1), relative to the unspliced control GAPDH. A

handful of primers were also designed to evaluate overall gene expression, which changes in
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response to splice modulator treatment, for genes involved in the cell cycle (AURKA, PLK-1) as

well as splicing regulation (SF2).
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Figure 3.6 Structure-splicing profiles for RNA splice modulators after 24-hour treatment. HCT116 tumor cells were
treated with analogs 1, 1b, 1d, 1e, 1g, 1h, and 1j at 500 nM for 24 hours and then cellular RNA was isolated and
purified for gPCR. Primers were designed to evaluate intron retention or exon skipping, direct responses to splice
modulator treatment. Genes evaluated included those involved in splicing regulation (SF3A1, SF3A3, SF3BI,
SF3B2), apoptosis (MCL-1L), and protein folding (DNAJB1), relative to the unspliced control GAPDH.
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Figure 3.7 Structure-activity profiles for RNA splice modulators. HCT116 tumor cells were treated with analogs 1,
1b, 1d, 1e, 1g, 1h, and 1j at 500 nM for 24 hours and then cellular RNA was isolated and purified for gPCR. Primers
were designed to evaluate gene expression, which changes in response splice modulator treatment. Genes evaluated
included those involved in splicing regulation (SF2) as well as the cell cycle (AURKA, PLK-1), relative to the
unspliced control GAPDH.
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We found that splicing activity typically corresponded to drug activity for the analogs;
however, each analog also displayed a unique splicing signature. The natural product FD-895 (1),
a strong splicing modulator, altered the splicing of many of the genes tested, including DNAJBI1,
SF3A1, SF3B2, PLK-1, and AURKA. Epimerization of the C17 center (analog 1d) led to a modest
switch in splicing activity; 1d reduced AURKA to a similar extent as 1, but increased intron
retention of SF3A1 and SF3B2 to a greater extent than 1. Epimerization of C3 (analog 1g), which
displayed weaker drug activity, was found to be a surprisingly potent splicing modulator; 1g was
the only analog that increased intron retention of SF3A3 or altered the expression of SF2, and most
potently reduced PLK-1 RNA expression. In addition, 1g induced intron retention of SF3A1 and
altered the expression of AURKA. 1g was one of the few analogs that showed greater splicing
activity for particular genes despite its reduction in drug activity, indicating that the C3 position is
important for splicing selectivity not necessarily drug overall drug activity. Analog 1b displayed
a complete loss of splicing activity, indicating that proper arrangement of the C7 substituent in the
SF3B1*PHF5A pocket is crucial for splicing activity. Methylated analog le, which had
comparable potency to FD-895, was found to be a slightly weaker splice modulator; 1e altered
gene expression to an equal or lesser extent for DNAJB1, AURKA, and SF3A1. Analog 1i showed
a drastic reduction in splicing activity, correlating with its decrease in drug activity, for all genes
tested except for PLK-1, for which 1i increased the RNA expression. Analog 1j showed a similar
splicing profile to 1i, and was only found to affect the RNA expression of PLK-1 and AURKA.
The reductions in both drug and splicing activity for analogs with epimerized centers along the

side chain point to the importance of the side chain in guiding overall splicing effects.
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Section 3.3 Conclusions

These studies have provided new information on the role of splice modulator structure in
drug activity and spliceosome interactions. From the nine SPLM analogs of FD-895 generated for
this work, we were able to identify trends in how small stereochemical or structural modifications
in the side chain or macrolide core regions attenuated drug activity. Epimerization of stereocenters
in either region typically led to a loss in activity, consistent with structural data indicating higher-
energy conformations and differential 3D intramolecular interactions for these analogs.
Epimerization of the C3 (1a) and C17 (1d) centers proved an exception to this rule, showing
activity levels similar to the parent natural product FD-895 (1). Interestingly, these analogs also
displayed unique splicing-selectivity profiles, particularly the C3 (1g) analog, which shows
enhanced selectivity for the genes SF2 and SF3A3 after 24-hour treatment (Figures 3.4 and 3.5).
X-ray crystallography studies [5] show the C3 center positioned near regions of the SF3B1<PHF5A
pocket that interact with incipient pre-mRNA; this structural information combined with our
structure-splicing relationship studies indicate that the C3 region is crucial for determining gene-
specific splicing activity and modifying this region can lead to preferential targeting of some genes.

We also found that some analogs had unique splicing selectivity profiles independent of
their cytotoxic potential. For instance, epimerization (1d) or methylation of the C17 (1e) center
did not significantly alter GIso value compared to FD-895 (1), but after 24 hours (Figure 3.4) 1d
was found to induce higher levels of intron 6 retention in SF3A1 and intron 10 retention in SF3B2,
and le was found to have reduced splicing selectivity overall compared to 1 or 1d. Overall, this
information implies that cytotoxic potency does not necessarily correlate with splicing selectivity.
Instead, a more complex relationship exists, accounting for SPLM fit in the SF3B1*PHF5A pocket

and SPLM interactions with pre-mRNA.
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Section 3.4 Methods
Compounds

Splice modulator 1-1j were prepared by total synthesis as described in the supplementary
information section. All oligonucleotides were purchased by custom synthesis (Integrated DNA
Technologies). Unless stated otherwise, all reagents and media were purchased from VWR or
Fisher Scientific.
Cell culture

The HCT-116 cell line was cultured in McCoy’s 5a (Life Technologies) supplemented with
10% fetal bovine serum (FBS), 2 mM L-glutamine, and 100 U mL—1 of penicillin and 100 pg
mL—1 of streptomycin at 37 °C in an atmosphere of 5% CO?2.
Cellular drug treatments

Compounds were dissolved in DMSO (MilliporeSigma). Cells were treated with 1-1j in
media with >0.5% DMSO for 4-72 h.
Cell viability assays

HCT-116 cells were plated at 5 x 10° cells/well in McCoy’s 5a containing 10% FBS. Cells
were cultured for 24 h and then treated with analogs 1-1j for 4-72 h, then washed twice with 100
uL PBS. 100 pL of media was added to each well, followed by 20 pL of CellTiter Aqueous One
Solution (Promega). After 2 h at 37 °C, absorbance readings were taken at 490 nm (test
wavelength) and 690 nm (reference wavelength). Glso values were calculated in Prism (GraphPad)
using > 3 biological replicates.
Quantitative real time PCR (qPCR)

Cells were treated with 1-1j in 0.5% DMSO for 4 or 24 h. Untreated cells were considered

as a control. Total RNA was isolated using mirVana miRNA isolation kit (Life Technologies). A
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1 ng sample of RNA was subjected to DNAsel from a TURBO DNA free kit (Life Technologies).
The cDNA was prepared by using SuperScript III reverse transcriptase kit (Life Technologies).
The amount of unspliced RNA for different genes was determined using Power SYBR Green PCR
master mix (Applied Biosystems) by qPCR using specific primers for each gene (Supplementary
Table 1). qPCR using 2.5 pM of each primer was performed on 5 ng of the obtained cDNA. qPCR
conditions were as follows: 95 °C for 10 min for one cycle, then 95 °C for 30 s, 55 °C for 60 s, 72
°C for 60 s, for 40 cycles using the MXPro. Quantification cycle (Cq) values were identified for
each sample, and then RNA levels were calculated using 2"24°T method.34 GAPDH was used as a
control for normalization.21 At least three biological replicates were conducted. Statistics were
calculated using a standard one-way ANVOA; p-values were represented so that * signifies
p<0.0001.

Chapter 3, in part, is material being prepared for submission under the title
“Stereochemical Attenuation of Splice Modulation” Chan, W. C.*; Trieger, K. A.*; Patel, A.; La
Clair, J. J.; Burkart, M. D. *authors contributed equally. The dissertation author is the primary co-

author of this manuscript.
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Section 3.5 Supplementary Information
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Figure S3.1 Cell viability studies for 72-hour treatments. HCT116 cells were treated with analogs 1-1j with
concentrations ranging from 0.1-5000 nM for 72 hours and then cell viability was measured using the MTS assay.

Glso values were calculated using GraphPad.

78



Table S3.1 Glso values for analogs 1-1j. HCT116 were treated with analogs 1-1j ranging from 0.1-5000 nM for 72
hours, then cell viability was measured using the MTS assay. Glso values and confidence intervals were calculated
using GraphPad. Full cell viability graph included in Figure S3.1.

Analog Glso value (nM) 95% confidence interval
FD-895 (1) 1.72 1.004 to 2.828
C3 FD-895 (1a) 2.21 1.148 to 4.044
C7 FD-895 (1b) 431.8 176.9 to 999.4
C10,11 FD-895 (1¢) 36553 26507 to 56115
17S-FD-895 (1d) 2.06 1.466 to 2.858
17-methoxy FD-895 (1e) 2.21 1.110 to 4.175
17-methoxy 17S-FD-895 (1f) | 37.65 25.77 to 55.17
C3 17S-FD-895 (1g) 131.2 88.69 t0 199.0
C7 17S-FD-895 (1h) 806.2 553.9to 1163
C18,19 17S-FD-895 (1i) 445.5 319.8 to 620.6
C20,21 17S-FD-895 (1j) 262.2 178.6 to 391.8
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Figure S3.2 Structure-splicing profiles for RNA splice modulators at 100 nM. HCT116 tumor cells were treated with
analogs 1, 1b, 1d, le, 1g, 1h, and 1j at 100 nM for 24 hours and then cellular RNA was isolated and purified for
gPCR. Primers were designed to evaluate intron retention or exon skipping, direct responses to splice modulator
treatment. Genes evaluated included those involved in splicing regulation (SF3A1, SF3A3, SF3B1, SF3B2), apoptosis
(MCL-1L), and protein folding (DNAJB1), relative to the unspliced control GAPDH.
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AURKA, 100 nM PLK-1, 100 nM SF2, 100 nM
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Figure S3.3 Structure-activity profiles for RNA splice modulators at 100 nM. HCT116 tumor cells were treated with
analogs 1, 1b, 1d, le, 1g, 1h, and 1j at 100 nM for 24 hours and then cellular RNA was isolated and purified for
gPCR. Primers were designed to evaluate gene expression, which changes in response splice modulator treatment.
Genes evaluated included those involved in splicing regulation (SF2) as well as the cell cycle (AURKA, PLK-1),
relative to the unspliced control GAPDH.
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Figure S3.4 Structure-splicing profiles for RNA splice modulators at 250 nM. HCT116 tumor cells were treated with
analogs 1, 1b, 1d, le, 1g, 1h, and 1j at 250 nM for 24 hours and then cellular RNA was isolated and purified for
gPCR. Primers were designed to evaluate intron retention or exon skipping, direct responses to splice modulator
treatment. Genes evaluated included those involved in splicing regulation (SF3A1, SF3A3, SF3B1, SF3B2), apoptosis
(MCL-1L), and protein folding (DNAJB1), relative to the unspliced control GAPDH.
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AURKA, 250 nM PLK-1, 250 nM SF2, 250 nM
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Figure S3.5 Structure-activity profiles for RNA splice modulators at 250 nM. HCT116 tumor cells were treated with
analogs 1, 1b, 1d, le, 1g, 1h, and 1j at 250 nM for 24 hours and then cellular RNA was isolated and purified for
gPCR. Primers were designed to evaluate gene expression, which changes in response splice modulator treatment.
Genes evaluated included those involved in splicing regulation (SF2) as well as the cell cycle (AURKA, PLK-1),
relative to the unspliced control GAPDH.
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Figure S3.6 Cell viability studies for 24-hour treatments. HCT116 tumor cells were treated with analogs 1, 1b, 1d,
le, 1g, 1h, and 1j at 500 nM for 24 h and then cell viability was measured using the MTS assay. No significant changes

in cell viability were identified.
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Four hour treatment
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Figure S3.7 Cell viability studies for four-hour treatments. HCT116 tumor cells were treated with analogs 1a-1c, 1e-
1g, and 1j at 20x the Glso value for each analog (Glso values listed in in table 1) for four hours and then cell viability
was measured using the MTS assay. No significant changes in cell viability were identified.
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A. General synthetic methods: Chemical reagents were obtained from Acros Organics, Alfa
Aesar, Chem-Impex Int., CreoSalus, Fischer Scientific, Fluka, Oakwood Chemical, Sigma-
Aldrich, Spectrum Chemical Mfg. Corp., or TCI Chemicals. Deuterated NMR solvents were
obtained from Cambridge Isotope Laboratories. All reactions were conducted with rigorously
dried anhydrous solvents that were obtained by passing through a column composed of activated
Al alumina or purchased as anhydrous. Anhydrous N,N-dimethylformamide was obtained by
passage over activated 3A molecular sieves and a subsequent NaOCN column to remove traces of
dimethylamine. Triethylamine (Et;N) was dried over Na and freshly distilled. Ethyl-N,N-
diisopropylamine (EtNi-Pr2) was distilled from ninhydrin, then from KOH. Anhydrous CH3CN
was obtained by distillation from CaH,. All reactions were performed under positive pressure of
Ar in oven-dried glassware sealed with septa, with stirring from a Teflon coated stir bars using an
IKAMAG RCT-basic stirrer (IKA GmbH). Solutions were heated on adapters for IKAMAG RCT-
basic stirrers. Analytical Thin Layer Chromatography (TLC) was performed on Silica Gel 60 F254
precoated glass plates (EM Sciences). Preparative TLC (pTLC) was conducted on Silica Gel 60
plates (EM Sciences). Visualization was achieved with UV light and/or an appropriate stain (I> on
Si02, KMnOs, bromocresol green, dinitrophenylhydrazine, ninhydrin, and ceric ammonium
molybdate). Flash chromatography was carried out on Fischer Scientific Silica Gel, 230-400 mesh,
grade 60 or SiliaFlash Irregular Silica Gel P60, 40-63 pm mesh, grade 60. Yields correspond to
isolated, chromatographically and spectroscopically homogeneous materials. 'H NMR and !*C
NMR spectra were recorded on a Varian VX500 spectrometer equipped with an Xsens Cold probe.
Chemical shift & values for '"H and '*C spectra are reported in parts per million (ppm) and
multiplicities are abbreviated as s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br

= broad. All 1*C NMR spectra were recorded with complete proton decoupling. FID files were
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processed using MestraNova 12.0.3. (MestreLab Research). Electrospray (ESI) mass
spectrometric analyses were performed using a ThermoFinnigan LCQ Deca spectrometer, and
high-resolution analyses were conducted using a ThermoFinnigan MAT900XL mass spectrometer
with electron impact (EI) ionization. A Thermo Scientific LTQ Orbitrap XL mass spectrometer
was used for high-resolution electrospray ionization mass spectrometry analysis (HR-ESI-MS).
FTIR spectra were obtained on a Nicolet magna 550 series II spectrometer as thin films on either
KBr or NaCl discs, and peaks are reported in wavenumbers (cm™). Optical rotations [a]p were
measured using a Perkin-Elmer Model 241 polarimeter with the specified solvent and
concentration and are quoted in units of deg cm? g'!. Spectral data and procedures are provided for

all new compounds and copies of select spectra have been provided.
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Typical procedure for the Stille Coupling of 2-2j and 3-3 for the synthesis of 1-1j.

