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The first chapter details the synthesis of three collision induced dissociation cross-linkers
that have been developed for cross-linking mass spectrometry experiments. One of the cross-
linkers is a homobifunctional cysteine targeting linker denoted DBrASO. It exploits the selective
reactivity of thiols with a-bromoacetamides; and it is currently being studied in protein-protein
interaction experiments. Another cross-linker BrASSO, is a heteobifunctional cross-linker that
targets cysteine and lysine residues. The final cross-linker that was synthesized is SDASO, which
contains a diazirine ring that can be used for non-specific cross-linking. SDASO proved the ability
to cross-link all twenty amino acids, and was able to be used in complex proteosome cross-linking
mass-spectrometry studies. These new cross-linkers expands the capability of studying protein

structure and protein-protein interactions in tandem with mass-spectrometry.

The second chapter details work towards the synthesis of indole alkaloid alstonlarsine A.
Many approaches to the natural product were considered and pursued to the cyclohepta[b]indole
natural product. Formation of the cycloheptane proved difficult and our initial cyclohepta[blindole

annulation resulted in an unproductive spriocycle. An alternative route targeted a cis-
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octahydroindolone through many disconnections, but only the trans isomer was favored. This

natural product was not pursued further.

The third chapter details the first total syntheses of strasseriolide A and B. Strasseriolide
B exhibited potent antimalarial activity against the drug-sensitive and drug-resistant strains of
malaria. The macrolides were synthesized through a convergent route targeting a carboxylic acid-
aldehyde fragment and an alcohol-vinyl iodide fragment. The synthesis of the two fragments were
completed by starting from commercially available terpenes. The fragments were coupled through
a Yamaguchi esterification and the key macrocyclization event was accomplished via a Nozaki-
Hiyama-Kishi cyclization. Strasseriolide B was synthesized in 16 steps (LLS) and strasseriolide A

was synthesized in 17 steps (LLS).
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Chapter 1. Synthesis of Collision Induced Dissociation Cleavable Cross-Linkers

1.1 Introduction
1.1.1 Protein structure and interaction elucidation techniques

Elucidating protein structure and protein-protein interactions (PPIs) is essential to
understanding cell functions and overall biological processes. The ability to understand structural
biology allows for drugs and proteins to be engineered for specific causes. As the number of
sequenced proteins grows, so too does the number of unknown tertiary and quaternary structures.
The methods for uncovering protein structure include NMR, X-ray crystallography, and cryo-
electron microscopy, which are responsible for elucidating 99.8% of the proteins listed in the
protein data bank (PDB); with X-ray crystallography alone responsible for 87%.! However, as with

any method, there are limitations for each.

X-ray crystallography is limited in that the proteins that are analyzed need to be pure and
crystallizable and therefore it is best used with rigid, ordered proteins.?=® Analyzing flexible
proteins is possible but much more difficult. NMR is limited by the size of the protein or protein
complex. Larger structures are more difficult to resolve due to overlapping peaks and protein
mobility, which cause broad, weak signals.* Moreover, for an acceptable signal to noise ratio, a
large quantity of the protein and high purity is necessary. Over the last decade, cryo-electron
microscopy has blossomed as a revolutionary structural elucidation technique and received the
Nobel prize in 2017 for these advances.>® However, one of the main disadvantages of cryo-
electron microscopy is the low signal to noise ratio that can occur when studying
biomacromolecules since they are only made up of carbon, oxygen, nitrogen, and hydrogen.’
Also, the machinery required can be very expensive and the analysis can be quite time-
consuming.® All three of these structural elucidation methods require viewing the protein structure
outside of its native state. Furthermore, cryo-electron microscopy and X-ray only give a static
image. Complementary to these techniques is cross-linking mass spectrometry (XL-MS) which
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can be used to help determine tertiary and quaternary structure in more native, or even in vivo,

environments.® 4

Cross-linking mass spectrometry makes use of chemical cross-linkers, which are
molecules of a defined length that are designed to covalently bind with specific amino acids. When
reacted in a protein complex, the cross-linker will bind two (sometimes three) amino acids and
the cross-linked sample can be subjected to mass spectrometry. Through data analysis of the
mass spectrometry results, the amino acids that were cross-linked can be determined. Additional
analysis including comparison of the known crystal structure of a protein determines the exact
amino acids that were cross-linked. The length of the cross-linker used defines an upper limit to
how near the linked residues can be to one another in space. This constraint is important for the

data analysis to validate the plausibility of a cross-link to occur in the system that is being studied.

Some advantages that XL-MS provides are as follows. Cross-linking can be applied to a
proteosome in its native environment to capture short-lived interactions or temporary tertiary and
guaternary structures. Cross-linking studies can be performed on small amounts of protein that
does not have to be completely pure. Even more remarkable, cross-linking can be done in vivo in
whole tissue or organelle systems. Over the past few decades cross-linking mass spectrometry
has seen more widespread use due to technological advances of mass spectrometry and data
sequencing software as well as the development of collision-induced dissociation (CID) cleavable

cross-linkers.**

1.1.2 CID cleavable cross-linkers and tandem MS

A sample is cross-linked by simply adding the cross-linker to a buffered solution of a
protein or protein complex. Once cross-linked, it can be purified and subjected to tandem mass
spectrometry (MS/MS) analysis, in which at least two mass analyzers are used in sequence. For

protein sequencing, a collision cell is used in between the analyzers, which contains gaseous



neutral molecules. When an analyte is accelerated into the cell, it will collide with the neutral gases
and an energy transfer will occur, causing the bonds within the analyte to fragment. This process
is what is known as collision-induced dissociation (CID). By varying the acceleration speed of the
analyte ions, different collision energies can be achieved, which causes different bonds to break;
weaker bonds will break at lower energies. When a purified cross-linked sample is subjected to
MS/IMS, the first MS analysis (MS1) will indicate the mass to charge ratio (m/z) of the cross-linked
peptides. This mass can be selected and subjected to the collision chamber, where the peptide
bonds are fragmented, and the masses of these fragments are detected in the second mass

analyzer (MS2), Figure 1.1b.*®

For example, disuccinimidyl suberate (DSS) is one of the most widely used cross-linkers
for proteomics experiments, Figure 1.1a.1® DSS contains two N-hydroxy succinimide (NHS) esters
that react almost exclusively with lysine (K) residues under biological conditions. When DSS is
exposed to a short peptide fragment (Figure 1.1a) it will react with the lysine residue that will
displace the NHS ester on each end of the linker to form two amide bonds. There will also be
dead-end links in which one end of DSS reacts with the peptide and the other is hydrolyzed,
(Figure 1.1d). The dead-end links can be detected in MS1 and not subjected for further analysis.
From this mixture, the m/z of the desired cross-linked fragment is calculated, observed, and
subjected to MS2, in which the peptide bonds are cleaved and the fragments are observed (Figure
1.1e). The sequencing analysis for a short peptide like the example shown in Figure 1.1 is
straightforward, especially with the help of sequencing analysis software. However, when larger
proteins and protein complexes are studied, the data analysis becomes extremely difficult and
convoluted. When using a search algorithm that compares experimental MS/MS datasets with
theoretical MS/MS spectra, a scaling problem is observed as the size of the system being studied
grows; this is known as the n? problem.!” CID-cleavable cross-linkers were developed to address

this problem.
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Figure 1.1 (a) Reaction of DSS with a short peptide (b) Tandem MS of the cross-linked peptide (c¢) Structure of peptide
fragment (d) Structures of a cross-linked peptide and a dead-end cross-link (e) Examples of fragmented ions in MS2