Reagents:

CuCl, anhydrous, beads, 99.99% (Sigma-Aldrich): beads were powdered prior to addition
KF, anhydrous, powder, 99.9% (Sigma-Aldrich): used without further purification

XPhos Pd G2 (Sigma-Aldrich): used without further purification

t-BuOH, anhydrous, 99.5% (Sigma-Aldrich): used without further purification

Vinylstannane 2-2j (1.5 eq) and core 3-3f (1 eq) were combined in a 50 mL flask and dried via
rotary evaporation of benzene. To the mixture was then sequentially added CuCl (1.5 eq), KF
(1.5 eq) and XPhos Pd G2 (0.05 eq) and anhydrous ~-BuOH (10 mL). The reaction vessel was
purged under Ar, heated to 50 °C and stirred overnight, at which point solution turns into a gray
cloudy mixture. The mixture was then filtered through a plug of Celite and eluted with acetone
(20 mL). The elutants were concentrated on a rotary evaporator to yield a crude brown semi-
solid. Pure 1-1j was obtained as a white semi-solid by flash chromatography over neutral silica

gel, eluting with a gradient of hexanes to 1:3 acetone/hexanes.
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Procedures for the synthesis of FD-895 (1).

H SnBuy
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Marshall addition of allenylstannane 16 to aldehyde 15 to afford alkyne 17

H SnBusg
=y
: | -78°C ¥ S
0 5 O  63%15d 0 47 OH

Reagents:

BF3¢Et,0, 46.5% BF3 (Alfa Aesar): used without further purification

(1R,2R)-1-((2R,3R)-3-((2R,35)-3-Methoxypentan-2-yl)oxiran-2-yl)-2-methylbut-3-yn-1-ol
(5). Aldehyde 15 (0.701 g, 4.08 mmol) and allenylstannane 16 (2.10 g, 6.10 mmol) in a 100 mL
flask were dissolved in anhydrous CH>Cl» (40.0 mL) and purged with an Ar atmosphere. The
mixture was cooled to -78 °C and BF3*Et,O (0.753 mL, 6.10 mmol) was added dropwise over 5
min. The reaction was stirred for 1 h at -78 °C. A mixture of MeOH (5 mL) and satd. NaHCOs (1
mL) was added, and the solution was warmed to rt. The phases were separated, and the aqueous
phases were extracted with Et20 (3 x 100 mL). The organic phases were combined, dried with
NazS04 and concentrated on a rotary evaporator. Alkyne 17 (0.692 g, 63%) was obtained in a 1:5
mixture of diastereomers (by NMR) as a colorless oil by flash chromatography, eluting with a

gradient of hexanes to 1:3 EtzO/hexanes.
Note 1: Desired diastereomer was isolated in the next step.

Note 2: The remaining C18-C19 epoxide diastereomer from the Sharpless epoxidation was

resolved after purification of the next step.

Alkyne 17: TLC (2:1 hexanes/EtOAc): Ry= 0.50; 'H NMR (CDCls, 400 MHz) & 3.55 (s, 3H),
3.41 (m, 1H), 3.21 (ddd, /= 10.4, 6.4, 3.9 Hz, 1H), 3.07 (dd, J=4.6, 2.3 Hz, 1H), 3.0 (dd, J =

8.1,2.2 Hz, 1H), 2.67 (m, 1H), 2.16 (d, J = 2.5 Hz, 1H), 2.07 (bs, 1H), 1.57 (m, 3H), 1.31 (d, J =
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6.9 Hz, 3H), 0.97 (d, J = 7.0 Hz, 3H), 0.90 (t, /= 7.4 Hz, 3H); 3C NMR (CDCl;, 100 MHz) §
83.8,77.4,73.7,71.2,59.5, 59.4, 58.3, 39.0, 31.1, 23.9, 17.2, 10.4, 10.2; ESI-MS m/z 249.14
[M+Na]*; FTIR (film) vmax 3430, 3310, 2967, 2935, 2878, 1457, 1379, 1260, 1093 cm™!'; HR—

ESI-MS m/z calcd. for C13H2203Na [M+Na]*: 249.1461, found 249.1462. [a]*p = +10.2 ° (c =

1.0, CH2Clp).
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Hydrostannylation of alkyne 17

= PdCl,(PPhg),
Q’u ; n-BuzSnH, THF
. e

50%

7%

o] 47 OH

Reagents:
n-Bu3sSnH, 97% contains 0.05% BHT as stabilizer (Acros Organics): used without further
purification

PdCI>(PPh3), (Oakwood Chemical): dried via azeotropic distillation of benzene

(1R,2R,E)-1-((2R,3R)-3-((2R,3S5)-3-Methoxypentan-2-yl)oxiran-2-yl)-2-methyl-4-
(tributylstannyl)but-3-en-1-o0l (2). PdCI>(PPhs3), (0.155 g, 0.221 mmol) was added to a solution
of alkyne 17 (0.501 g, 2.21 mmol) in a 50 mL flask in anhydrous THF (20 mL). The mixture was
cooled to 0 °C and n-Bu3SnH (1.79 mL, 6.63 mmol) was added dropwise. The mixture was
stirred for 45 min at 0 °C, at which point the resulting mixture was concentrated to yield a black
crude oil. The material was extracted into hexanes, filtered through a pad of Celite and was
eluted with hexanes. The elutant was concentrated on a rotary evaporator, and this process was
repeated twice until a clear black solution was achieved. Pure vinylstannane 2 (0.110 g, 50%)
was obtained as a mixture of 1:5 a:[} regioisomers by flash chromatography, eluting with a
gradient of hexanes to CH2Cl» to 1:20 Et2O/CH2Cly. The desired regioisomer and diastereomer
can be obtained in 95+% purity by additional flash chromatography, eluting with a gradient of

hexanes to CH2Cl; to 1:20 Et,O/CHClL.

92



Note 1: Unwanted diastereomer obtained from previous reaction was removed after flash

chromatography

Vinylstannane 2: TLC (10:1 hexanes/Et,0): Ry= 0.28 (CAM stain); 'H NMR (C¢Ds, 500 MHz) &
6.20 (m, 2H), 6.19 (d, J = 6.8 Hz, 1H), 3.34 (td, /= 4.9, 1.8 Hz, 1H), 3.23 (s, 3H), 3.16 (td, J =
6.3, 4.2 Hz, 1H), 2.98 (dd, J= 8.0, 2.3 Hz, 1H), 2.84 (dd, J=4.3, 2.3 Hz, 1H), 2.51 (td, /= 6.9,
5.2 Hz, 1H), 1.61 (m, 6H), 1.48 — 1.32 (m, 7H), 1.19 (d, /= 6.9 Hz, 3H), 1.02 — 0.92 (m, 19H),
0.86 (t,J= 7.4 Hz, 3H); 3*C NMR (CsDs, 500 MHz) § 154.5, 150.5, 150.4, 150.4, 150.3, 83.8,
83.3,72.8,59.0, 57.5,57.3,57.2,39.0, 39.0, 29.3, 27.4, 23.5, 15.9, 15.8, 13.4, 10.5, 9.6, 9.4;
HR-ESI-MS m/z calcd. for CoH1703 [M+H]" 519.2843, found 519.2839; [a]*’p =-2.3° (c = 1.0,

CHxClp).
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Stille coupling of stannane 2 and core 3

cat. Xphos Pd G2
CuCl, KF
+BuOH
SnBug e
80%

FD-895 (1): Yield: 80%, 121 mg; TLC (1:3 acetone/CH2Clz): Rr= 0.28 (CAM stain); NMR data
provided in Table S1; FTIR (film) vmax 3447, 2963, 2930, 2875, 1739, 1457, 1374, 1239, 1176,
1089, 1021 cm™'; HR-ESI-MS m/z calcd. for C31HsolO9Na [M+Na]*: 589.3370, found 589.3376;

[’ = +6.8 ° (¢ = 1.0, CH,CL).
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Table S3.2. NMR data for FD-895 (1) in CsDs

Position |8u, mult (Jin Hz) | 8¢ H, 'H- | 'H, '"H-NOESY 'H, BC-HMBC

1 172.1

2’ 2.30, dd (14.8, 27w, 3 2.3 1,3,4

2% 2.20, dd (14.8, 38.6 2,3 2°,3,4,5 1, 3w

3 351, m 69.4 30Hw 2°, 27, 4,5, 5,

3-OH 3.66,d(11.0) 3 3, 60H, 170H

4’ 1.60, m 304 3w, 4°,5 2°,3,8,24 3,5

4 1.25, m ' 3,5 3w, 5,7 3,5

5’ 1.54, m 57 2".3,5,8 4,6, 24w

57 1.23, m 359 4’ 3,4°,7 4,6,7, 24w

6 73.3

6-OH 1.85,s 3,30H, 170H

7 5.26, s 79.2 8 4 57 8,24 8,9,24,26,29

8 5.83, dd (15.2,]126.5 7,9 4w,5,7,9,10 6w, 9, 10

9 5.63, dd (15.2,]140.7 8,10 4 57 7,8,10,11, |7, &, 10, 11w,
10 2.38, m 41.1 11, 25 7,8,9,11w,25,26 |8,9,11, 25

11 5.24,d (1.8) 82.6 10 9, 10w, 13,25,26w |1, 9, 10, 12, 14,
12 131.6

13 6.10, dd (10.9,]131.7 14, 26 11, 14, 15, 25, 26w, | 11, 14, 15, 26

14 6.23, dd (15.0,]126.2 13,15 13, 15, 16, 26, 27 12,13, 16

15 5.53, dd (15.0,138.3 14,16 13,14,16,17,18,27 |13, 14,16, 17,27
16 2.39, m 42.6 17,27 14, 15,17, 18, 27 13w, 14, 15, 17,
17 3.10, m 75.3 16, 18 15,16, 18, 19, 27 16w, 27w
17-OH |2.14, bs 17 3w, 30H, 60H, 17w

18 2.66,dd (5.8, 2.2) |60.6 17,19 15w, 16, 17, 20, 27, | 17, 20

19 2.87,dd (8.3,2.3) |59.7 18w, 20 17, 20, 21, 28, 31 17, 20, 21, 28

20 1.26, m 394 19, 28 18, 19, 21, 23, 28 18, 19, 21, 23,
21 3.15,td (6.4, 4.1) |83.6 20, 22°,119,20,22°,22°°, 23,119, 20, 22w, 23,
22’ 1.63, m 22,23 21,22, 23 20, 21, 23

227 1.37, ddd (14.0, 239 22°,23 21,22°,23 20,21, 23

23 0.84,t(7.5) 10.0 227,227 21,227,227 21,22

24 1.02, s 24.8 4’5, 60H, 7 5,6,7

25 0.70, d (6.8) 16.4 10 9,10, 11, 13w, 26 9,10, 11

26 1.57,d (1.3) 11.9 10,11, 14, 25 11,12, 13,14, 15
27 1.14, d (6.8) 17.0 16 14,15, 16,17, 18w |15, 16, 17

28 0.83,d(7.1) 10.6 20 17,18, 19, 21, 31w |19, 20, 21

29 169.0

30 1.62, s 20.7 29

31 3.25,s 57.8 19, 23 21

95




Stille coupling of stannane 2 and Core 3a to afford 3S-FD-895 (1a).

cat. Xphos Pd G2
CuCl, KF
+BuOH
SnBu; ——

85%

3S5-FD-895 (1a): Yield: 85%, 65.1 mg; TLC (1:3 acetone/CH>Cl2): Ry=0.18 (CAM stain); NMR
data provided in Table S2; FTIR (film) vmax 3447, 2963, 2930, 2875, 1739, 1457, 1374, 1239,
1176, 1089, 1021 cm'; HR-ESI-MS m/z calced. for C3;HsoIO9Na [M+Na]": 589.3310, found

589.3311; [0]®p = +9.4 ° (c = 1.0, CHyClo).
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Table S3.3 NMR data for 35-FD-895 (1a) in Cs¢Ds

Position |on, mult (J in | 8¢ H, 'H- | 'H, '"H-NOESY 'H, BC-HMBC

1 169.6

2’ 2.47, m 40.0 27,3 3,5 1,3, 4w

27 2.38, m ' 2,3 3 1,3,4

3 4.25, bs 67.3 2°,27°w 2’w, 27, 4%, 4”7

3-OH

4 1.35, m 275 3w, 4,5 13,5,5°,7 2w, 3w, 5w

4 1.33, m ’ 3w, 4,5’ 3,5,5” 3w, 5w

5 1.88, dt (13.5, 4 57 4” 4,6,24

5” 1.82, m 307 4,5 4,24 4,6,7,24

6 73.4

6-OH

7 5.26,d (9.8) 79.3 8 4°.8,9,24 8,9, 24w, 29

8 593, dd (15.2,126.6 |7,9, 10w 5w, 7,9, 10 6w, 10

9 5.62, dd (15.3,]140.4 |8,10 7,8,10, 11,25 7,10, 11w, 25w
10 2.47, m 41.2 Ow, 11,25 |8w, 25 8,9,11,25w

11 5.20,d (10.7) 82.2 10 10w, 13,25 1,9, 10, 12, 13,
12 132.1

13 6.17,d (11.0) 131.4 |14, 26w 8, 15,27w 11, 15,26

14 6.26, dd (15.0, [126.3 |13,15 15,27 12,13, 16

15 5.54, dd (15.0, |137.9 |14,16 7,13,14,16w,27 |12,13,16,17,27
16 2.38, m 42.6 15, 17w, 27 | 14,15, 27 14,15,17,18,27
17 3.10,t(6.6) 75.2 16, 18 16w, 18w 27 15,16, 18,27
17-OH

18 2.68, dd (5.8,]60.6 17, 19w 17,19, 20, 28 17, 19w, 20w

19 2.86, dd (8.2,(59.6 18w, 20 20w, 28 17w, 18w, 20,
20 1.27, ddd (8.2, (39.3 19, 28 18,21,22°,22°°,28 |19, 28w

21 3.14,td (6.3,4.1) | 83.5 20, 22°,120,22°,22”°,23,28 |19, 20w, 22w,
22’ 1.63, m 3.8 21,22°°,23 |22, 23w 20, 21,23

22 1.39, m ' 21,22°,23 |22°,23 20, 21,23

23 0.84,1(7.5) 10.0 22°,22” 21,22°,22” 21,22

24 1.11,s 24.8 2” 5,6,7

25 0.73,d (6.8) 16.5 10 10 9,10, 11

26 1.60, s 11.9 13 10, 14 11,12, 13

27 1.15,d (6.7) 17.1 16 15,16, 17 15,16, 17

28 0.85,d (7.8) 10.6 20 20, 21 19, 20

29 169.1

30 1.66, s 20.8 29
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31 3.25,s 577 | 21,2223, 24 21
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Stille coupling of stannane 2 and core 3b to afford 7R-FD-895 (1b).