Integrating a CID-cleavable moiety into a cross-linker will simplify the final data analysis
by adding an additional collision chamber and mass analyzer to the MS/MS. The CID-cleavable
moiety must be able to cleave at a lower energy than the energy it takes to break a peptide bond.
The cross-linker is designed to cleave in the first collision chamber, while the peptide bonds will
cleave in the second collision chamber. Figure 1.2b shows the tandem MS for a CID-cleavable

cross linker.
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To meet this design requirement, the CID cleavable cross-linker disuccinimidyl sulfoxide,
DSSO (Figure 1.1a) was developed in our lab, which is similar to DSS and contains two NHS
esters to chemoselectively react with lysine residues.'® In addition, the spacer region of DSSO
contains a sulfoxide, which is the CID cleavable moiety (the cleavage mechanism will be
discussed in section 1.1.3). The carbon-sulfur bonds can be fragmented at a lower energy in the
MS compared to peptide bonds.'® Analogous to the non-cleavable linkers, MS1 will detect the m/z
of the cross-linked peptides. This specific ion will then be subjected to a collision chamber that is
set at a collision energy that will break the CID-cleavable functional group within the cross-linker,
but not the peptide bonds. Each peptide fragment will contain a portion of the cross-linker (MS2,

Figure 1.2d) which are essentially tags on each peptide fragment. When using sulfoxide as the

5



CID-cleavable moiety, one fragment will contain an alkene while the other will contain a thiol
(Figure 1.2d). Each fragment will be subjected to separate MS3 for peptide bond cleavage, Figure
1.2e. This data is sequenced with specialized software to determine which amino acids were
cross-linked. CID-cleavable cross-linkers like DSSO have simplified the data processing aspect
of cross-linking mass-spectrometry and have allowed for large organelles, and even tissues, such

as a mouse heart (!) to be studied with this method.*®

The workflow that is used by our collaborators, the Huang lab at UC, Irvine, for studying
the more complex systems is shown in Figure 1.3. When studying short peptide fragments as
shown in Figures 1.1 and 1.2, there is little purification that needs to be done before subjecting
the sample to the MS/MS for analysis. However, when studying more complex systems like whole
proteins or protein complexes, a more in-depth purification is needed before subjecting a sample

to mass spectrometry.
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Figure 1.3. Work flow for cross-linking mass spectrometry

In step one, a protein complex is reacted with a CID cleavable cross linker resulting in a
cross-linked protein complex. This protein complex is purified via sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE) to separate noncross-linked samples from

cross-linked samples. The desired sample is excised and digested with trypsin or chymotrypsin.



This mixture is subjected to tandem LC-MS/MS and the data is processed using protein

sequencing software to furnish a cross-linking map of the protein complex.
1.1.3 Mechanisms of CID cleavability

There are many different CID-cleavable functional groups that have been developed for
cross-linking mass spectrometry. Our group, in collaboration with the Huang lab at UC, Irvine, has
developed a number of sulfoxide containing CID cleavable cross-linkers. However, there are
many other CID cleavable cross-linkers that contain NHS esters, but have different cleavable
moieties. This section will discuss other CID cleavable cross-linkers that target lysine residues

and compare the different fragmentation methods.

As a side note, the mechanisms described in this section are all only postulated, as the
only mechanistic evidence is the observed m/z ratio of the highly energetic and short-lived
intermediates, and the known structure of the cross-linker. Furthermore, multiple ions may be
detected in MS2 after the fragmentation, complicating which ions should be considered for the
mechanism. When designing a CID cleavable cross-linker, various fragmentation mechanisms
should be considered. Ideally only one bond will fragment at a collision energy less than the

energy it takes to break a peptide bond.

Bisuccinimidyl-succinamyl-aspartyl-proline (SuDP), Scheme 1.1a, was reported in 2006
and contained a proline-aspartic acid peptide bond as the CID cleavable group.?’ These particular
peptide bonds are known to cleave at a lower energy than other peptide bonds during CID.?122
The authors developed the two step CID cleavage, in which the first CID cleaves the cross-linker
and the second cleaves peptide bonds.?® This technique paved the way for the development of
additional MS-labile cross-linkers and the data processing thereof. The proposed fragmentation

mechanism for SuDP is shown in Scheme 1.1b. After a proton shift from the aspartic acid to the



proline residue, the aspartyl group can cyclize on the proline peptide bond. Formation of the cyclic

anhydride will eject the proline group to form the two fragments.
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Scheme 1.1 (a) Structure of SUDP (b) Mechanism of fragmentation of SuDP; R refers to lysine residues on peptide fragments

CID cleavable cross-linker disuccinimidyldibutyric urea (DSBU) was reported by Sinz and
coworkers in 2010.2* This linker contains a urea moiety in the spacer region and there are two
possible fragmentation mechanisms that result in the same m/z ion fragments. In the first
mechanism, Scheme 1.2b, the amide resulting from the lysine linkage can attack the urea
carbonyl through a 7-exo-dig cyclization. Cleavage of one of the urea amide bonds results in the
primary amine fragment and the oxazepanone fragment. Alternatively, Scheme 1.2c, a 1,7-proton
transfer could occur, followed by cleavage via isocyanate formation. The isocyante fragment and

the oxazepanone fragment have the same exact mass so either mechanism is possible.?®
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Scheme 1.2 (a) Structure of DSBU (b) One plausible fragmentation mechansim of DSBU (c) A second
plausible fragmentation mechansim of DSBU; R refers to lysine residues on peptide fragments
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In 2008, Reid and coworkers developed a sulfonium ion CID-cleavable cross-linker.?® The
linker was inspired by previous findings that sulfonium ion derivatives of sulfur containing amino
acids (methionine and cysteine) undergo cleavage in the MS by loss of a dialkyl sulfide. This
simple cleavage mechanism is postulated to go through attack of the amide carbonyl into the
antibonding orbital of the carbon-sulfur bond to furnish a dialkyl thiol fragment and a six-
membered oxazoline fragment. This cross-linker was also found to cross-link very efficiently in

proteins, likely due to its increased water solubility.
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Scheme 1.3 (a) Structure of S-methyl thiol containing cross-linker (b) Mechanism
of fragmentation; R refers to lysine residues on peptide fragments

The 1,4-diazabicyclo[2.2.2]octane (DABCO) containing cross-linker DC4 is a quaternary
diamine that has two positive charges contributing to its great aqueous solubility.?” The
fragmentation proceeds via a straightforward mechanism: in MS2 one end of the linker undergoes
a 5-exo-tet to kick our the DABCO moiety and result in the two fragments shown in Scheme 1.4b.
When the DABCO-containing fragment is subjected to its individual MS3, it undergoes another

cyclization to kick out DABCO (while the peptide bonds are also cleaved).
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N N — —
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Scheme 1.4 (a) Structure of DC4 (b) Mechanism of fragmentation, the linker is
cleaved in both MS2 and MS3; R refers to lysine residues on peptide fragments



Scheme 1.5 (a) Structure of PIR (b) Mechanism of fragmentation;
R refers to lysine residues on peptide fragments

In 2005 Bruce and coworkers reported a CID cleavable cross-linker called protein
interaction reporter (PIR), Scheme 1.5a.?8 The linker was designed with two NHS esters to react

with lysine residues, a biotin moiety for affinity purification, and a spacer region that was designed
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after solid phase peptide reagents. PIR has shown to be very successful for in vivo studies, while
the biotin tag helps with enrichment.?®3° The cleavage mechanism is shown in Scheme 1.5b, in
which two benzylic amine bonds are broken resulting in two doubly benzylic carbocations and the

two peptide containing fragments.