- cat. Xphos Pd G2
o, : _ CuCl, KF
z +BuOH
OAc . SnBu; o7

“/OH /O 2 OH 75%

7R-FD-895 (1b): Yield: 75%, 99.1 mg; TLC (1:3 acetone/CH2Clz): Rr=0.28 (CAM stain);
NMR data provided in Table S3; FTIR (film) vmax 3447, 2963, 2930, 2875, 1739, 1457, 1374,
1239, 1176, 1089, 1021 cm!; HR-ESI-MS m/z calcd. for C31HsolO9Na [M+Na]*: 589.3348

found 589.3351; [a]*p = +10.9 ° (c = 1.0, CH2CL).
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Table S3.4 NMR data for 7R-FD-895 (1b) in Ce¢Ds

Position |dn, mult (J in | d¢ 'H, 'H-|'H,'H-NOESY 'H, BC-HMBC

1 172.3

2’ 2.35, m 2,3 3,4’°w, 5’ 1,3,4

2”7 2.29,dd (14.6, 39.0 2,3 3,4”,5 1,3,4

3 3.57, bs 69.6 30H,4> |2°,2”, 4, 4w, 5w, 5, |[N/A

3-OH 3.67,d(10.6) 3 4,5 conformers

4’ 1.66, m 3,4”,5,3,30H, 5,5, 7w conformers

4” 1.82, m 306 3, 4,5,|3w,5,5”,Tw 2

5’ 1.58, m 4, 47, |4 conformers

5 0.95, m 36.5 4, 47,5 (4> conformers

6 73.8

6-OH

7 5.40, m 77.9 8 48,10, 15,24, 27w 5,6,8,9,29

8 5.92,dd(15.4,128.0 |7,9 7, 9, 10, 11, 13w, 14w, |7, 10

9 5.38, m 130.7 8,10 4’,8,10,11,15,18,25 7,10

10 2.47,tq (10.1, | 41.0 11,25 8,9,25,26 8,9,11,25

11 5.36,d (10.7) |82.9 10 48,10, 13,25 1,9, 10, 12w, 13,
12 131.9

13 6.15,d(10.9) |131.5 |14,26w | 8,9,11,15,28 11, 15,26

14 6.26,dd (15.0, | 126.2 [13,15 15, 16,22°,26,27 12,13, 16

15 5.50,dd (15.0, | 138.2 | 14,16 8w, 13, 14,16, 17, 18w, 27 |13, 16, 17,27

16 2.37, m 42.7 15,17,26 |14, 15,27 14, 15,17, 18,27
17 3.06,1(6.6) 75.3 16, 18 16w, 19, 27 15,16, 18, 19, 27
17-OH

18 2.65, dd (5.7, | 60.7 17 10, 15, 16, 19, 20, 27w, [ 17,19, 20w

19 2.85, dd (8.2, 159.7 20 10w, 16w, 17w, 18, 20w, |18, 20, 28

20 1.30, m 394 19, 28 18,23, 28 18,19, 27,28

21 3.14, td (6.3, (83.6 20, 22°,(19,20,22°,22°w, 23,28 | 19w, 20, 23, 28,
22’ 1.57, m 3.8 23 21,22, 23 20, 21,23

22 1.36, m ' 23 21, 22a, 23 20, 21,23

23 0.84,t(7.5) 10.0 227,22 (21,227,227 21,22

24 1.00, s 24.7 30H, 5°,5°,7 5,6,7

25 0.76,d (6.8) |17.1 10 9,10, 11, 20, 26 9,10, 11

26 1.62, bs 11.5 10,11, 14 11,12, 13, 14,15
27 1.12,d (6.8) |16.9 16 14, 15, 16, 17w 15,16, 17

28 0.84,d(7.0) |10.6 20 19, 21 19, 20, 21

29 169.2

30 1.67,s 20.4 29
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31

3.24,s

57.8

19,21, 22,23, 28

21
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Procedures for the synthesis of 10R,11R-FD-895 (1c¢).

e %
(+)-B(OMe)lpc,
KOtBu, n-Buli H
BF, * Et,0 : R /
(N THF,-78°C I\~ 0
| bl i | + HO i)
50%
o OH O OTBS
32 33c
27
|¢\m
L
33c 80%
neat Piv,0
cat. DMAP
50 °C
15 mol% HGll INGZ N
toluene
reflux
< o O = _.\O /
(0]
g
OTBS
L . OTBS
35¢ 34c
‘ CSA
MeOH
MeO OI\%MB
cat. CSA
CH,Cl, +
—_—

10% over 3 steps

cat. Xphos Pd G2
CuCl, KF 80%
+BuOH
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Crotylation of aldehyde 32 to vinyl iodide 33¢

/\/
(+)-B(OMe)Ipc,
KOtBu, n-Buli
BF; * Et,0
| / THF, -78 °C
OH

32

Reagents:

Trans-2-butene (Acros Organics): used without further purification
(+)-B-methoxydiisopinocampheylborane (Sigma): used without further purification
KO#-Bu (Chem-Impex): used without further purification

n-BuLi (2.5 M in hexane) (Acros Organics): used without further purification

BF3Et,0O (Alfa Aesar): used without further purification

(E)-But-2-ene (20.0 mL, 0.200 mol) was condensed and added to a 11 L reaction flask
containing anhydrous THF (300 mL) at -78 °C. KO#-Bu (11.4 g, 0.101 mol) was added, and the
mixture was stirred at -78 °C for 30 min. #n-BuLi (2.5 M in hexane, 40.0 mL, 0.100 mol) was
added dropwise over 15 min, and the resulting yellow mixture was stirred at -78 °C for an
additional 30 min. A solution of (+)-B-methoxydiisopinocampheylborane (25.3 g, 0.800 mmol)
in anhydrous THF (100 mL) was added dropwise over 15 min, and the mixture turned clear.
After stirring the mixture for 30 min, BF3*Et,O (17.0 mL, 0.134 mol) was added dropwise over
10 min, and the mixture was stirred for an additional 10 min. After cooling the mixture to -94 °C,
a solution of 32 (12.1 g, 61.7 mmol) in anhydrous THF (75 mL) was added dropwise over 45
min. The mixture was allowed to warm to rt and stirred for 16 h. H>O (200 mL) was added, and
the mixture was concentrated on a rotary evaporator. Vinyl iodide 33¢ (7.80 g, 50%) was

obtained at a 10:1 dr by flash chromatography, eluting with CH>Cl..

103



Vinyl iodide 33: TLC (CH2CL): Ry = 0.40 (KMnOs); 'H NMR (500 MHz, CDCls) & 6.26 (s, 1H),
5.72 (m, 1H), 5.18 (d, J= 16.0 Hz, 1H), 5.18 (d, J= 11.3 Hz, 1H), 3.87 (dd, J= 8.1, 2.9 Hz, 1H),
2.36 (h, J=7.4 Hz, 1H), 1.88 (d, /= 2.9 Hz, 1H), 1.82 (bs, 3H), 0.92 (d, J = 6.8 Hz, 3H); 1*C
NMR (125 MHz, CDCLs) § 148.1, 140.0, 117.4, 80.2, 80.0, 42.4, 19.4, 16.6; HR-ES-MS m/z

caled. for CsHi3IONa [M+Na]*: 274.9998, found 274.9997; [a.]*°p = +21.4 ° (¢ = 1.0, CH2Cly).
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Esterification of acids 27 with alcohol 33c to afford 34c¢

.%
on |

33c

N0 /  neat Piv,0
>—< >—O cat. DMAP
HO o) 50 °C
O OTBS 80%
27
Reagents:

DMAP, 98% (Sigma-Aldrich): used without further purification

Pivalic anhydride, 99% (Alfa Aesar): used without further purification

38,4S5,E)-1-1odo-2,4-dimethylhexa-1,5-dien-3-yl-(3R)-3-((zert-butyldimethylsilyl)oxy)-5-
((4R,5S5)-2-(4-methoxyphenyl)-4-methyl-5-vinyl-1,3-dioxolan-4-yl)pentanoate (34). DMAP
(150 mg, 1.22 mmol) and pivalic anhydride (3.71 mL, 18.3 mmol) were added sequentially to a
250 mL flask containing 27 (5.51 g, 12.2 mmol) and alcohol 33 (3.23 g, 12.8 mmol). The
mixture was purged with Ar and stirred neat at 50 °C for 8 h. Pivalic anhydride was removed
from the mixture under airflow. Crude material was then loaded directly onto silica gel in

hexanes and eluted with a gradient of hexanes to 1:10 Et;O/hexanes. Pure esters 34 (6.72 g,

80%) were obtained as a clear oil.
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Esters 34: TLC (1:4 Et,O/hexanes): Ry= 0.40 and 0.38 (CAM stain); '"H NMR (500 MHz, CsDs)
0 7.57 (d,J=8.7 Hz, 2H), 7.55 (d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 6.82 (d, /= 8.6 Hz,
2H), 6.22 (s, 1H), 6.20 (s, 1H), 5.93 (s, 1H), 5.83 (m, 1H), 5.79 (m, 2H), 5.63 (m, 1H), 5.60 (m,
1H), 5.33 (dt, J=17.2, 1.6 Hz, 1H), 5.22 (d, J= 8.1 Hz, 1H), 5.19 (d, /= 8.1 Hz, 1H), 5.09 (dq,
J=10.4, 1.4 Hz, 1H), 4.96 (m, 2H), 4.27 (m, 1H), 4.22 (m, 1H), 4.12 (dt, /= 6.6, 1.3 Hz, 1H),
3.29 (s, 3H), 3.26 (s, 3H), 2.46 (dd, J = 15.0, 6.3 Hz, 1H), 2.42 (dd, /= 15.0, 6.6 Hz, 1H), 2.30
(dd, J=15.0, 5.6 Hz, 1H), 2.25 (m, 1H), 2.22 (dd, J=15.0, 5.7 Hz, 1H), 1.98 (dt, /= 13.0, 4.0
Hz, 1H), 1.87 (m, 1H), 1.79 (m, 1H), 1.71 (d, J= 1.1 Hz, 3H), 1.69 (d, /= 1.1 Hz, 3H), 1.67 (m,
1H), 1.25 (s, 3H), 1.24 (m, 2H), 1.21 (s, 3H), 1.01 (s, 9H), 0.98 (s, 9H), 0.67 (d, J= 5.3 Hz, 3H),
0.65 (d, J= 5.3 Hz, 3H), 0.14 (s, 3H), 0.14 (s, 3H), 0.12 (s, 3H), 0.09 (s, 3H); 1*C NMR (125
MHz, CsDs) 6 170.3, 170.3, 160.8, 160.6, 144.8, 144.7, 139.8, 133.6, 132.9, 131.2, 128.6, 128 .4,
128.2,128.1, 127.6, 118.0, 117.9, 115.8, 115.8, 114.0, 113.9, 102.7, 102.3, 87.9, 86.0, 83.3, 82.4,
82.1, 80.4, 80.3, 69.9, 69.8, 54.8, 42.9, 42.6, 40.5, 40.5, 32.9, 31.9, 31.4, 28.9, 26.2, 26.2, 22.7,
22.1,20.0, 18.3, 18.3, 16.5, 16.4, -4.4, -4.4, -4.5; FTIR (film) vmax 2956, 2929, 2856, 1739, 1616,
1517, 1378, 1249, 1170, 1070 cm™!; HR-ES-MS m/z calcd. for C32H49NO5sS2SiNa [M+Na]*:

707.2203, found 707.2199; [a]*p = -13.1 ° (c = 1.0, CH,Cl,).
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Ring-closing metathesis of ester 34c

MeO Oh?eME I~

cat. CSA
CH,Cl,
— 5

10% over 3 steps

Reagents:
274 Generation Hoyveda Grubbs catalyst, 97% (Sigma-Aldrich): used without further purification
(18)-(+)-10-Camphorsulfonic acid, 98% (TCI Chemicals): used without further purification

Trimethyl orthoformate, 99% (Sigma-Aldrich): used without further purification

(2R,3R,6S,7R,10R,E)-7,10-dihydroxy-2-((E)-1-iodoprop-1-en-2-yl)-3,7-dimethyl-12-
oxooxacyclododec-4-en-6-yl acetate (3c) Esters 34¢ (5.15 g, 7.52 mmol) in a two-necked 3 L
flask equipped with a 1 L addition funnel were dissolved into anhydrous, degassed toluene (700
mL). The mixture was purged with Ar and heated to reflux. 2" Generation Hoyveda-Grubbs
catalyst (706 mg, 1.13 mmol) in anhydrous, degassed toluene (700 mL) purged under Ar was
dropwise added to the solution of 34 in boiling toluene. After stirring for 20 min the mixture
turned from a clear green color into a black solution and was further stirred at reflux for 5 h. The
mixture was then cooled to rt and concentrated by a rotary evaporator. The crude black semi-
solid was then suspended in hexanes and filtered through a pad of Celite and eluted with

hexanes. The elutants were concentrated on a rotary evaporator to yield a crude green oil. Crude
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lactones 35¢ were then dissolved in 1:3 MeOH/CH2Cl> (300 mL) in a 1 L flask. (15)-(+)-10-
Campbhorsulfonic acid (3.45 g, 14.9 mmol) was added as a solid in one portion. The mixture was
stirred for 5 h, at which point TLC analyses indicated complete conversion of starting material.
Satd. NaHCOs3 (50 mL) was added, and the mixture was extracted into CH>Cl> (3 x 200 mL).
The organics were collected and concentrated on a rotary evaporator to a crude oil. Crude triol
36¢ was subjected to dry column vacuum chromatography over silica and the column was
washed with CH2Cl, (500 mL). Crude triol 36¢ was eluted with acetone, concentrated, and
carried forward without further purification. Trimethyl orthoformate (400 pL, 3.13 mmol) was
added dropwise as a solution of CH>Cl> (20 mL) to a mixture of crude triol 36¢ and (15)-(+)-10-
camphorsulfonic acid (120 mg, 0.259 mmol). The mixture was stirred at 0 °C for 1 h, at which
point satd. NH4Cl (5 mL) was added. The mixture was stirred for 20 min and extracted into
CH:Cl (150 mL). The organics were concentrated on a rotary evaporator. Pure core 3¢ (25.1
mg, 10% over three steps) was obtained as a mixture of two isomers by flash chromatography,

eluting with a gradient of CH2Cl: to 1:3 acetone/CH2Clo.