The final cleavage mechanism that will be discussed was developed in our lab. DSSO as
discussed in section 1.1.2, contains a sulfoxide as the CID cleavable moiety. The sulfoxide can
undergo a retro-ene type mechanism to form an enone fragment and a sulfenic acid containing
fragment. The sulfenic acid often undergoes a dehydration to the resulting thioenol or thiol
aldehyde. The cleavage can occur on either side of the cross-linker, leading to two possible ion
pairs (if the cross-linked peptide fragments are not equivalent) DSSO is commercially available
and has proven to be successful in many cross-linking mass spectrometry studies.®*-3¢ Through
the success of DSSO, it became apparent that the sulfoxide moiety cleavability could be the basis

for new cross-linkers to target different amino acids.
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Scheme 1.6 (a) Structure of DSSO (b) Mechanism of fragmentation;
R refers to lysine residues on peptide fragments
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1.1.4 Rychnovsky lab sulfoxide containing cross-linkers

DSSO is now commercially available, but the synthesis of this cross-linker is
straightforward, Scheme 1.7. The commercially available 3,3’ thiodipropionic acid is esterified with
N-hydroxysuccinimide to form sulfide 1-1, which can easily be oxidized to the corresponding

sulfoxide when treated with m-CPBA.18

10.1 A

o o
1l

o o o
NHS-H, o S (o] m-CPBA 0. S 0.
Ho\n/\/s\/\n/OH N7 \n/\/ \/Y N N~ \n/\/ \/\n/ ~N
o o DCC o o) 45% (2 steps) o o
[o] R (o]
- ° DSSO °

Scheme 1.7. Synthesis of DSSO

DSSO has a spacer length of 10.1 A, which can be seen as a “molecular ruler” meaning
that there is a distance range that the cross-linked lysine residues can be from each other. It was
hypothesized that increasing the length of DSSO would give different or additional structural
insight when studying a protein or protein complex. Our lab set out to synthesize DSSO

derivatives of varying lengths to test this theory.
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Scheme 1.8. Synthesis of DSSO-L

An analog of DSSO, DSSO-L was synthesized by a previous Rychnovsky lab member
Eric Novitsky, Scheme 1.8, and was calculated to have a spacer length of 17.5 A.3% To study
the viability of this cross-linker, it was initially studied with a short peptide. The tandem MS

experiments showed that the carbon-sulfur bond fragmented at the same energy as the peptide
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backbone. Also, the dehydration of the sulfenic acid fragment, 1-10, to the thiol, 1-11, Figure 1.4
was observed at a significantly lower abundance as compared to DSSO. The carbon-sulfur bond
in DSSO is much more labile as compared with DSSO-L. This can be explained by comparing
the different fragments that would result from the cleavage of DSSO and DSSO-L. Alkene 1-6,
which is the product of DSSO cleavage, is conjugated with the carbonyl group while alkene 1-9
is not. This same logic can also explain why less dehydration of the sulfenic acid is observed with
DSSO-L (compare 1-8 and 1-11). This conclusion paved the way for future designs of sulfoxide
containing CID cleavable cross-linkers. It was decided that at least one side of the linker needed
to have a carbonyl at the B-position of the sulfoxide for efficient cleavage at a higher energy than

the peptide backbone.
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Figure 1.4 (a) Structure of DSSO cross-linked between two K residues (XL-
DSSO) (b) MS2 fragments of XL-DSSO (c) Structure of DSSO-L cross-linked
between two K residues (XL-DSSO-L) (d) MS2 fragments of XL-DSSO-L

To examine the reactivity of DSSO analogs in cross linking reactions, asymmetric DSSO
derivatives 1-12, 1-13, and 1-14 were synthesized by Eric Novitsky.3” The analogs contain
ethylene glycol subunits in between the sulfoxide and the NHS ester on the long side of the chain,
which have been shown in increase solubility and lysine reactivity of NHS esters compared to an

all-carbon chain.®3 The short side of the cross-linker contains the required B-carbonyl. It was
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postulated that these derivatives would only cleave on one side and therefore lead to just one pair

of ion fragments in MS2.
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Scheme 1.9 (a) Structures of (3,6)-DSSO, (3.8)-DSSO, and (3,12)-DSSO
(b) Synthesis of (3,6)-DSSO (c) Synthesis of (3,8)-DSSO (d) Synthesis of (3,12)-DSSO

The syntheses of these analogs were similar, Scheme 1.9. First an oxa-Michael with a
glycol, furnished the ethylene glycol side of the linker. Tosylation of the primary alcohol followed
by displacement with 3-mercaptopropionate afforded the dimethyl ester intermediates. Each

cross-linker was completed by hydrolysis, esterification, and sulfide oxidation. In reacting the four
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cross-linkers with bovine serum albumin (BSA), different K-K linkages were observed with each.
There were just 13 (out of the 44 unique linkages) that overlapped with all of the cross-linkers.
(3,6)-DSSO0O and (3,8)-DSSO, which are quite similar in length shared about 75% of their linkages.
Conversely, DSSO and (3,12)-DSSO only shared about 35% of their linkages. These data
suggest that varying the cross-linker length result in different K-K linkages and therefore provides

additional structural information on the same protein.

Seeking to further expand the cross-linker method, we reasoned that creating a toolbox of
cross-linkers that vary in not only length but also amino acid selectivity would be beneficial for the
structural biology community. It is not surprising that lysine residues have been the most
commonly targeted amino acid with cross-linkers, as they have shown to react very selectively
and efficiently with NHS esters under biological conditions.*%4! Lysine is also an ideal target as it
makes up about 6% of protein sequences and is concentrated on the surface of proteins.
However, cross-linking data with different amino acids could give a larger picture and a unique
view of protein structure and interactions. Our lab set out to synthesize CID cleavable cross-
linkers that would target amino acids beyond lysine thus greatly expanding the number of

observable cross-links.

In 2016, our lab reported a CID cleavable cross-linker that targeted acidic residues,
aspartic acid and glutamic acid.*? Dihydrazide sulfoxide (DHSO) was designed after DSSO; a
symmetrical, homobifunctional (meaning the same reactivity on each end) cross-linker with a
carbonyl at the B-position of the sulfoxide. In place of the NHS esters, DHSO contains two
hydrazide moieties. The new cross-linker could be synthesized in one step from DSSO, as shown
in Scheme 1.10a. In the presence of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholin-4-
ium chloride (DMTMM), DHSO was found to successfully cross-link proximal acidic amino acids.

The cross-linking mechanism with this pair is shown in Scheme 1.10b. DMTMM is able to activate
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carboxylic acids at a neutral pH,*® while more traditional coupling reagents, such as 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) requires a lower pH, 5.5.4
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Scheme 1.10 (a) Synthesis of DHSO from DSSO (b) Mechanism of DMTMM
activation of a carboxylic acid and cross-linking with DHSO; R = peptide fragment

Other appealing amino acids to target with this method were cysteine residues, which are
major contributors to the tertiary structure of proteins. These thiols are very nucleophilic and
therefore were targeted in the design of a new cross-linker. Bismaleimide sulfoxide (BMSQO)*°
contains maleimide functional groups that are known to react with cysteine residues under
biological conditions though a thiol-Michael addition.*>*¢ BMSO was also designed after DSSO as
a homobifunctional sulfoxide containing CID cross-linker. It was also synthesized in one step from
DSSO, Scheme 1.11a. BMSO reacted as expected with short peptides and BSA. However, the
cross-linked product after the Michael addition was extremely susceptible to hydration, Scheme
1.11c. A mixture of open and closed form of the cross-linked product made the data analysis more
difficult. Additional cysteine targeting homobifunctional cross-linkers that do not have this issue

will be discussed in section 1.2.
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Scheme 1.11 (a) Synthesis of BMSO from DSSO (b) Thiol-Michael addition of cysteine into BMSO
maleimide (c) Closed ring cross-linked BMSO and hydrated open ring cross-linked BMSO

The data from cross-linking BSA with DSSO, DHSO, and BMSO were compared. As
shown in Figure 1.5, these three cross-linkers show distinct structural data.*® These data inspired
our lab to continue to synthesize cross-linkers with different reactivity profiles in order to expand

the CID cleavable cross-linker toolbox.

o o
HzN\NJI\/\s/\)]\N/NHz
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g
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Figure 1.5. Comparison of XLMS maps of the BSA crystal strucutre with BMSO (purple), DSSO (blue), and DHSO (red)
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1.1.5 Application of sulfoxide containing cross-linkers

As shown in Figure 1.5, by using the different reactivity of the cross-linkers (BMSO, DSSO,
and DHSO) we were able to observe different structural information on BSA. The Huang lab
wanted to further apply this reactivity to solve a larger structural biology quandary. The constitutive
photomorphogenesis 9 (COP9) signalosome is a protein complex made up of eight subunits. It is
responsible for removing ubiquitin-like proteins (deneddylation) from the largest enzyme class of
ubiquitin-proteasome systems, called Cullin-RING E3 ligases. It is the only deactivator of Cullin-
RING ES3 ligases, and due to its essential functionality, it has been extensively studied
biophysically. It has even been shown that inhibiting this protein complex can kill cancer cells and
certain parasites.*’#® However, the structural dynamics of the COP9 complex functionalization
are still unknown and have been difficult to track with more conventional methods. It was recently
discovered that the COP9 complex has a ninth subunit (CSN9), which may be important for the
conformational changes of the complex during deneddylation.*® The CSN9 is small and highly
disordered and therefore has been difficult to study. The Huang group was able to employ our
three cross-linkers, DSSO, DHSO, and BMSO to examine where on the COP9 the newly

discovered subunit binds and how this might affect the structural changes of the entire complex.3

The three cross-linkers were reacted with the two separate complexes (one of just the
COP9 complex and one of the COP9 complex with the CSN9 unit). The results are shown in
Figure 1.6. Since the CSN9 subunit is highly acidic and does not contain any cysteine residues
and very few lysine residues, cross-linking with this subunit was only observed with DHSO.
Additionally, unique linkages with all three cross-linkers were observed between the eight original
subunits when the CSN9 was added. This data infers that the conformation of the whole complex
changes when the ninth unit is added. The cross-links that were observed are consistent with the
known X-ray structure. The cross-linking data was also supported by additional structural

modeling of the COP9 complex. The ninth subunit was found to interact with subunits one (CSN1)
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and three (CSN3) through cross-linking with DHSO. Previously, it was reported that the CSN9

interacted with subunits five and six, but there were no cross-links observed with these subunits.

B 0ssO MM DHSO WM BMSO [ DSSO+BMSO
B DHSO+BMSO DSSO+DHSO M DSSO+DHSO+ BMSO

Figure 1.6. Cross-linking map of the COP9 complex without (left) and with (right) the
CSN9 complex; the CSN9 only showed DHSO cross-links with subunits 1 and 3 (ref. 34)

Most of the core structure of the COP9 complex was maintained with the addition of the
CSNB9 unit. The largest changes in cross-links were observed with subunit two (CSN2). It is known
that CSN2 within this complex is important for the interaction of the COP9 complex with the Cullin-
RING E3 ligases; the structure of the COP9-enzyme complex has been previously studied.>°-53
Therefore, it is postulated that the addition of the ninth subunit induces structural changes to allow
the COP9 to bind to the ligase. Without the addition of CSN9, the structural change the COP9
complex needs to induce in order to bind the ligase requires significant activation energy. Figure
1.7 shows the proposed structural changes of the COP9 complex when binding to the Cullin-

RING E3 ligases without the CSN9 and with the CSN9 subunit.

This study shows the application of using cross-linkers with different reactivity to study
structural biology. Adding to the toolbox of CID cleavable cross-linkers will allow for similar studies

to be performed and additional physical biology questions to be examined.
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Figure 1.7. Proposed structural changes of the COP9 complex when (top) binding to Cullin-RING
E3 ligases (CRL) and (bottom) binding to the CSN9 subunit and then binding to CRL (ref. 34)
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1.2 Synthesis of DBrASO, a homobifunctional cysteine-cysteine cross-linker
1.2.1 Introduction to cysteine-cysteine cross-linkers and design of DBrASO

In our pursuit of expanding the toolbox of sulfoxide CID cleavable cross-linkers, we looked
to improve upon BMSO, the cysteine-cysteine cross-linker. The thiol reactive maleimide group is
prone to hydrolysis, which will complicate the MS data analysis with the closed and open form of
the Michael addition product. Also, under biological conditions the Michael addition product could
potentially undergo a retro-Michael and reform the maleimide, Scheme 1.12a, which is certainly
unproductive for cross-linking.>+*° By taking advantage of the known reactivity of acetyloromides
with thiols under physiological conditions, we designed dibromoacetamide sulfoxide (DBrASO).
a-Halocarbonyls have a long history of direct alkylation of cysteine residues.®® The cysteine can
displace the a-halo group through a simple irreversible Sy2 reaction, Scheme 1.12b. These
electrophiles can also react with other nucleophilic amino acids, so it is slightly less
chemoselective than maleimide groups for cysteine.>® Nonetheless, we wanted to examine the

reactivity and viability of DBrASO as a cross-linker.
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(c) DBrAso

Scheme 1.12 (a) Reversible Michael addition of cysteine
into maleimides (b) Sy2 addition of cysteine into a-
bromoacetamides (c¢) Structure of DBrASO
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1.2.2 Synthesis of DBrASO