Core 3: TLC (1:8 acetone/CH>Clz): Ry= 0.328 (CAM stain); 'H NMR (500 MHz, C¢Dg) 6 6.19
(s, 1H), 5.82 (dd, J=15.3, 9.8 Hz, 1H), 5.45 (dd, J=15.3, 10.1 Hz, 1H), 5.18 (d, /= 9.8 Hz,

1H), 5.09 (d, J=10.6 Hz, 1H), 4.11 (bs, 1H), 2.30 (m, 2H), 2.21 (m, 1H), 2.08 (d, /= 14.9 Hz,
1H), 1.76 (bs, 1H), 1.64 (m, 1H), 1.62 (s, 3H), 1.61 (d, J= 1.1 Hz, 3H), 1.55 (m, 1H), 1.44 (m,
1H), 1.22 (m, 2H), 1.04 (s, 3H), 0.51 (d, J= 6.7 Hz, 3H); '3C NMR (125 MHz, CsDs) & 171.7,
169.0, 143.8, 139.8, 126.9, 84.4, 80.0, 79.0, 73.2, 69.3, 41.1, 38.4, 35.8, 30.2, 24.7, 20.8, 19.1,

16.1; FTIR (film) vmax 3502, 3058, 2959, 2873, 1733, 1616, 1368, 1243, 1168, 1021 cm’!; HR-
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ESI-MS m/z calcd. for C1gH27106Na [M+Na]": 489.0745, found 489.0742; [a.]*p =-38.5° (¢ =

1.0, CH2CL).
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Stille coupling of stannane 2 and core 3¢ to afford 10R,11R-FD-895 (1¢).

cat. Xphos Pd G2
CuCl, KF
+BuOH
SnBug

50%

10R,11R-FD-895 (1¢): Yield: 50%, 6.60 mg; TLC (1:3 acetone/CH2Clz): Ry=0.28 (CAM stain);
NMR data provided in Table S4; FTIR (film) vmax 3447, 2963, 2930, 2875, 1739, 1457, 1374,
1239, 1176, 1089, 1021 cm!; HR-ESI-MS m/z caled. for C31HsolO9Na [M+Na]*: 589.3348

found 589.3351; [a]*p = +10.9 ° (c = 1.0, CH2CL).
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Table S3.5 NMR data for 10R,11R -FD-895 (1¢) in CsDs

Position | dn, mult (J in |d¢c 'H, 'H-|'H,'H-NOESY 'H, BC-HMBC

1 169.6

2 2.38, m 2,3 3w, 5’ 1,3,4

2” 2.25,dd (13.3, 40.1 2,3 3 1,3,4

3 4.14, m 67.8 2,27%w | 2’w, 27, 4, 47,

3-OH

4 1.29, m 275 3,4”,5,(3,4”,5,5” 53

4” 1.20, m ' 3w, 4,5, 13,4°,5,57, 24 5

5’ 1.83, m 4,475 12°,4,47,8,25 3w, 4,6, 7w, 24
5” 1.75, dt (13.4, 30.7 4,475 |4°,47,24 3w, 4,6,7,24,30
6 73.5

6-OH 1.75, s

7 5.23,d(9.8) 79.3 8 4, 8w, 9,24 8,9, 24w, 29

8 5.90, dd (15.2, |126.6 |7,9,10w |5°,7,9,10 6, 10

9 5.58,dd (15.3, | 140.3 |8, 10 4, 17,8,10,11,25 |7,10

10 243, m 41.2 11,25 8,9,11, 25,26 89,11,25

11 5.18,d (10.8) |[82.1 10 9, 10w, 13,25,26w |1, 9, 10, 12, 13,
12 132.2

13 6.17,d (10.8) |[131.3 |14,26w |9, 11, 15,25, 26 11, 15,26

14 6.27,dd (15.1, | 126.5 |13,15 15, 16, 26, 27 12,13, 16

15 5.53,dd (15.1, |137.8 |14, 16 13, 14, 16, 17, 18w, | 13, 16, 17

16 2.36, m 42.8 15,17,27 |14, 15,17, 18,27 14, 15,17, 18, 27
17 3.12, m 74.8 16, 18 15, 16, 18, 19, 27 15w, 16, 19, 25
17-OH | 1.55, bs

18 2.69, dd (5.1, |60.3 17, 19w 14w, 15, 16, 17, 19, | 17, 19, 20

19 290, dd (8.1, [59.4 18w, 20 17, 18w, 20, 22°w, | 17w, 18, 20, 21w
20 1.31, m 39.2 19, 28 19, 21, 28 19,23

21 3.14, m 83.6 20, 22,1 20,22°,22>°,23 19, 20, 22w, 23,
22’ 1.60, m 21, 227,121,22”,23 20, 21,23

227 1.39, m 23.9 21,22°,23 | 19w, 21, 22°,23,31 |20, 21, 23

23 0.84,t(7.5) 10.1 227,22 120, 21, 22°, 22°,|21,22

24 1.06, s 24.8 4w, 4”,5w,5°,7 |5,6,7

25 0.72,d (6.7) 16.5 10 5,9,10,11,13,26 |9,10,11

26 1.58, s 12.0 13 10, 14, 25w 11,12, 13, 14

27 1.11,d(6.8) 16.9 16 14,15, 16, 17, 18w | 15, 16, 17

28 0.87,d(7.0) 10.5 20 18, 19, 20, 21, 22° 19, 20, 21

29 169.2

30 1.63, s 20.8 29
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31 3.24,s 57.7 19w, 21,227, 23 21
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Stille coupling of stannane 2d and core 3 to afford 175-FD-895 (1d).

cat. Xphos Pd G2
CuCl, KF
+BuOH

SnBujy
82%

17S-FD-895 (1d): Yield: 80%, 66.4 mg; TLC (1:3 acetone/CH2Clz): Ry=0.28 (CAM stain);
NMR data provided in Table S5; FTIR (film) vmax 3447, 2963, 2930, 2875, 1739, 1457, 1374,

1239, 1176, 1089, 1021 cm!; HR-ESI-MS m/z caled. for C31HsolO9Na [M+Na]": 589.3345,

found 589.3347; [a]*p = +8.8 ° (¢ = 1.0, CH2CL).
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Table S3.6 NMR data for 175-FD-895 (1d) in CeDs

Position |6n, mult (J in |3c 'H, !'H-|'H,'H-NOESY 'H, BC-HMBC
1 171.8

2 2.29, dd (14.8, 380 2,3 3,30Hw, 4’/5’w 3

2 2.19, dd (14.8, ' 2,3 3,4/5 1

3 3.49, td (11.1, 169.0 30H, 2’, 2", 30H, 4°/5°,

3-OH ]3.63,d(11.2) 3 2’,3,4”,60H 3

4 1.57, m 3w, 47,127,3, 57,24

4> 1.25, m 30.0 3, 4, 5°,|30Hw,5°,7,9,24w | 3w

5’ 1.55, m 3,47 2”’,30H, 4, 60H,

57 1.20, m 35:5 5’ 3,4, 7w, 24 4w, 6w, Tw

6 72.5

6-OH 1.75, s 30H, 5w, 7w, 8,|5,6,17

7 5.26,d (1.5) 78.8 8 4,8, 9w, 24 8,29

8 5.83, dd (15.2, 1403 |7,9 4°/5°,7,9,10w,25 |7, 10w

9 5.62, dd (15.2,]126.0 |8,10 4°/5°,17,8, 10,25 10, 25w

10 239, m 40.8 9,11,25 |7w, 8, 9w, 11w, 25, | 11

11 5.24,d(2.4) 82.2 10 9,10, 13, 25,26 1,12,13,26
12 131.0

13 6.11,d (10.7) 131.4 |14,26w |11, 14,15,25,26w |11, 14w, 15,26
14 6.26, dd (15.2,|126.1 |13,15 13,15, 16, 26, 27w | 12w, 13w

15 5.80, dd (15.2,]137.6 |14,16 13, 14,27 12, 13, 14, 16,
16 2.36, m 41.2 15,17,27 |14, 17,27 15

17 3.42,q(3.7) 73.0 16, 15, 16, 170H, 18,

17-OH | 1.55, bs 17,19 16, 17

18 2.56, dd (3.8, 573 17,19w | 15w, 16, 17, 19w,

19 3.01, dd (8.3, 59.3 18, 20 15w, 17, 170H, |20

20 1.33, m 38.9 19,21, 28 | 18, 19w, 21, 23, 28

21 3.15,m 83.4 22°,22 119,20,22°,22>°,23 |19, 28

22’ 1.63, m 21,23 21w, 227,23 20w, 21,23
227 1.40, dt (14.0, 233 21,23 21w, 22°,23 20w, 21, 23

23 0.85, t(7.5) 9.7 227,227 |20,21,22°,22” 21,22

24 1.00, s 24.4 4/5°, 4w, 57,15,6,7

25 0.70,d (6.7) 16.1 10 7,9, 10, 13, 26 8, 10,11

26 1.59,d (1.3) 11.5 13 10, 11w, 14, 25 11, 12, 13, 14w,
27 1.12,d(7.0) 16.9 16 9,14, 15,16,17,18 |15, 16, 17

28 0.88,d(6.9) 10.5 20 18, 19, 20, 21 19, 20, 21

29 168.7

30 1.61,s 20.4 29

31 3.23,s 57.4 21,22°,22°,23 21
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Procedures for the synthesis of 17-O-Me-FD-895 and 175-O-Me-FD-895

NaH, Mel
THF:DMF, 4:1
SnBuj 0°C

—_

65%

cat. Xphos Pd G2
CuCl, KF
+BuOH
SnBu; ———

79%

NaH, Mel
THF:DMF, 4:1

cat. Xphos Pd G2
CuCl, KF
+BuOH
SnBu; ——
79%
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Methylation of stannane 2 to afford stannane 2e

NaH, Mel
THF:DMF, 4:1
SnBu, 0°C

—_—

(0] 2 OH

65%

Reagents:
NaH, 60% in mineral oil (Alfa Aesar): used without further purification

Mel, 98% (Sigma-Aldrich): used without further purification

Tributyl((3R,4R,E)-4-methoxy-4-((25,3R)-3-((2R,3S)-3-methoxypentan-2-yl)oxiran-2-yl)-3-
methylbut-1-en-1-yl)stannane (2¢). Mel (0.0586 mL, 0.941 mmol) was added at rt to a solution
of stannane 2 (50.0 mg, 0.0941 mmol) in a mixture of anhydrous THF (10 mL) and anhydrous
DMF (3 mL) in a 50 mL flask. The mixture was cooled to 0 °C and NaH (60% in mineral oil,
8.85 mg, 0.221 mmol) was added in portions ensuring the mixture remained at 0 °C. The mixture
was slowly warmed to rt and stirred for 16 h. After cooling the mixture to 0 °C, a solution of
phosphate buffered saline pH 7 (5 mL) was added dropwise. The volatiles were concentrated on
a rotary evaporator. The mixture was extracted with hexane (3 x 50 mL). The combined organic
phases were washed with brine, dried over Na,SOs, filtered and concentrated on a rotary
evaporator. Pure stannane 2e (34.9 mg, 70%) was obtained as a colorless oil by flash

chromatography, eluting with a gradient of hexanes to 10% Et>O/hexanes.

Vinylstannane 2e: TLC (1:10 Et;O/hexanes): Ry= 0.50 (CAM stain); '"H NMR (500 MHz, CsDs)
0 6.35(dd, J=19.1, 6.8 Hz, 1H), 6.16 (d, J = 19.1 Hz, 1H), 3.50 (s, 3H), 3.45 (m, 1H), 3.23 (s,
3H), 3.19 (m, 1H), 2.83 (dd, J=4.4, 2.3 Hz, 1H), 2.75 (dd, J=4.4, 2.3 Hz, 1H), 2.60 (td, /= 6.9,

5.2 Hz, 1H), 1.61 (m, 8H), 1.39 (m, 8H), 1.19 (d, J = 6.9 Hz, 3H), 1.01 (d, J = 7.1 Hz, 3H), 1.00
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(d, J= 8.1 Hz, 3H), 0.95 (t, J = 7.4 Hz, 12H), 0.84 (t, J = 7.4 Hz, 3H); 3C NMR (125 MHz,
CsDg) 6 151.7, 127.3, 86.2, 83.5, 60.2, 58.4, 58.4, 57.6, 56.9, 44.9, 39.7, 32.0, 29.6, 27.8, 23.1,
23.1, 15.6, 14.4, 14.0, 10.9, 10.0, 9.8; FTIR (film) vmax 3454, 3310, 2973, 2937, 2890, 1459,
1101, 840 cm™!; HR-ESI-MS m/z calcd. for C2sHsoO3Sn [M+H]" 533.2998, found 533.2994;

[a]’p = +10.4 ° (c = 1.0, CH,CL).
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Stille Coupling of stannane 2e and core 3 to afford 17-O-Methyl-FD-895 (1e)

cat. Xphos Pd G2
CuCl, KF
+BuOH
SnBuy; 7

79%

17-O-Methyl-FD-895 (1e): Yield: 79%, 8.81 mg; TLC (1:3 acetone/hexanes): Ry=0.40 (CAM
stain); NMR data provided in Table S6; FTIR (film) vmax 3447, 2963, 2930, 2875, 1739, 1457,
1374, 1239, 1176, 1089, 1021 cm™'; HR-ESI-MS m/z calcd. for C31HsolO9Na [M+Na]*:

603.7642, found 603.7641; [0]*p = +36.9 ° (c = 1.0, CHCly).
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Table S3.7 NMR data for 17-O-Me-FD-895 (1e) in CsDs