Our initial synthetic plan was to react DHSO with bromoacetic acid to yield the new cross-
linker DBrASO. However, DHSO is extremely polar which made it difficult to work with and to
isolate the desired product. To decrease some of the polarity issues, we planned to go through
the sequence with the sulfide as opposed to the sulfoxide. We began by modeling our route after
the synthesis of DHSO. Treating NHS ester 1-1 with t-butyl carbazate afforded the protected
hydrazide 1-22 in good yields, after optimization of the purification. Attempts to do an aqueous
work-up of the reaction slurry left the product in the aqueous phase. Trying to purify the crude
mixture on silica was also unsuccessful because the product is so polar and it would co-elute with
N-hydroxysuccinimide. Gratifyingly, when the reaction was performed in CH.Cl,, the product
would precipitate out of solution after a few minutes and a simple filtration furnished the pure
product. Hydrazide 1-22 was then deprotected upon treatment with trifluoroacetic acid (TFA) to
form the bis TFA salt of the hydrazide 1-23. A one pot amide bond formation and deprotection
was attempted, as was done in the DHSO synthesis, but the best mass recovery was observed
through a two-pot transformation. Liberation of the salt to the free base form 1-24 was initially
attempted similar to the synthesis of DHSO by treatment with NEt;. DHSO would precipitate out
of the solution under these conditions, however, the sulfide precursor did not precipitate out and
another means of free-basing was explored. An agqueous workup was again not viable due to the
high solubility of sulfide 1-24 in water. Therefore, a non-aqueous free-basing method was needed.
A one pot aqueous-free approach to deprotecting and free-basing Boc protected amines with the
Amberlyst A21 resin was reported in 2005.%" The reactive part of the resin is a tertiary amine,
similar to NEts. Stirring salt 1-23 with the resin afforded the free-based amine 1-24 with varying
mass recoveries. The best results for the two step deprotection-free-basing were observed on

smaller scale (about 0.5 mmol).
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Scheme 1.13 (a) Initial proposed one-step route of DHSO to DBrASO (b) Three step
sequence to the free bishydrazide, without the need for aqueous workup or chromatography

With the free amine in hand, we turned our attention to adding the bromoacetamide
fragments. Treating the bisamine 1-24 with bromoacetyl bromide and NEts, resulted in
decomposition. Alternatively, using NHS ester 1-25 as the acetyl bromide source afforded the
desired bromoacetamide 1-26. Purification of 1-26 was also challenging. Silica gel
chromatography was unsuccessful due to the polarity of the product and therefore, reverse phase
chromatography was explored. A gradient of MeCN in H>O cleanly eluted the product, but it was
observed that the product would precipitate out of the eluent. This observation led to a slight
change in the reaction conditions of 1-26. The solvent for the bromoacetamide formation was
changed to a mixture of MeCN and H.O and the product precipitated out of solution and was
easily filtered off to obtain the pure bromoacetamide 1-26 without the need for reverse phase

chromatography.

The final step to make the cross-linker was an oxidation of the sulfide to the sulfoxide.
Initial oxidations were performed with m-CPBA and were found to be successful. The product
could be purified through reverse phase chromatography, however, poor mass recovery from the
purification was often observed, partially due to some over oxidation of the sulfoxide to the sulfone

as well as some recovered starting material. Alternatively, oxidation with H,O- in HFIP, only
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afforded the desired sulfoxide 1-21 and none of the over oxidized byproduct. Quenching the
oxidation with dimethylsulfide (DMS) surprisingly precipitated the cross-linker out of the reaction
solution. Washing the precipitate with a MeCN and H-O solution purified the mixture to obtain the
desired cross-linker without the need for chromatography. This cross linker was synthesized in
five steps from a known starting material and does not require any purification via

chromatography.
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Scheme 1.14. Final steps in the synthesis of DBrASO

1.2.3 XLMS analysis with DBrASO

The cross-linker was delivered to the Huang lab for testing. It was initially reacted with a
short cysteine containing peptide and successfully interlinked two equivalents of the peptide. The
cross-linker also behaved as expected in the MS/MS experiments. When cross-linked with BSA,
DBrASO showed 52 unique cross-links compared to 38 unique cross-links with BMSO. Only 23
of these links were shared between the two cross-linkers. This again proves that changing the
reactivities and lengths of cross-linkers will result in additional structural information. DBrASO is
currently being investigated in additional cross-linking mass spectrometry experiments by the

Huang lab.
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1.3 Synthesis of BrASSO, a heterobifunctional lysine-cysteine cross-linker
1.3.1 Introduction to heterobifunctional cross-linkers

In our group’s pursuit of expanding the toolbox of cross-linking reagents, we wanted to
examine heterobifunctional sulfoxide CID cross-linkers. This means that the two reactive
functionalities on the cross-linker would target different amino acids. We would then be able to
study interactions that would not otherwise be detected with our homobifunctional class of linkers.
One of the first heterobifunctional cross-linkers that was synthesized in the Rychnovsky lab was
monosuccinimide maleimide sulfoxide (MMSO). This cross-linker contains an NHS ester on one
end to react with lysine residues and a maleimide functional group on the other side to react with
cysteine residues. MMSO was initially synthesized by Sarah Block as shown in Scheme 1.15. It
was shown to be a viable cross-linker however the synthesis was non-trivial and unreliable. Based
on the success of DBrASO and the a-bromoacetamide functionality in targeting cysteine residues,
we decided to design another heterobifunctional cross-linker that targets lysine and cysteine
residues bromoacetamide succinimidyl sulfoxide (BrASSO).

o] ﬁ o o] ﬁ 0
&l:\/s\/\gﬂﬁ Br\)]\”/\)\/\ﬂ/ooﬁ

o
MMSO (1-27) BrASSO (1-28)

Figure 1.8. Structures of MMSO and BrASSO,
cysteine-lysine heterobifunctional cross-linkers

These heterobifunctional cross-linkers also have the advantage of selectively cleaving
only on one side within the MS. The NHS ester half of the cross-linkers have a carbonyl at the 3-
position of the sulfoxide, whereas the other side contains a nitrogen at this position. It was
postulated and proven with MMSO that the cross-linker will only cleave on one side in MS2, as
was also proven with the DSSO analogs 1-12, 1-13, and 1-14. This selectivity also helped to
simplify the MS data analysis. However, one drawback of the heterobifunctional cross-linkers is
that the syntheses are more involved.
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Scheme 1.15. Synthesis of MMSO by Sarah Block

1.3.2 First generation synthesis of BrASSO

The first generation synthesis of BrASSO was modeled after the MMSO synthesis. To
start, ethanolamine was Boc protected and then tosylated to yield amine 1-29. The coupling
partner 1-30 was furnished through a thiol-Michael addition of thioacetic acid into t-butyl acrylate.
An in situ deacylation and Sn2 displacement of tosylate 1-29 afforded sulfide 1-32 in moderate
yields. Deprotection of the amine furnished 1-32 as the HCI salt. We were then able to take the
salt and form the amide bond, however, the yields were often low and unreliable. We first explored
using the Amberlyst A21 resin to free-base the amine and then add in the bromoacetyl NHS ester.
Although this was successful, only yields of up to 31% were observed. Reacting the HCI salt 1-
32 with NHS ester 1-25 and NaHCO; afforded amide 1-33 in 23% vyield. Finally, switching the
base from NaHCOs3 to NEt; resulted in a poor 3% yield. It was postulated that the low yields were
resulting from poor conversion of the salt to the free-based amine. When the HCI salt 1-32 was
separately stirred with each of these bases (Amberlyst A21, NEts, NaHCOs) the mass recoveries
of the free amine were all quite poor. To circumvent this problem, we envisioned changing the
protecting group to one that could be removed under basic conditions, thus avaoiding the free-

basing step.
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Scheme 1.16. Initial synthesis of BrASSO core

1.3.3 Second generation synthesis of BrASSO

Swapping the Boc protecting group to an Fmoc protecting group was envisioned to
alleviate the deprotonation problem. Carbamate 1-34 was synthesized similarly to the Boc
version, Scheme 1.17a. The deacylation, Sy2 step was more problematic with the Fmoc
protecting group. Various bases were screened for the deacylation step to minimize deprotection
of the amine. The best results were observed with NaOH in MeOH to yield the desired sulfide in
up to 71% (brsm) yield (29% isolated yield). A significant side product that was observed was
oxidation of the deacylated sulfide to the disulfide 1-36. This product could be minimized with the
use of degassed solvents. Another observable side product resulted from deprotection of the
amine followed by addition of the thiol into the Fmoc alkene to form sulfide 1-37, Scheme 1.17c.
Attempts to perform the deacylation in a separate step and then subject it to the Sn2 substitution,

just led to disulfide bond formation.
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With the desired sulfide 1-35 in hand, we wanted to examine the amide bond formation in
comparison to the previous Boc protected amine. Deprotection of the Fmoc group with piperidine
followed by addition of the NHS ester 1-25, afforded the desired amide 1-33 in 58% yield (over 2
steps). Although the amide bond formation was higher yielding, formation of the protected amine

1-33 was problematic. A different route to sulfide 1-33 was pursued.
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Scheme 1.18. Amide bond formation was more successful with
the Fmoc protected amine compared to the Boc protected amine

1.3.4 Third generation synthesis of BrASSO

In order to forgo the problematic deacylation, Sn2 step, we envisioned starting from a
primary sulfide and performing a conjugate addition into the Michael acceptor. Since a primary
amine is a harder nucleophile than a thiol, we could also potentially circumvent the use of an
amine protecting group. Therefore, a conjugate addition of cysteamine into t-butyl acrylate was

executed. The desired product 1-38 was detected along with some of the double conjugate
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addition product 1-39. Addition of the NHS ester 1-25 resulted in the desired sulfide 1-33 in a 54%
yield over 2 steps. Performing this reaction as a one pot procedure also resulted in the desired
sulfide in yields up to 65%. The desired sulfide could now be easily made in one step from

commercial reagents as opposed to the six step sequence we were previously implementing.
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Scheme 1.19. Development of one pot Michael addition and amide bond formation

We could then turn our attention to installation of the NHS ester. Hydrolysis conditions
were screened (ag. HsPO4; TMSOTf and 2,6 lutidine; KSF clay; HBr and AcOH; HFIP and A; SiO;
and A; ZnBrs; thermolysis) and the best results were obtained with the use of TFA. However, the
formation of the NHS ester from carboxylic acid 1-40 was problematic. Product was occasionally
isolated in moderate to low yields and most of the time no product was observed. Various
conditions were screened, but the desired NHS ester 1-41 was only observed when subjecting
carboxylic acid 1-40 to EDC-HCI and NHS-H. It is likely that this cross-linker precursor is
susceptible to hydrolysis upon workup or chromatography. The best results were observed when
the esterification was performed on small scale with a quick silica gel purification. Additional
protocols for the purification and handling of this intermediate will be screened. Gratifyingly, with
the material we had in hand, oxidation of sulfide 1-41 to the sulfoxide with m-CPBA afforded the
cross-linker in moderate yields after purification. Higher yields, but less pure material was

observed with an H,O, oxidation without any column chromatography.
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Scheme 1.20. Completion of BrASSO, cysteine-lysine heterobifunctional cross-linker

1.3.5 Fourth generation synthesis of BrASSO

To avoid the problematic esterification step another sequence was examined. We
envisioned adding in the bromine of the bromoacetamide in the later stages of the route, and in
its place would be a protected alcohol. We wanted to insert the bromine later in the sequence
because we planned to do a conjugate addition of a sulfide into a Michael acceptor that already
had the NHS ester in place. The bromoacetamide could not be in place during the conjugate

addition because it is extremely reactive towards free thiols.

This route began with the displacement of bromoacetic acid with p-methoxy benzyl alcohol
to install the protected a-alcohol 1-42. Formation of the amide bond was easily achieved by NHS
ester formation followed by displacement with cysteamine. Thiol 1-44 smoothly converted to
sulfide 1-46 after a Michael addition into NHS ester 1-45. Removal of the PMB protecting group
with TfOH in 1,3-dimethoxy benzene unveiled the primary alcohol. An Appel reaction was
attempted on the alcohol and could be achieved to afford the desired bromoacetamide. However,
the product could not be separated from triphenylphosphine oxide. This route was not further

pursued.
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Scheme 1.21. Synthesis of the cross-linker precusor by implementing a protected alcohol in place of the bromide

1.3.6 MS analysis of BrASSO

Although not straightforward to synthesize, BrASSO was still able to be examined in cross-
linking MS/MS experiments. It was found to successfully cross-link a lysine and cysteine residue
on a short peptide and the MS cleavage resulted in the expected fragmentation. It was also
examined in reduced BSA (BSA protein after being treated with tris(2-carboxyethyl)phosphine to
reduce all the disulfide bridges). BrASSO was also found to be a viable cross-linker in the reaction
with BSA. In comparison to MMSO (our other cysteine-lysine cross-linker) they shared 15 K-C
linkages. BrASSO showed 41 unique cross-links compared to MMSO with 50 unique linkages.
Since BrASSO was found to be a viable cross-linker the synthetic route to this linker will be

examined in the future to develop a more reliable and reproducible outcome.
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1.4 Synthesis of SDASO, a heterobifunctional lysine-X cross-linker
1.4.1 Introduction to photoactivated cross-linkers

Cross-linking mass spectrometry has proven to be a useful tool in the field of structural
biology. However, only amino acids with nucleophilic or electrophilic side chains have been able
to be targeted with classic cross-linking reagents. Aliphatic amino acids make up most of the
proteosome and it would be extremely beneficial to be able to target these non-reactive residues.
Recently, photoactivated cross-linkers have proven to successfully react nonspecifically with all
amino acids, allowing hydrophobic regions to be studied with XL-MS.%8-¢7 All of these cross-linkers
contain a photoreactive group and a lysine reactive moiety. Diazirine rings have been widely
implemented as the photoreactive group because they are small in size, relatively photostable,
and require a longer excitatory UV wavelength (~350 nm) compared to other photoreactive
groups. When excited, the diazirine will either extrude Nz and form a highly reactive carbene or it
will rearrange to the linear diazo intermediate, Scheme 1.22. The linear diazo intermediate can
further convert to the carbene, or react preferably with acidic residues. The carbene can undergo
X-Hinsertion (X=C, N, O, S), but can also easily be quenched by the aqueous environment. The
reactivity of diazirines is also highly dependent on its substituents (R groups in Scheme 1.22) and
the pH of the cross-linking environment.%®

1l
N=N hv ® N®
o= AL =
P
R "R R” "R R” R R” R
carbene linear diazo o
H20 / X-H )j\
OH OH
R)\R R\rx )o]\ )R\
R R

Scheme 1.22. Diazirine reactivity

Because of the nonspecific reactivity of the carbene intermediate and its facile quench in
aqueous media, the cross-linking data analysis can be very complicated as there is low-

32



abundance of the cross-linked products. Therefore, implementing our sulfoxide CID cleavability

to a photoreactive cross-linker will help this issue.

Succinimidyl-diazirine sulfoxide (SDASO) was designed similarly to BrASSO as a
heterobifunctional cross-linker. One end of the cross-linker can react with lysine, while the other

end contains the diazirine unit which can be photoexcited and undergo nonspecific reactivity.