Position | 8u, mult (J in | §c 'H, 'H-|'H,'H-NOESY |H, 13C-
1 172.1

2’ 2.29, dd (14.8, 2.3 3, 4w 1, 3, 4w

2 2.20, dd (14.8, 38.6 2,3 3,5 1

3 348, m 69.3 2’w, 27w, |2°,2°°,4°, 5

350H [3.62,d(11.1) 3 3, 60H

4’ 1.57, m 304 3, 47, 5,13,5°,7,8 5,6,3,24

4 1.26, m ' 4,5, 57 12,3,5°,9 3

5’ 1.54, m 4.4, 57 12,4, 8 4,6,24

57 1.18, m 359 4.4 5 |4 6,7

6 73.6

6-OH 1.77, s

7 5.24,d (5.5) 79.2 8 4°/5°, 8,9, 24w, | 8w, 9, 24w, 29
8 5.82,dd (15.2, 1264 |7,9 4°/5, 7w, 9, 10, | 6w, 9w, 10

9 5.62, dd (15.1, | 140.7 |8, 10 4°/5, 7, 8, 10, |7, 8w, 10, 25
10 2.39, tq (10.4, |41.1 9,11, 25 8, 9w, 25, 26 8, 9w, 11, 12,
11 5.26,d (6.3) 82.6 10 10, 13, 25, 26 1, 9, 10, 13,
12 131.7

13 6.12, dd (10.9, | 131.4 |14, 26 8w, 11, 14, 15,11, 15,26

14 6.23, ddd | 125.7 |13,15 8w, 13,15,16,26 | 13w, 16

15 5.64, dd (15.2, |138.7 |14, 16 13,14, 16,17 12, 13, 14w,
16 2.48, dq (14.4, |42.6 15,17,27 |14,15,17w,27w, |14, 15, 17, 18,
17 2.62,t(7.1) 86.2 16, 18 15w, 16, 20, 32 15, 16, 18, 27,
17-OH

18 2.68, m 60.6 17 15, 16, 20, 32 17, 19w, 20
19 2.68, m 59.1 20 17, 20, 28w, 20, 21w

20 1.22, m 39.6 19, 28 17w, 21w, 227,119

21 3.20, m 83.5 20, 22°,120,22°,22>°,23 | 19w, 20w,
22’ 1.64, m 21w, 2277, 121,22 20,21, 23
227 1.37, dp (17.0, 237 22°,23 21,22 20,21, 23

23 0.82,t(7.4) 10.0 227,227 20, 21, 22w, |21,22

24 1.01, s 24.8 415,17 5,6,7

25 0.71, d (6.8) 16.4 10 9w, 10, 11w, 13,19, 10, 11

26 1.59,d (1.3) 11.8 13 8 10,11,14,25 |11, 12, 13,
27 1.14, d (6.8) 17.0 16 14, 15,16, 17 15,16, 17

28 0.87,d(7.1) 10.8 20 227,227 19, 20, 21

29 169.0

30 1.61,s 20.7 29

31 3.25,s 57.7 20w, 22°, 22w, |21

119




32 3.50, s 585 ] 60H, 17,31lw |17
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Methylation of stannane 2d to afford stannane 2f

NaH, Mel
THF:DMF, 4:1
SnBuj 0°C

_—

65%
Reagents:
NaH, 60% in mineral oil (Alfa Aesar): used without further purification

Mel, 98% (Sigma-Aldrich): used without further purification

Tributyl((3R,4R,E)-4-methoxy-4-((25,3R)-3-((2R,3S)-3-methoxypentan-2-yl)oxiran-2-yl)-3-
methylbut-1-en-1-yl)stannane (2f). Mel (0.0586 mL, 0.941 mmol) was added at rt to a solution
of stannane 2d (50.0 mg, 0.0941 mmol) in a mixture of anhydrous THF (10 mL) and anhydrous
DMF (3 mL) in a 50 mL flask. The mixture was cooled to 0 °C and NaH (60% in mineral oil,
8.85 mg, 0.221 mmol) was added in portions ensuring the mixture remained at 0 °C. The mixture
was slowly warmed to rt and stirred for 16 h. After cooling the mixture to 0 °C, a solution of
phosphate buffered saline pH 7 (5 mL) was added dropwise. The volatiles were concentrated on
a rotary evaporator. The mixture was extracted with hexane (3 x 50 mL). The combined organic
phases were washed with brine, dried over Na,SOs, filtered and concentrated on a rotary
evaporator. Pure stannane 2f (31.5 mg, 65%) was obtained as a colorless oil by flash

chromatography, eluting with a gradient of hexanes to 10% Et>O/hexanes.

Vinylstannane 2f: TLC (1:10 Et;O/hexanes): Ry= 0.50 (CAM stain); '"H NMR (500 MHz, CsDs)
0 6.39 (dd, J=19.1, 6.8 Hz, 1H), 6.26 (d, J = 19.1 Hz, 1H), 3.25 (s, 3H), 3.23 (s, 3H), 3.21 (m,
1H), 3.04 (dd, J=4.4, 2.3 Hz, 1H), 2.83 (m, 2H), 2.75 (dd, /= 4.4, 2.3 Hz, 1H), 1.61 (m, 8H),

1.39 (m, 8H), 1.19 (d, J= 6.9 Hz, 3H), 1.01 (d, J= 7.1 Hz, 3H), 1.00 (d, J = 8.1 Hz, 3H), 0.95 (t,
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J=7.4Hz, 12H), 0.84 (t, J = 7.4 Hz, 3H); 3C NMR (125 MHz, CsDe) 5 150.7, 127.5, 84.7, 83.3,
59.7,58.3, 57.6, 57.4, 45.3,39.4,29.4, 27.5, 23.5, 16.7, 13.8, 10.3, 9.8, 9.5; FTIR (film) Vinax
3454, 3310, 2973, 2937, 2890, 1459, 1101, 840 cm'; HR-ESI-MS m/z caled. for C2sHsoO3Sn

[M+H]" 533.2998, found 533.2994; [a]*p = -8.6° (¢ = 1.0, CH,CL).
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Stille coupling of stannane 2f and core 3 to afford 175-O-Methyl-FD-895 (1f).

cat. Xphos Pd G2
CuCl, KF
+BuOH
SnBuz; ——— .

79%

17-O-Methyl-FD-895 (1f): Yield: 81%, 4.21 mg; TLC (1:3 acetone/hexanes): Rr= 0.40 (CAM
stain); NMR data provided in Table S9; FTIR (film) vmax 3447, 2963, 2930, 2875, 1739, 1457,
1374, 1239, 1176, 1089, 1021 cm™'; HR-ESI-MS m/z calcd. for C31HsolO9Na [M+Na]*:

603.7642, found 603.7643; [a]*p = +36.9 ° (¢ = 1.0, CH2CL).
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Table S3.8 NMR data for 175-O-Me-FD-895 (1f) in CsDs

Position | 0n, mult (J in | 8c 'H, 'H-|'H,'H-NOESY |'H, *C-HMBC
1 172.1

2’ 2.29, dd (14.8, 27,3 3, 4w 1,3, 4w

27 220, dd (148, >80 273 3,5’ 1

3 3.48, m 693 |2'w, 27w, |2,27, 4,57

3-0H [3.62,d(11.1) 3 3, 60H

4 1.57, m 04 340 5.[3.57.7.8 5,6,3,24

4 1.26, m T s 57 [27,3,57,9 3

5’ 1.54, m £,47.57 (27,478 4, 6,24

57 1.18, m 339 p ey |4 6,7

6 73.6

6-OH |[1.77,s

7 524,d(55 792 |8 47/5, 8,9, 24w, | 8w, 9, 24w, 29
8 582, dd (15.2, [126.4 |7,9 £/5°, 7w, 9, 10, |6w, 9w, 10

9 5.62, dd (15.1,140.7 |8, 10 4757, 7, 8, 10, |7, 8w, 10, 25
10 239, tq (104, [41.1 |9,11,25 |8, 9w, 25, 26 8, ow, 11, 12,
11 526,d(63) 826 |10 10, 13, 25, 26 1, 9, 10, 13,
12 131.7

13 6.12, dd (10.9, [131.4 |14,26 8w, 11, 14, 15,25, | 11, 15, 26

14 6.23,ddd (15.1, [ 125.7 |13, 15 8w, 13, 15, 16, 26 | 13w, 16

15 5.64, dd (15.2,[138.7 |14, 16 13, 14, 16, 17 12, 13, l4w,
16 248, dq (144, |42.6 |15,17,27 |14, 15, 17w, 27w, | 14, 15, 17, 18,
17 262,t(7.1)  |862 |16,18 15w, 16,20,32 |15, 16, 18, 27,
17-OH

18 2.68, m 60.6 |17 15, 16, 20, 32 17, 19w, 20

19 2.68, m 59.1 |20 17, 20, 28w, 20, 21w

20 1.22, m 39.6  |19,28 17w, 21w, 227,19

21 3.20,m 835 |20, 227,]20,22°,227,23 | 19w, 20w, 23w
22’ 1.64, m 21w, 227, |21,227 20, 21, 23
227 137, dp (7.0, |27 [227.23 21,22’ 20, 21, 23

23 0.82,t (7.4) 100 [22°,227 |20, 21, 22'w,|21,22

24 1.01, s 24.8 8757 5,6,7

25 0.71,d(6.8) |164 |10 ow, 10, 11w, 13, |9, 10, 11

26 1.59,d(1.3) [11.8 |13 8,10, 11, 14,25 |11, 12, 13,
27 1.14,d(68) [17.0 |16 14, 15, 16, 17 15, 16, 17

28 0.87,d(7.1) |10.8 |20 22°,22” 19, 20, 21

29 169.0

30 1.61,s 20.7 29

31 3.25, s 577 20w, 22°, 227w, |21
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32 3.50, s 1585 | 60H, 17, 31w 17
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Stille coupling of stannane 2d and core 3a to afford 35,17S8-FD-895 (1g).

cat. Xphos Pd G2
CuCl, KF
+BuOH
SnBujy R

80%

38,175-FD-895 (1g): Yield: 80%, 14.2 mg; TLC (1:3 acetone/CH2Cl2): Ry=0.17 (CAM stain);
NMR data provided in Table S7; FTIR (film) vmax 3447, 2963, 2930, 2875, 1739, 1457, 1374,
1239, 1176, 1089, 1021 cm!; HR-ESI-MS m/z calcd. for C30HsoO9Na [M+Na]*: 589.3341, found

589.3342; [a]%p= +12.4° (¢ = 1.0, CH2CL).
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Table $3.9 NMR data for 35,175-FD-895 (1g) in CsDs

Position |8uy, mult (J in |dc, H, 'H- | '™H, '"H-NOESY H, 13C-
1 169.9

2 243, dd (13.3, 402 2,3 3w, 5’ 1,3, 4w

2> 2.30, dd (13.1,| 2°,3 3 1,3,4

3 4.20, m 67.8 |2,2"w 2w, 27, 4%, 4”

30H

4’ 1.34, m 475,57 3,5°,7

4 1.29, m 27.6 3w, 4°, 5’w, |3, 24 2, 3w, 5w

5’ 1.85, td (13.4, 4,4 5> 2°,4”,8 4w, 6, 24w
5 1.78, td (13.6, 309 4,45 4,4 24 4,6,7, 24w
6 73.6

60H 1.92, bs 5,24

7 5.25,d(9.8) 79.3 |8 4°.8,9,24 8,9,29

8 591, dd (15.2,]126.5 |7,9, 10w 5°,7,9,10 6w, 10

9 5.61, dd (15.2,]140.5 |8, 10 47,8, 10w, 25 7,10, 25w
10 247, m 413 |9,11,25 8w, 25, 26 8,9,11,25w
11 5.20,d (10.6) 82.3 10 9, 10w, 13, 25, 26w |1, 9w, 10, 12,
12 131.6

13 6.19, d (10.9,|131.8 |14, 26w 11, 15, 25w 11, 15,26

14 6.27, ddd (15.1, |126.6 |13,15 15, 16, 26, 27 12,13, 16

15 5.81, dd (15.0,|137.6 |14,16 14, 16, 27 12, 13, 16,
16 2.36, m 41.5 15, 17w, 27 |14, 15, 17,27 14, 15, 17w,
17 3.44,t(3.4) 73.0 |16,18 15, 16, 18, 19, 27 15, 16w, 18,
170H

18 2.57, dd (3.8,]59.7 17,19 17, 20, 27, 28 17w

19 3.02, dd (8.2,]57.7 18, 20 17, 20w, 28 20

20 1.33, m 39.2 19, 21, 28 18, 21, 28 18w, 19,
21 3.14,td (6.2,4.4) | 83.8 20,227,222 120,22°w, 22,23 19, 20w, 23
22’ 1.63, m 3.9 21,22°,23 |21w, 22,23 20, 21

227’ 1.41, m ’ 21,22°,23 227,23 20,21, 23

23 0.86, t(7.4) 102 |22°,22” 20,21,22°,22” 21,22

24 1.08, s 24.8 57,7 5,6,7

25 0.73, d (6.8) 16.5 10 9,10, 11 9,10, 11

26 1.61,d(1.3) 12.0 |13 10, 14 11,12,13

27 1.12,d (7.0) 17.3 16 14,15, 16,17, 18w | 15,16, 17

28 0.89, d (7.0) 109 |20 18w, 19w, 20,22> |19, 20, 21

29 169.4

30 1.64, s 20.9 29

31 3.23,s 57.7 19w, 21,22, 23 21
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Stille coupling of stannane 2d and 3b to afford 7R,17S-FD-895 (1h).

cat. Xphos Pd G2
CuCl, KF
+BuOH
SnBuy; ——

75%

7R,175-FD-895 (1h): Yield: 75%, 5.01 mg; TLC (1:3 acetone/CH2Cl,): Rr= 0.28 (CAM stain);
NMR data provided in Table S8; FTIR (film) vmax 3447, 2963, 2930, 2875, 1739, 1457, 1374,
1239, 1176, 1089, 1021 cm!; HR-ESI-MS m/z calcd. for C30HsoO9Na [M+Na]*: 589.3341, found

589.3345; [a]5p= +20.1° (c = 1.0, CH2CL).
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Table S3.10 NMR data for 7R, 17S -FD-895 (1h) in CsDs

Position |8n, mult (Jin Hz) | 8¢ H, 'H- | 'H, 'TH-NOESY |!'H, 3C-HMBC
1 4.65,d (9.3) 172.3

2’ 2.35, m 2,3 3,4’w 1,3,4

2”7 2.30, dd (14.6, 39.3 2,3 3,4” 1,3, 4w

3 3.58, ddt (10.8,|69.6 2”’, w30H, |30H, 4>,

3-OH 3.70,d (10.7) 3 2., 27, 3,(2w,3

4’ 1.80, m 3,4°,5°,5” |30Hw, 5°, 7w, | conformers

4 1.62, m 306 3w, 4°, 5, (2’w,5” conformers

5’ 1.58, m 4w ,4,5 |4°,5” conformers

5 0.97, m 36.5 4,4, 5 3w, 4”’ conformers

6 73.8

6-OH 1.68, bs 30H, 24

7 541, m 82.9 8 8, 10w,24,26 |5,6,8,9,14,29
8 593, dd (15.3,]1279 |7,9 4°/5,7,9,10 |7,10

9 5.39,m 130.7 |8, 10 4’8, 10,25 7,8,10

10 248, tq (10.3, |41.1 11,25 8, 9w, 25, 26 8,9,11,25w

11 5.36,d (10.6) 78.0 10 10w, 13, 25,|1,10,12,13,26
12 131.6

13 6.17,d (10.7) 131.6 |14, 26w 11, 14, 15, 16, |11, 15,26

14 6.29, dd (15.1, 1264 |13,15 15, 16, 26, 27 12,13, 16

15 5.80, dd (15.1,]137.8 |14,16 13, 14, 16, 17w, |12, 13,14, 10w,
16 2.38, m 41.5 15,17,27 14, 15w, 17, 18, |14, 15,17, 18
17 343, m 72.8 16, 170H, |15, 16, 170H, |15, 18,19
17-OH |1.67, m 17 3,30H, 24

18 2.57, dd (3.8,(59.6 17 15, 17, 20, 27, |17

19 3.02, dd (8.2, |57.6 20 17, 170H, 20, [17w, 18w, 20,
20 1.33, m 39.0 19, 28 18,21, 23 19, 28

21 3.15, m 83.7 20,22°,22°° (22°,22°°,23 19, 20, 22w, 23
22’ 1.63, m 21,22°,23 |20w, 22’ 20, 21,23

227 1.40, dp (14.2, 238 21,22°,23 |22°,23 20, 21,23

23 0.85,t(7.4) 10.0 22°,22” 20, 21, 22’w, |21,22

24 1.02, s 24.7 3,30H, 60H, 7, |5,6,7

25 0.77,d (6.8) 16.9 10 9,10,11,26w 9,10, 11

26 1.64,d (1.2) 11.9 10, 14 11,12, 13

27 1.12,d (7.0) 17.3 16 14w, 15w, 16, |15,16,17

28 0.89,d (7.0) 10.8 20 18, 19, 20, 21 19, 20, 21

29 169.3

30 1.68, s 20.4 29
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31 324, 1577 | 22°,227,23 |21
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Procedures for the Synthesis of Stannane 2i (175,185,195-FD-895)

Ti(O-Pr),

(+)-DET, +-BuOOH

= -20°C
B —

88%
/O 13 OH 9:1 dr

OH

SO0

e

14i OH

SnBus

131

TEMPO
KBr
NaOCl

R

99%

PdCI,(PPhg),
n-BugSnH, THF

B ———

50%

P 15i
H SnBuj
4 16 H
BFs M Etzo
-78 °C
@)
/O 17i

63%, 1:5 dr



Epoxidation of Alcohol 13

Ti(0-iPr),
(+)-DET, t-BUOOH

CH,Cl, (@)
= -20 °C

_O 13 OH g% O 1 OH
Reagents:

Ti(Oi-Pr)s, 97% (Sigma-Aldrich): vacuum distilled at 90 °C, 5 mbar
(-)-Diethyltartrate, 99% (Alfa Aesar): used without further purification

t-Butylhydroperoxide, 3.3 M in toluene: dried from a 70% solution in water according to

methods developed by the Sharpless laboratory

((2S,35)-3-((2R,3S)-3-Methoxypentan-2-yl)oxiran-2-yl)methanol (14i). #-Butylhydroperoxide
(3.3 M, 19.2 mL, 65.1 mmol) was added to a 500 mL flask containing a stirring solution of
Ti(Oi-Pr)s (0.650 mL, 3.15 mmol), (-)-diethyl tartrate (0.550 mL, 3.15 mmol) and powdered 4A
molecular sieves (1 g) in anhydrous CH2Cl> (100 mL). The mixture was cooled to -20 °C and
stirred for 30 min. A solution of alcohol 13 (5.0 g, 31.9 mmol) in CH>Cl> (25 mL) was added
dropwise. The reaction was stirred at -20 °C for 4 h. The reaction was quenched via addition of
10% NaOH (10 mL). The mixture was then extracted into CH>Cl> and concentrated on a rotary
evaporator. Pure epoxyalcohol 14i (5.50 g, 88%) was obtained as a 6:1 mixture of diastereomers

by flash chromatography, eluting with a gradient of hexanes to 1:1 EtOAc/hexanes.
Note 1: Diastereomers were not separable and carried on directly to the next step.

Epoxyalcohol 14i: TLC (1:2 EtOAc/hexanes): Ry=0.10 (CAM stain); 'H NMR (500 MHz,

CeDs) 8 3.59 (tq, J = 15.9, 12.6, 2.7 Hz, 1H), 3.37 (m, 12.0, 7.1, 4.4 Hz), 3.02 (s, 3H), 2.77 (dd, J
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=17.1,2.3 Hz, 1H), 2.74 (dd, J= 4.7, 2.5 Hz, 1H), 2.70 (dt, J= 7.3, 4.8 Hz, 1H), 2.36 (t, J =
6.1Hz, 1H), 1.44 (m, 1H), 1.37 (m, 1H), 1.30 (dtd, J = 14.0, 7.5, 5.2 Hz, 1H), 0.96 (d, /= 7.0 Hz,
3H) 0.77 (t, J = 7.4 Hz, 3H); '*C NMR (125 MHz, CsDs) 5 83.8, 62.2, 58.0, 57.9, 57.7, 38.8,
24.0, 10.4, 10.1; FTIR (film) vimax 3422, 2972, 2930, 2879, 1468, 1103 cm'; HR-ESI-MS m/z

caled. for CoHi303 [M]*: 174.1250, found 174.1249; [a]*°p = +182.4 ° (¢ = 1.0, CHCI).
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Oxidation of Epoxyalcohol 14i

TEMPO
NaOCl
Y |

O 14 OH 99% O 115 O

Reagents:

TEMPO, 99% (Oakwood Chemical): used without further purification

KBr, (Spectrum Chemical Mfg. Corp.): used without further purification

NaOCl, 2 M, 10-15% active chlorine (Spectrum Chemical Mfg. Corp.): used without further

purification

(2R,35)-3-((2R,3S)-3-Methoxypentan-2-yl)oxirane-2-carbaldehyde (15i). A solution of KBr
(0.242 g, 2.04 mmol) in H>O (10 mL), satd. NaHCO3 (20 mL) and TEMPO (0.266 g, 1.70 mmol)
were added sequentially to a 500 mL flask containing a solution of epoxyalcohol 14i (4.42 g,
25.4 mmol) in CH>Cl> (150 mL). The mixture was cooled to 0 °C and a solution of NaOCI (2 M,
17 mL, 34.0 mmol) and satd. NaHCO3 (20 mL) were added dropwise via an addition funnel. The
mixture was allowed to warm to rt and stirred for 2 h. The phases were separated, and the
aqueous phase was extracted with CH2Clz (3 x 100 mL). The combined organic phases were
washed with brine (100 mL), dried over Na,SOs, filtered and concentrated on a rotary
evaporator. Aldehyde 15i (4.41 g, 99%) was obtained without further purification and was

carried on directly to the next step.

Note 1: Diastereomers obtained from epoxidation were not separable at this step and thus

carried forward.
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Aldehyde 15i: TLC (1:2 EtOAc/hexanes): Ry= 0.55 (CAM stain); 'H NMR (500 MHz, C¢Ds) &
8.67 (d, J=6.3 Hz, 1H), 2.93 (s, 3H), 2.89 (dd, /= 6.4, 2.0 Hz, 1H), 2.82 (dd, J = 6.4, 2.0 Hz,
1H), 2.60 (dt, J=7.2,4.7 Hz, 1H), 1.30 (m, 2H), 1.15 (dqd, J = 14.6, 7.4, 5.3 Hz, 1H), 0.75 (d, J
= 7.0 Hz, 3H), 0.67 (t, J = 7.4 Hz, 3H); 3C NMR (125 MHz, CsDs) 5 198.0, 84.2, 58.4, 58.4,
57.3,37.6,23.6, 11.4,10.2; FTIR (film) vmax 2972, 2930, 2879, 2828, 1732, 1468, 1103 cm’!;
HR-ESI-MS m/z calced. for CoH1603 [M+H]": 173.1172, found 173.1174; [0]*’p = +36.1 ° (c =

1.0, CH2Clp).
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Marshall addition of allenylstannane 16 to aldehyde 15

H SnBug

/16 W

BF; * Et,0
/\H\?)\ CHClz /\H\(')>\/\
-78 °C
| _— A

O 15 O  63%5tar O 17 OH

7

Reagents:

BF3¢Et,0, 46.5% BF3 (Alfa Aesar): used without further purification

(1R,2R)-1-((2S5,35)-3-((2R,35)-3-methoxypentan-2-yl)oxiran-2-yl)-2-methylbut-3-yn-1-ol
(17i). Aldehyde 15i (70.1 mg, 0.408 mmol) and allenylstannane 16 (0.210 g, 0.610 mmol) in a
50 mL flask were dissolved in anhydrous CH>Cl> (10.0 mL) and purged with an Ar atmosphere.
The mixture was cooled to -78 °C and BF3*Et,0O (75.3 puL, 0.610 mmol) was added dropwise
over 5 min. The reaction was stirred for 1 h at -78 °C. A mixture of MeOH (5 mL) and satd.
NaHCO; (1 mL) was added, and the solution was warmed to rt. The phases were separated, and
the aqueous phases were extracted with Et20 (3 x 50 mL). The organic phases were combined,
dried with Na;SO4 and concentrated on a rotary evaporator. Alkyne 17i (69.2 mg, 63%) was
obtained in a 5:1 mixture of diastereomers (by NMR) as a colorless oil by flash chromatography,

eluting with a gradient of hexanes to 1:3 Et;O/hexanes.

Alkyne 17i: TLC (2:1 hexanes/EtOAc): Ry= 0.40; "H NMR (500 MHz, C¢Ds,) & 3.55 (td, J =
8.3,7.6,4.4 Hz, 1H), 3.18 (q, J = 2.7 Hz, 1H), 3.14 (s, 3H), 3.03 (ddd, /= 6.8, 4.6, 2.3 Hz, 1H),

2.92 (dt, J=17.5, 4.8 Hz, 1H), 2.55 (dqd, J = 10.0, 7.1, 3.4 Hz, 1H), 1.86 (m, 1H), 1.54 (m, 2H),
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1.39 (m, 1H), 1.30 (d, /= 7.1 Hz, 3H), 1.06 (d, J = 6.8 Hz, 3H), 0.83 (t, /= 7.3 Hz, 3H); °C
NMR (125 MHz, C¢Ds,) 6 85.4, 84.6,71.9, 71.2, 59.0, 58.9, 57.4, 57.3 38.4, 31.0, 23.7, 17 .4,
12.2,10.3; ESI-MS m/z 249.14 [M+Na]"; FTIR (film) vmax 3430, 3310, 2967, 2935, 2878,
1457, 1379, 1260, 1093 cm!; HR— ESI-MS m/z calcd. for Ci3H2,03Na [M+Na]*: 249.1461,

found 249.1462. [a]*p = +24.2 ° (¢ = 1.0, CHACL).
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Hydrostannylation of alkyne 17i

PdCly(PPh3),

o : n-BugSnH, THF o -
N SnBug
O 17 OH 5% _O 2 OH
Reagents:

n-Bu3zSnH, 97% contains 0.05% BHT as stabilizer (Acros Organics): used without further
purification

PdCI(PPh3), (Oakwood Chemical): dried via azeotropic distillation of benzene

(1R,2R,E)-1-((2R,3R)-3-((2R,3S5)-3-Methoxypentan-2-yl)oxiran-2-yl)-2-methyl-4-
(tributylstannyl)but-3-en-1-o0l (2). PdCI>(PPh3), (15.5 mg, 0.0221 mmol) was added to a
solution of alkyne 17i (50.1 mg, 0.221 mmol) in a 10 mL flask in anhydrous THF (5 mL). The
mixture was cooled to 0 °C and n-BuzSnH (0.179 mL, 0.663 mmol) was added dropwise. The
mixture was stirred for 45 min at 0 °C, at which point the resulting mixture was concentrated to
yield a black crude oil. The material was extracted into hexanes, filtered through a pad of Celite
and was eluted with hexanes. The elutant was concentrated on a rotary evaporator, and this
process was repeated twice until a clear black solution was achieved. Pure vinylstannane 2 (22.0
mg, 50%) was obtained as a mixture of 1:5 a:f regioisomers by flash chromatography, eluting
with a gradient of hexanes to CH2Cl» to 1:20 EtoO/CH2Clz. The desired regioisomer and
diastereomer can be obtained in 95+% purity by additional flash chromatography, eluting with a

gradient of hexanes to CH2Cl» to 1:20 Et2O/CH2Cl.