N=N " o O?
N\/\S/\)I\O/N
o Ic') o
SDASO (1-47)
Figure 1.9. Structure of SDASO

1.4.2 First and second generation synthesis of SDASO

The first generation synthesis of SDASO began with the same intermediate from the first
generation synthesis of BrASSO, sulfide 1-31. The diazirine fragment of the cross-linker was
synthesized according to known procedures from levulinic acid (see Sl). Fragment 1-48 is a
noncleavable photoactivated cross-linker that we envisioned implementing in our synthesis.
Similar to the BrASSO synthesis, a few bases were screened for the amide bond formation step.
Amberlyst A21 and NEtz gave similar yields at around 27%, while implementing NaHCO3z almost
doubled the yield. Although this was promising, the yield was still quite moderate for a simple

coupling.

— o
Q J< TFA 9 J< conditions N=N H
BocHN /\)]\ — > CHN /\)]\ — > N
\/\S o 3! \/\S o \/\s 0
o

Amberlyst A21

1-31 1-32 then 1-48 1-49
PR e R R L L R ] 28% (2 st
: 1. NHa, then : b (2steps)
o} NH,NOSOzH N=N o
: 2 3 ' NEt;, 1-48
H then NEt3, |, o ' 8
: OH SN ! 27% (2 steps)
2. NHS-H, TFAA
: o DIPEA 148 o : NaHCO,, 1-48
36% (2 steps) o ! 51% (2 steps)

Scheme 1.23. Amide bond formation towards SDASO
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I was working on the synthesis of BrASSO at the same time | was working on SDASO. As
previously discussed, the amide bond formation in the initial BrASSO sequence was also
problematic and therefore the amine protecting group was switched from Boc to Fmoc. Sulfide 1-
35 was synthesized and subjected to deprotection conditions followed by the addition of diazirine
fragment 1-48. This amide bond formation resulted in about the same yield compared to the other
protecting group.

o J< 1. piperidine J<
FmocHN /\)j\ /\)j\
~ s o 2 148 )Q/\n/ ~ s

47% (2 steps)
1-35

Scheme 1.24. Amide bond formation from the Fmoc protected amine

With the desired amide in hand, we next focused on introducing the NHS ester
functionality. Hydrolysis of the t-butyl ester was unsuccessful under acidic conditions. After
screening a couple of basic hydrolysis conditions, we found that subjecting the ester to TMSOTf
and 2,6-lutidine afforded carboxylic acid 1-50. Appending on the NHS ester through an EDC
coupling was also successful. Although these transformations initially worked well, they proved to
be unreliable. Often low yields, recovered starting material, or just decomposition was observed.
With some of the sulfide 1-51 in hand, we were able to subject it to the oxidation conditions to
afford the cross-linker in low yields. Purification of NHS ester 1-51 and the cross-linker on silica

gel, also gave poor mass recovery, likely due to hydrolysis of the ester.
2e| tidi AvaA H /\)j\
utidine
N
~N
M \/\s/\)]\ J< Ery—— )Q/\g/ s
1-50

EDC-HCI,
NHS-H

N= m-CPBA
/\)I\ ? 17/ (2 steps) M \/\S/\)I\ ?

SDASO (1-47) 1-51

Scheme 1.25. Completion of SDASO cross-linker
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1.4.3 Third generation synthesis of SDASO

Due to the problematic hydrolysis and NHS ester formation we wanted to design a route
that began with the ester already installed. Inspired by the one pot, three component protocol that
assembled the bromoacetamide 1-33, | envisioned first forming the amide bond with cysteamine
and the diazirine fragment, then a thiol Michael addition into the NHS acrylate would forge all the

bonds needed for the chain.

The known diazirine fragment 1-48 was treated with cysteamine to cleanly afford sulfide
1-49 in good yield. This sulfide was subjected to a thiol Michael addition into acrylate 1-45 to
afford the cross-linker precursor. Higher yields can be achieved for this transformation if
chromatography is not performed, as the ester is prone to hydrolysis on silica gel. Finally,
oxidation of the sulfide to the sulfoxide with H>O2 in HFIP furnished the cross-linker. This oxidation
was much higher yielding compared to the oxidation with m-CPBA because there was no over
oxidation under these conditions. The HFIP solvent strongly hydrogen bonds to the sulfoxide to
prevent an additional oxidation.®® This route improved the overall step count and yield. From a
known intermediate 1-48, the cross-linker was synthesized in three steps in a 22% overall yield.
Comparatively, from the known tosylate 1-29, SDASO was synthesized in 7 steps with an overall
yield of 2%. This new route allowed us to make enough SDASO for our collaborators to perform

additional cross-linking mass spectrometry studies.
(o)
N=N o 2 . N=N " N=N . o
Ny cysteamine )
)Q/\n/ b e, — MNV\SH NEL 143 )Q/\H/N\/\S/\)I\O/N
(o] ° o 56%
1-48 o 1-52 ° 1-51 °
[o]
7 steps N=N (o] H,0,,
BocHN o1 _Zh overall )Q/\n/n\/\s/\)]\op HFIP, 52%
I}
o o (o]

1-29
SDASO (1-47)

Scheme 1.26. Alternate route towards SDASO
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1.4.4 XLMS analysis with SDASO

Another graduate student in our lab, Sadie DePeter, synthesized two derivatives of
SDASO, as shown in Scheme 1-27, SDASO-S and SDASO-M. These two cross-linkers were
designed shorter than SDASO to examine the utility of varying the lengths of these photoactivated

linkers.

1. NH then
NH,NOSOzH
o then NEt3 I,

0
/\)j\ K2003 )((\a/\ /\)j\
-
)J\H/\OH 2. TsCl, NEts %H/\ - 88% n S °

" n=1: 11% (2 steps) n=2: 89%
n=2: 3% (2 steps) 1-53

1. LIOH-H,0
2. NHS-H, EDC-HCI

1] n=2: 25%
o

o
2o2 N=N o
)&Y\s/\)]\ ~reon 66% )Qa/\s/\)j\o/" n=1: 54% (2 steps)
n ° n=2: 53% (2 steps)
1-55

n=1: SDASO-S
n=2: SDASO-M

Scheme 1.27. Synthesis of SDASO derivatives by Sadie DePeter

The three SDASO linkers were examined for their cross-linking viability initially in BSA.
Because this is a heterobifunctional cross-linker that can only cleave on one side, only one set of
MS2 fragments were detected, which enhances sensitivity. Each were found to successfully
cross-link with lysine residues and the photoactivated diazirine group showed cross-links to all 20
amino acids.®® Unsurprisingly, SDASO showed preferential linkage to acidic residues as has been
previously reported in the literature with diazirines.®>"° This selectivity is due to the abundance of
the linear diazo intermediate, Scheme 1.22, that readily forms esters with carboxylic acids. Of the
two acidic residues, glutamic acid was cross-linked at a much higher rate compared to aspartic
acid, even though BSA contains many more aspartic acid residues than glutamic acid. This
observation may be due to the slightly longer chain or the slightly increased nucleophilicity
glutamic acid. Other acidic targeting cross-linkers do not show this preferance.*? SDASO also had
preferential cross-links with tyrosine, valine, leucine, threonine, and histidine. SDASO, compared

to the other three cross-linkers reported in our lab DSSO, DHSO, and BMSO, showed the highest
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number of cross-links within BSA and therefore the most comprehensive interaction map, Figure

1.10.