Vinylstannane 2i: TLC (10:1 hexanes/Et,0): Ry= 0.25 (CAM stain); 'H NMR (C¢Ds, 500 MHz)

8 6.16 (m, 2H), 3.54 (m, 1H), 3.16 (s, 3H), 3.07 (d, J = 7.2, Hz, 1H), 2.93 (m, 2H), 2.49 (m, 2H),
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1.98 (s, 1H), 1.60 (m, 9H), 1.39 (dt, J = 15.5, 8.5 Hz, 6H), 1.28 (d, J = 7.0 Hz, 3H), 1.07 (d, J =
6.9 Hz, 3H), 0.96 (m, 12H), 0.87 (t, J = 7.4 Hz, 3H); 13C NMR (C¢De, 500 MHz) 5 151.5, 84.8,
72.7,59.4,57.4,46.5,38.4,29.6,27.7,23.8, 16.2, 14.0, 12.2, 10.5, 9.8; HR-ESI-MS m/z calcd.

for CoH1703 [M+H]" 519.2843, found 519.2839; [a]*>p = +10.1° (¢ = 1.0, CH2CL).
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Stille coupling of stannane 2i and core 3 to afford 175,185,195-FD-895 (1i).

cat. Xphos Pd G2

o) : P CuCl, KF
+BUOH
..OAc . : SnBu;

OH /o 2i OH 80%

17S,185,19S-FD-895 (1i): Yield: 80%, 7.24 mg; TLC (1:3 acetone/CH,Cly): Ry= 0.28 (CAM
stain); NMR data provided in Table S10; FTIR (film) vimax 3447, 2963, 2930, 2875, 1739, 1457,
1374, 1239, 1176, 1089, 1021 cm'; HR-ESI-MS m/z calcd. for C3;HsoIOoNa [M+Na]*:

589.3345, found 589.3347; [a]?p = +4.2 ° (¢ = 1.0, CH,CLy).
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Table S3.11 NMR data for 17S,18S,195-FD-895 (1i) in C¢Ds

Position |8n, mult (Jin Hz) |8c¢ H, 'H- | 'H, '"H-NOESY 'H, BC-HMBC
1 172.1

2’ 2.31, dd (14.8, 2,3 3w 1,3,4

2 222, dd (14.8, 38.5 2.3 3w, 4°/5’ 1

3 3.52, m 69.3 2,27, 4w, | 27,4°/5w,5”

3-OH 3 3,24, 30

4 1.58, m 300 47 5,57 27,57, 24 3w, 4w, 6, 24
4 1.33, m ' 3,4 4.5 3,5

5’ 1.55, m 4w, 477,57 |27, 47, 8w 4,6, 24w

57 1.27, m 358 4’ 7 4,6,7, 24w

6 73.3

6-OH 30H, 24

7 5.25,d(10.6) 79.2 8 4°/5°,5”,8w,9,24 8,9, 24,29

8 5.83, dd (15.2,126.5 7,9 4°/5°,7,9, 10 6w, 10

9 5.64,(15.2,10.0) |140.6 8,10 5°,8,10, 11, 25 7,10, 11w, 25w
10 241, m 41.0 9,11, 25 7w, 8, 25, 26 8,9,11,25

11 5.27,d(11.1) 82.6 10 10, 13, 25 1,9, 10, 12/13,
12 131.7

13 6.17,d(10.9) 131.3 14, 26w 11, 14, 15, 25 11, 14, 15, 26
14 6.32, dd (15.1,|126.1 13,15 13, 15, 16, 26, 27 12,13, 16

15 5.75, dd (15.1, |138.4 14,16 13, 14, 16, 17w, |12, 213,16, 17,
16 2.44, m 41.8 15,17,27 14,15, 17,27 14, 15, 17, 18,
17 3.48,dd (6.6,3.6) |72.6 16, 18 15,16, 18, 19w, 27 | 15w, 16w, 19,
17-OH

18 2.78,dd (3.6,2.3) [59.2 17 15w, 16, 17, 20, 27, | 17

19 3.01,dd (7.4,2.2) |57.3 20 17, 20, 28 18w, 20, 28

20 1.52, m 38.0 19, 28 18, 19w, 21, 28 19, 28

21 2.83,dt(7.5,4.6) |84.7 20w, 22’ 20, 227, 22w, 23, |23, 31

22’ 1.49, m 35 21,22°,23 |21w, 23w 20,21, 23

227’ 1.38, m ’ 23 21w, 23w 20w, 21w, 23
23 0.83,t(7.4) 10.6 227,227 21,22°’w, 22”7 21,22

24 1.02, s 24.7 415,77 5,6,7

25 0.72, d (6.8) 16.4 10 9,10, 11, 26w 9,10, 11

26 1.61,d(1.3) 11.8 13 10, 11w, 14 11,12, 13, 15
27 1.20,d (6.9) 16.3 16 14,15,16,17, 18w |15, 16, 17

28 1.02,d (6.9) 12.4 20 20, 21 19, 20, 21

29 169.1

30 1.63,s 20.8 29

31 3.11,s 57.1 20, 21 21
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Procedures for the synthesis of 175,20S,215-FD-895 (1j).

YN\( Bn

) - N - NaH, Mel -
TiCly, TEMED ©ONL S imivazol : ’L THF:DMF, 4:1 : 'L
2Clo imidazole : o 0°C : o
NG - G G s g e - 0
88% OH O S 80% OH O ° o_ 0O
71 dr . . )
8 9j 10j
DIBAL-H
-78 °
o o CH,Cl, 8°C
- EtO’ZEI)J\OEt
: DIBAL-H : e :
/\;/\A o /\/\/Y Et methyl-THF, 0 °C /\/\n/ H
OH -78°C 2 H
R O 12j 0] 79% over two steps 0 O
1j
Ti(0-Pr),
88% | (+)-DET, -BUOOH
9:1 dr CH,Cl,
20 °C H SnBu,
VETRY
H TEMPO H BF3 * Et,0 : o, :
: 9. KBr : O, CH,Cl, O -
/M NaoCl M ko /\/\/\/\\
: oo C l - 6 1 oH
Ol 4 OH 99% Ol 1 © 63%, 1:5 o -
PdCI,(PPhs), 50%
n-BugSnH, THF
cat. Xphos Pd G2 - _
CuCl, KF Hio) H
“OAc +-BuOH PN
' — ; - SnBug
80% O 2 OH

“'OH ~
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Synthesis of adduct 8}

Bn?\l/\S
Y \( Bn

0o7S
TiCl,, TEMED H S

CH,Cl N
A0 78°C /\_/\ﬂ/ \«
88% OH O S
71 dr .
8j

Reagents:
Propionaldehyde, 98% (Alfa Aesar): redistilled before use
EtN(i-Pr)2, 97% (Fisher Scientific): redistilled before use

TiCls, 98% (Alfa Aesar): used without further purification

(25,3R)-1-((S)-4-Benzyl-2-thioxothiazolidin-3-yl)-3-hydroxy-2-methylpentan-1-one (8j). (5)-
1-(4-Benzyl-2-thioxothiazolidin-3-yl)propan-1-one (7) (23.5 g, 88.7 mmol) was added toa 2 L
reaction flask and dissolved in CH>Cl> (700 mL) with mechanical stirring. The mixture was
cooled below 0 °C. TiCls (10.1 mL, 92.2 mmol) was added dropwise over 1 h, while maintaining
the temperature below 0 °C, at which point the mixture turned orange. EtN(i-Pr), (13.9 mL, 92.2
mmol) was added dropwise over 30 min, at which point the resulting black mixture was stirred at
0 °C for 15 min. After cooling the reaction to -94 °C, a solution of propionaldehyde (7.10 mL,
98.4 mmol) in anhydrous CH>Cl> (50 mL) was added dropwise over 1 h. The mixture was stirred
at -94 °C for 30 min before being slowly warmed to rt overnight. The mixture was cooled to 0 °C
and satd. NaHCOs3 (200 mL) was slowly added. The phases were separated, and the aqueous
phase was extracted with CH2Clz (3 x 300 mL). The combined organic phases were washed with
brine (300 mL), dried over Na>SOs, filtered and concentrated on a rotary evaporator. Pure adduct
8j (25.0 g, 88%) was obtained in a 9.5:1 dr by flash chromatography, eluting with a gradient of

hexanes to 1:3 EtOAc/hexanes.
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Adduct 8j: TLC (1:3 EtOAc/heptane): Ry= 0.63 (CAM stain); 'H-NMR (500 MHz, CDCls) &
7.35 (m, 2H), 7.30 (m , 3H), 5.36 (ddd, ] = 4.0, 7.0, 10.5 Hz, 1H), 4.52 (dq, J = 3.0, 7.0 Hz, 1H),
3.86 (m, 1H), 3.41 (dd, J = 7.0, 11.5 Hz, 1H), 3.24 (dd, ] = 4.0, 13.5 Hz, 1H), 3.06 (dd, J = 10.5,
13.5 Hz, 1H), 2.91 (d, J = 11.5 Hz, 1H), 2.64 (d, J = 3.0 Hz, 1H), 1.57 (m, 1H), 1.45 (m, 1H),
1.25 (d, J=7.0 Hz, 3H), 0.97 (t, J = 7.5 Hz, 3H). 3C-NMR (125 MHz, CDCl3) § 201.6, 178.7,
136.6, 129.7, 129.2, 127.5, 73.9, 69.1, 43.1, 37.0, 32.3, 27.5, 10.6, 10.5. FTIR (film) Vmax 3444,
3027, 2964, 2937, 2876, 1689, 1455, 1352, 1258, 1191, 1164, 1041, 1029, 960 cm’!; LCMS (ES-

API) m/z calcd. for CisH19NO2S, [M+1]7: 324.40; [0]*°p = 36.2 ° (¢ = 1.0 CH2CL).
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Synthesis of Weinreb’s amide 9j

Bn <. .0

W
N S imiz‘azole : [1]
; CH,Cl, /\/\ﬂ/ 0~
OH O S 80% OH O
8j 9j
Reagents:

N,O-Dimethylhydroxylamine hydrochloride, 99% (Alfa Aesar): used without further purification

Imidazole, 99% (Sigma-Aldrich): used without further purification

(25,3 R)-3-Hydroxy-N-methoxy-/N,2-dimethylpentanamide (9j). N,0-Dimethylhydroxylamine
hydrochloride (8.70 g, 44.5 mmol) and imidazole (9.1 g, 134 mmol) were added in succession to
a solution of 8j (14.4 g, 44.5 mmol) in CH2Cl» (500 mL) in a 2 L reaction vessel at rt. The
mixture was stirred at rt for an additional 16 h. H>O (300 mL) was added, and the mixture was
separated followed by extraction of the aqueous phase with CH2Cl (3 x 500 mL). The combined
organic phases were washed with brine (500 mL), dried over Na>SOs, filtered and concentrated
on a rotary evaporator to afford a yellow oil. Pure amide 9j (6.60 g, 80%) was obtained by flash

chromatography, eluting with a gradient of hexanes to 3:1 EtOAc/hexanes.

Amide 9j: TLC (3:1 EtOAc/heptane): Ry=0.17 (KMnOs); 'H NMR (500 MHz, CDCls) & 3.79

(bs, 1H), 3.76 (td, J = 5.4, 2.6 Hz, 1H), 3.69 (s, 3H), 3.17 (s, 3H), 2.90 (bs, 1H), 1.77 (bs, 1H),

1.57 (m, 1H), 1.39 (m, 1H), 1.15 (d, J= 7.1 Hz, 3H), 0.95 (t, J = 7.4 Hz, 3H); 3C NMR (125
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MHz, CDClL) 6 178.5, 73.1, 61.7, 38.1, 32.0, 26.8, 10.5, 10.1; FTIR (film) vmax 2969, 2917,
2855, 1719, 1449, 1265, 1178, 1108, 1020, 715 cm™'; LCMS (ES-API) m/z caled. for CsH17NO3

[M+1]*: 176.40; [a]?5p = +7.3 ° (¢ = 1.0, CHaCL).
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Methylation of amide 9j to 10j

- NaH, Mel -
: Ill THEDIF, 4:1 : ’L
N 0° N
- (0] : 0]
OH O 0. O
9j 10j
Reagents:

NaH, 60% in mineral oil (Alfa Aesar): used without further purification

Mel, 98% (Sigma-Aldrich): used without further purification

(2S,3R)-N,3-Dimethoxy-N,2-dimethylpentanamide (10j). Mel (35.8 mL, 576 mmol) was
added at rt to a solution of amide 9j (5.00 g, 28.4 mmol) in a mixture of anhydrous THF (200
mL) and anhydrous DMF (50 mL) in a 1 L reaction vessel. The mixture was cooled to 0 °C and
NaH (60% in mineral oil, 2.83 mg, 70.7 mmol) was added in portions ensuring the mixture
remained at 0 °C. The mixture was slowly warmed to rt and stirred for 16 h. After cooling the
mixture to 0 °C, a solution of phosphate buffered saline pH 7 (200 mL) was added dropwise. The
volatiles were concentrated on a rotary evaporator. H>O (100 mL) was added to the residue, and
the obtained mixture was extracted with #-butyl methyl ether (3 x 300 mL). The combined
organic phases were washed with brine (300 mL), dried over Na>SOs, filtered and concentrated
on a rotary evaporator. Pure amide 10j (4.13 g, 77%) was obtained as a colorless oil by flash

chromatography, eluting with a gradient of hexanes to 1:1 EtOAc/hexanes.
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Amide 10j: TLC (3:1 EtOAc/heptane): Ry= 0.27 (KMnO4); '"H NMR (500 MHz, CDCl3) § 3.68
(s, 3H), 3.41 (s, 3H), 3.30 (tdd, /= 7.0, 4.0, 1.0 Hz, 1H), 3.18 (s, 3H), 3.03 (bs, 1H), 1.58 (dqd, J
=14.9,7.5,3.9 Hz, 1H), 1.42 (dt, J=14.4, 7.2 Hz, 1H), 1.21 (d, /= 6.9 Hz, 3H), 0.93 (t,J=7.4
Hz, 3H); *C NMR (125 MHz, CDCl3) 8 176.5, 83.9, 61.6, 58.7, 39.6, 32.2, 25.3, 14.5, 9.6; FTIR
(film) vmax 3581, 3502, 2969, 2934, 2882, 2820, 1658, 1457, 1379 cm’!; LCMS (ES-API) m/z

calcd. for CoH19NO3 [M+1]": 190.40; [a]*’p = +16.1 ° (¢ = 1.0 CHCl5).
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Conversion of 10 to ester 12

o O

EtO’gE)kOEt _
H | DIBAL-H z :
" : NaH Et
N. - CHxCl, H 0°C /\/\/\n/
/\i/\ﬂ/ O — w _o0°Cc _ 6 1
o_©0 0 O 79% over two steps ~
10j 11j 12
Reagents:

DIBAL-H, 1.0 M in hexanes (Sigma-Aldrich): used without further purification
NaH, 60% in mineral oil, (Alfa Aesar): used without further purification

Triethyl phosphonoacetate, 99% (Oakwood Chemical): used without further purification

Ethyl (4R,5R,E)-5-methoxy-4-methylhept-2-enoate (12j) Amide 10j (4.00 g, 21.1 mmol) was
dissolved in anhydrous CH>Cl> (100 mL) in a 500 mL flask. The mixture was cooled to -78

°C. DIBAL-H (1.0 M, 32.8 mL, 32.8 mol) was added dropwise over 45 min at -78 °C and stirred
for 1 hr. Acetone (10 mL) was added dropwise over 10 min, and the mixture was warmed to 0
°C. Satd. Rochelle’s salt (100 mL) was added over 30 min, and the mixture was stirred at rt for
1.5 h. The phases were separated, and the aqueous phase was extracted with CH>Clz (3 x 150
mL). The combined organic phases were dried over Na>SQy, filtered and concentrated on a
rotary evaporator. The residue was then dried via azeotropic removal of toluene to deliver
aldehyde 11j, which was used immediately after preparation. A solution of triethyl

phosphonoacetate (21.2 mL, 107 mmol) in anhydrous 2-methyltetrahydrofuran (40 mL) was
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added dropwise over 30 min to a 500 mL reaction flask containing a suspension of NaH (60% in
mineral oil, 3.6 g, 90.3 mol) in anhydrous 2-methyltetrahydrofuran (150 mL) cooled to 0 °C. The
mixture was stirred at 0 °C for 15 min and a solution of 11j in anhydrous 2-
methyltetrahydrofuran (100 mL) was added dropwise over 30 min. The mixture was stirred at

rt for 16 h, cooled to 0 °C and quenched with satd. NH4Cl (250 mL). The organics were
concentrated on a rotary evaporator. The mixture was extracted with EtOAc (2 x 300 mL), and
the combined organic phases were dried over Na;SOs, filtered and concentrated on a rotary
evaporator. Pure ester 12j (3.27 g, 78% over two steps) was obtained as a colorless oil by flash

chromatography, eluting with a gradient of CH2Cl2to 1:10 EtOAc/CH:Cl..

Ester 12j: TLC (CH2ClL): Ry= 0.14 (CAM stain); '"H NMR (500 MHz, CDCl3) 6 6.95 (dd, J =
15.8,7.7 Hz, 1H), 5.82 (dd, J=15.8, 1.3 Hz, 1H), 4.18 (q, /= 7.1 Hz, 2H), 3.36 (s, 3H), 3.00
(ddd, J=7.4,5.6,4.4 Hz, 1H), 2.57 (m, 1H), 1.51 (m, 1H), 1.41 (m, 1H), 1.28 (t, J=7.1 Hz,
3H), 1.07 (d, J = 6.8 Hz, 3H), 0.90 (t, /= 7.4 Hz, 3H); *C NMR (125 MHz, CDCl3) 8 166.8,
151.3,121.1, 85.6, 60.4, 58.0, 39.3, 20.0, 14.9, 14.4, 10.0; FTIR (film) vmax 2978, 2934, 2882,
2820, 1719, 1650, 1466 cm™'; LCMS (ES-API) m/z calcd. for C11H2003 [M+NH4]": 218.6; [a]*’Dp

=+44.9 ° (c = 1.0, CH,CL).
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Reduction of ester 12j to alcohol 13j

- DIBAL-H =
- Et CH2C|2 :
w -7882:/0 /\:/\A
~ ° (0] . OH
(ONg 12] (0] ~ 13j

Reagents:

DIBAL-H, 1.0 M in hexanes (Sigma-Aldrich): used without further purification

(4R,5R,E)-5-Methoxy-4-methylhept-2-en-1-ol (13j). DIBAL-H (1.0 M, 37.1 mL, 45.0 mmol)
was added dropwise over 60 min to a 5 L reaction flask containing a solution of ester 12j (3.00 g,
14.9 mmol) in anhydrous CH>Cl, (150 mL) cooled to -78 °C. The mixture was stirred for 1 h at -
78 °C. Acetone (30 mL) was then added dropwise. The mixture was warmed to 0 °C, satd.
Rochelle’s salt (50 mL) was added, and the mixture was stirred at rt for 2 h. The phases were
separated, and the aqueous phase was extracted with CH>Cl> (3 x 100 mL). The combined
organic phases were washed with brine (100 mL), dried over Na>SOs, filtered and concentrated
on a rotary evaporator. Pure alcohol 13 (1.93 g, 82%) was obtained by flash chromatography,

eluting with a gradient of heptane to 1:1 EtOAc/heptane.

Alcohol 13j: TLC (1:3 EtOAc/heptane): Ry=0.26 (CAM stain); 'H NMR (500 MHz, CDCI3) &
5.65 (m, 2H), 4.10 (bs, 2H), 3.36 (s, 3H), 2.92 (ddd, J= 7.5, 5.7, 4.2 Hz, 1H), 2.44 (m, 1H), 1.52
(m, 1H), 1.40 (m, 1H), 1.01 (d, J = 6.9 Hz, 3H), 0.90 (t, J = 7.4 Hz, 3H); 3*C NMR (125 MHz,

CDCls) 6 135.2, 129.0, 86.4, 64.0, 57.7, 38.9, 23.5, 16.0, 10.0; FTIR (film) vmax 3388, 2968,
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2932, 2876, 2826, 1460, 1375 cm'; LCMS (ES-API) m/z caled. for CoH 502 [M+1]*: 158.20;

[0]%p = -33.1 ° (c = 0.2, CHCL).
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Epoxidation of alcohol 13j

Ti(O-iPr)y
_ (+)-DET, t-BuOOH _
: CH,Cl I,
M -20°C NG
: 88% :
O 18 OH ogiar O._ 14 OH
Reagents:

Ti(Oi-Pr)s, 97% (Sigma-Aldrich): vacuum distilled at 90 °C, 5 mbar
(+)-Diethyltartrate, 99% (Alfa Aesar): used without further purification
t-Butylhydroperoxide, 3.3 M in toluene: dried from a 70% solution in water according to

methods developed by the Sharpless laboratory

((2S,35)-3-((2R,3S)-3-Methoxypentan-2-yl)oxiran-2-yl)methanol (14j). +-Butylhydroperoxide
(3.3 M, 4.80 mL, 16.3 mmol) was added to a 100 mL flask containing a stirring solution of
Ti(Oi-Pr)4 (0.163 mL, 0.788 mmol), (+)-diethyl tartrate (0.550 mL, 3.15 mmol) and powdered
4A molecular sieves (1 g) in anhydrous CH>Cl> (100 mL). The mixture was cooled to -20 °C and
stirred for 30 min. A solution of alcohol 13j (1.25 g, 7.98 mmol) in CH>Cl> (25 mL) was added
dropwise. The reaction was stirred at -20 °C for 4 h. The reaction was quenched via addition of
10% NaOH (10 mL). The mixture was then extracted into CH>Cl> and concentrated on a rotary
evaporator. Pure epoxyalcohol 14j (1.38 g, 88%) was obtained as a 6:1 mixture of diastereomers

by flash chromatography, eluting with a gradient of hexanes to 1:1 EtOAc/hexanes.
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Oxidation of epoxyalcohol 14j

- TEMPO -
: O, KBr : 0,
P NaOCI P
M CHZClZ /\:/\m
(ONQ 14 OH 99% O 10
Reagents:

TEMPO, 99% (Oakwood Chemical): used without further purification
KBr, (Spectrum Chemical Mfg. Corp.): used without further purification
NaOCl, 2 M, 10-15% active chlorine (Spectrum Chemical Mfg. Corp.): used without further

purification

(25,3R)-3-((2R,35)-3-Methoxypentan-2-yl)oxirane-2-carbaldehyde (15j). A solution of KBr
(60.5 mg, 0.51 mmol) in H>O (3 mL), satd. NaHCOs3 (5 mL) and TEMPO (66.5 mg, 0.425
mmol) were added sequentially to a 125 mL flask containing a solution of epoxyalcohol 14j
(1.11 g, 6.35 mmol) in CH2Cl> (50 mL). The mixture was cooled to 0 °C and a solution

of NaOCl (2 M, 4.25 mL, 8.50 mmol) and satd. NaHCO3 (5 mL) were added dropwise via an
addition funnel. The mixture was allowed to warm to rt and stirred for 2 h. The phases were
separated, and the aqueous phase was extracted with CH2Cl> (3 x 50 mL). The combined organic

phases were washed with brine (30 mL), dried over Na>SOs, filtered and concentrated on a rotary
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evaporator. Aldehyde 15j (1.10 g, 99%) was obtained without further purification and was

carried on directly to the next step.
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Marshall addition of epoxyaldehyde 15j

H SnBuj
ETRY
‘o, "G ‘o,
N 78°C NN
/\m 63%, 1:5 dr (_) 17j C-) \\
~ 1 -

Reagents:

BF3¢Et,0, 46.5% BF3 (Alfa Aesar): used without further purification

(1R,2R)-1-((2S5,35)-3-((2S,3R)-3-methoxypentan-2-yl)oxiran-2-yl)-2-methylbut-3-yn-1-ol
(17j). Aldehyde 15j (70.1 mg, 0.408 mmol) and allenylstannane 16 (0.210 g, 0.610 mmol) in a
50 mL flask were dissolved in anhydrous CH>Cl> (10.0 mL) and purged with an Ar atmosphere.
The mixture was cooled to -78 °C and BF3*Et,0O (75.3 puL, 0.610 mmol) was added dropwise
over 5 min. The reaction was stirred for 1 h at -78 °C. A mixture of MeOH (5 mL) and satd.
NaHCO; (1 mL) was added, and the solution was warmed to rt. The phases were separated, and
the aqueous phases were extracted with Et20 (3 x 50 mL). The organic phases were combined,
dried with Na;SO4 and concentrated on a rotary evaporator. Alkyne 17j (69.2 mg, 63%) was
obtained in a 5:1 mixture of diastereomers (by NMR) as a colorless oil by flash chromatography,

eluting with a gradient of hexanes to 1:3 Et;O/hexanes.
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Hydrostannylation of alkyne 17i

PdCl,(PPh3),

: 0., : n-BugSnH, THF : O, : _
8 P NG NCZN
/\;/\/\;/\\ - > Y Y SnBu3
C_) 17i (_)H 50% ~ 2i A
~ ] _0 j OH
Reagents:

n-Bu3sSnH, 97% contains 0.05% BHT as stabilizer (Acros Organics): used without further
purification

PdCI(PPh3), (Oakwood Chemical): dried via azeotropic distillation of benzene

(1R,2R,E)-1-((2R,3R)-3-((2R,3S5)-3-Methoxypentan-2-yl)oxiran-2-yl)-2-methyl-4-
(tributylstannyl)but-3-en-1-o0l (2). PdCI>(PPh3), (15.5 mg, 0.0221 mmol) was added to a
solution of alkyne 17j (50.1 mg, 0.221 mmol) in a 10 mL flask in anhydrous THF (5 mL). The
mixture was cooled to 0 °C and n-BuzSnH (0.179 mL, 0.663 mmol) was added dropwise. The
mixture was stirred for 45 min at 0 °C, at which point the resulting mixture was concentrated to
yield a black crude oil. The material was extracted into hexanes, filtered through a pad of Celite
and was eluted with hexanes. The elutant was concentrated on a rotary evaporator, and this
process was repeated twice until a clear black solution was achieved. Pure vinylstannane 2j (22.0
mg, 50%) was obtained as a mixture of 1:5 a:f regioisomers by flash chromatography, eluting
with a gradient of hexanes to CH2Cl» to 1:20 Eto2O/CH2Clz. The desired regioisomer and
diastereomer can be obtained in 95+% purity by additional flash chromatography, eluting with a

gradient of hexanes to CH2Clz to 1:20 Et2O/CH2Cl.
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Stille coupling of vinylstannane 2j and core 3 to afford 175,185,195-FD-895 (1i).

- cat. Xphos Pd G2

‘o, L CuCl, KF
P NG NU N -
Y Y SnBus ﬂ,
A A 80%
_0 2 OH

17S5,185,198-FD-895 (1i): Yield: 80%, 3.45 mg; TLC (1:3 acetone/CH>Cl): Ry=0.28 (CAM
stain); NMR data provided in Table S11; FTIR (film) vmax 3447, 2963, 2930, 2875, 1739, 1457,
1374, 1239, 1176, 1089, 1021 cm™!; HR-ESI-MS m/z calcd. for C31HsolO9Na [M+Na]":

589.3345, found 589.3347; [a]**p = -2.3 ° (¢ = 1.0, CH2Cly).
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Table S3.12 NMR data for 175,20S,21R-FD-895 (1j) in CeDs

Position |8y, mult (J in |d¢c H, 'H- | 'H, '"H-NOESY 'H, BC-HMBC
1 172.1

2’ 2.29, dd (14.8, 382 3 3w 1,3,4

2 2.19, dd (14.8, 3 3,4/5 1

3 3.50, m 69.0 30H, 4> 2, 415,57

3-OH 3.62, bs 3w, 4”’ 3

4’ 1.56, m 30.0 3,475 27, 8w, 24 3w, 6, 24w
4 1.25, m 3,4, 57 5°,7,9, 24w 5

5’ 1.54, m 356 4,4 5> 27,4, 8w 3w, 4, 6, 24w
5 1.20, m 4,45 3,4°,7, 24w 4, 6w, Tw

6 73.4

6-OH

7 5.24,d (6.6) 78.9 8 4,4 8w, 9,24 8,9, 24w, 29
8 5.82, dd (15.2,]126.2 |7,9 4°/5°, 7w, 9, 10 6w, 10

9 5.62, dd (15.2,]140.5 |8,10 4 8,10, 11, 25 7, 10w, 25

10 2.38, m 41.0 9,11, 25 8, 25,26 11w, 25

11 5.26,d (7.5) 82.4 10 9,10, 13,25 1,12, 26

12 131.4

13 6.17,d (10.8) 1314 |14, 26 10w, 11, 14, 15,25, | 11, 14, 15, 26
14 6.32 dd (15.2,]126.2 13,15 13,15, 16, 26, 27 13,16

15 5.83, dd (15.2,]137.9 14,16 13, 14, 16, 17w, |13,16,27w
16 2.44,tq (6.6,6.3) |41.4 15,17,27 17w, 27 14, 15, 17, 18w,
17 3.36,t(4.9) 73.4 16, 18 15w, 16, 18, 19,27 | 15w, 18
17-OH

18 2.74, dd (4.5,]58.6 17,19 16,17, 20, 27, 28 17

19 2.95, dd (7.0,|57.4 18, 20 17, 20, 28 20

20 1.55, m 37.8 19, 21, 28 18, 21, 28 19

21 2.84,dt(7.4,4.7) | 84.4 20,22°,22°° (20, 22°, 22°°, 23,119

22’ 1.52, m 23 4 20,21, 23 23w 23

227’ 1.38, m 20,21, 23 20, 21w, 28 23

23 0.85,t(7.4) 10.2 227,227 21w, 227,22 21,22

24 1.00, s 24.5 4°/5°, 17 5,6,7

25 0.70, d (6.7) 16.2 10 9,10, 11, 13w 9,10, 11

26 1.58,d(1.2) 11.6 13 10, 11, 14, 15, 25 11,12, 13

27 1.14,d (6.9) 16.3 16 14,15, 16,17, 18w |15, 16, 17

28 1.02,d (7.5) 12.0 20 18w, 20, 21w 19, 20, 21

29 169.0

30 1.61,s 204 29
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31

3.11,s

56.9

20w, 21

21
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