DSSO (blue) + DHSO (red)
+ BMSO (purple)

SDASO-L SDASO-M SDASO-S

Figure 1.10. Linkage maps of BSA with the SDASO cross-linkers compared to the overlaid linkage map of DSSO, DHSO, and BMSO (ref 58)

The three SDASO cross-linkers did not show much deviation when examined in BSA,
however, when applied to a larger system, the yeast 26S proteosome, there was much more
variability.®® The longer the cross-linker, the more linkages were detected; also, the original
SDASO, SDASO-L, showed more intersubunit linkages, followed by SDASO-M then SDASO-S.
Because there was much less overlap between the detected linkages, a more comprehensive
PPI map for the yeast 26S proteosome was obtained by implementing the three K-X cross-linkers,

Figure 1.11.
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SDASO-L SDASO-M SDASO-S

20S a

20S a

== 19S Lid === 19S Base 20S aa == 20S
(a) i " (b)

Figure 1.11 (a) Circular linkage maps of the yeast 26S proteosome with the SDASO cross-linkers (ref 58) (b) The yeast 26S proteosome outline

Interestingly, DSSO showed more linkages in the 26S proteosome compared to SDASO.
However, the linkages were concentrated in different subunits. For example, SDASO was able to
capture more interactions in the more rigid subunit 20S CP and less in the more flexible 19S RP
subunit, Figure 1.12. All of this data demonstrates the value of using cross-linkers with different
chemistries to study PPIs. The photoactivated functional group has been proven to be an
invaluable tool within cross-linking mass spectrometry and our lab is continuing to design and

synthesize additional photoactivated cross-linkers.

38



20S -20S8

=== 19S Base-Base =+--19S Lid-Base ==+ 19S Lid-Lid

2-D XL-Maps

Figure 1.12. Linkage maps of the yeast 26S proteosome with the SDASO-L compared to DSSO (ref 58)
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1.5 Supplemental Information
1.5.1 General Experimental

The *H NMR spectra were recorded at 500 MHz or 600 MHz using either a Bruker DRX500
(cryoprobe) or a Bruker AVANCEG00 (cryoprobe) NMR, respectively. The 2*C NMR spectra were
recorded at 126 MHz or 151 MHz on the Bruker DRX500 or Bruker AVANCEG600 NMR,
respectively. All NMR spectra were taken at 25 °C unless otherwise noted. Chemical shifts (d)
are reported in parts per million (ppm) and referenced to residual solvent peak at 7.26 ppm (*H)
or 77.16 ppm (*3C) for deuterated chloroform (CDCls), 3.31 ppm (*H) or 49.15 ppm (*3C) for
deuterated methanol (CDzOD), 2.50 ppm (*H) or 39.52 ppm (*3C) for deuterated dimethylsulfoxide
(DMSO-ds). The *H NMR spectral data are presented as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t = triplet, g = quartet, quint = quintet, m = multiplet, dd = doublet of doublets,
ddd = doublet of doublet of doublets, dddd = doublet of doublet of doublet of doublets, dt = doublet
of triplets, dq = doublet of quartets, ddq = doublet of doublet of quartets, app. = apparent), coupling
constant(s) in hertz (Hz), and integration. High-resolution mass spectra (HRMS) were recorded
on Waters LCT Premier TOF spectrometer with electrospray ionization (ESI) and chemical
ionization (Cl) sources. An internal standard was used to calibrate the exact mass of each
compound. For accuracy, the peak selected for comparison was that which most closely matched

the ion intensity of the internal standard.

Unless otherwise stated, synthetic reactions were carried out under an atmosphere of
argon in flame- or oven-dried glassware. Thin layer chromatography (TLC) was carried out using
glass plates coated with a 250 um layer of 60 A silica gel. TLC plates were visualized with a UV
lamp at 254 nm, or by staining with Hanessian’s stain or KMnO;, stain. Liquid chromatography
was performed using forced flow (flash chromatography) with an automated purification system

on prepacked silica gel (SiO2) columns unless otherwise stated.
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All commercially available reagents were used as received unless stated otherwise.
Solvents were purchased as ACS grade or better and as HPLC-grade and passed through a
solvent purification system equipped with activated alumina columns prior to use. CDCls, CD3;0D,

and DMSO-ds was purchased from Cambridge Isotope Laboratories.

1.5.2 Experimental procedures and compound characterization
(o] o
. _0 s oL
HO\n/\/S\/\n/OH NHS-H, DIPEA, & \n/\/ \/\n/ b
o o TFAA, DMF o o o g
141

Bis(2,5-dioxopyrrolidin-1-yl) 3,3'-thiodipropionate (1-1):

To a solution of 3,3'-thiodipropionic acid (5.00 g, 28.1 mmol, 1.0 equiv), N-hydroxysuccinimide
(12.9 g, 112 mmol, 4.0 equiv), and N,N-diisopropylethylamine (39.1 mL, 224 mmol, 8.0 equiv) in
DMF (140 mL) at 0 °C was added trifluoroacetic anhydride (15.8 mL, 112 mmol, 4.0 equiv)
dropwise. The orange solution was stirred for 2 h at 0 °C, and then partitioned between EtOAc
and brine. The aqueous layer was extracted with EtOAc (2 X). The combined organic layers were
washed with brine (5 X), dried over anhydrous Na,SO., and concentrated in vacuo. The resulting
residue was purified via flash chromatography (40% EtOAc in CH2Cl,) to obtain NHS ester 1-1

(8.21 g, 79%). Spectral data is in accordance with the reported literature.*®
'H NMR (500 MHz, DMSO-ds) 8 3.01 (t, J = 7.0 Hz, 4H), 2.87 (t, J = 7.0 Hz, 4H), 2.82 (s, 8H).

13C NMR (126 MHz, DMSO-ds) d 169.9, 167.6, 31.4, 25.6, 25.4.
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o o
o o o
N/o S O\N . CH,Cl, H H
o M — o7 NN s NN No
I I N N \n/\/ \/\n/ N
o o o o
141 22

1-:
Di-tert-butyl 2,2'-(3,3'-thiobis(propanoyl))bis(hydrazine-1-carboxylate) (1-22):

To a slurry of NHS ester 1-1 (2.73 g, 7.33 mmol, 1.0 equiv) in CH2Cl, (38 mL) was added t-butyl
carbazate (1.94 g, 14.7 mmol, 2.0 equiv) to obtain a clear orange solution. After stirring for 15.5
h at rt, the slurry was vacuum filtered to obtain a white flakey precipitate. The precipitate was
washed with additional CH,Cl, and then dried further in vacuo to obtain sulfide 1-22 as a flakey

white solid (2.28 g, 77%).
Melting point: 187-190 °C

IH NMR (500 MHz, DMSO-de) & 9.56 (s, 2H), 8.71 (s, 2H), 2.69 (t, J = 7.4 Hz, 4H), 2.352 (t, J =

7.0 Hz, 4H), 1.39 (s, 18H).
13C NMR (125 MHz, DMSO-ds) & 170.1, 155.2, 79.0, 33.8, 28.1, 26.6.
IR (neat) 3217, 3041, 2981, 1650, 1503, 1155, 857, 604 cm'™..

HRMS (ESI-TOF) m/z calculated for C16H30N4OsSNa (M+Na)* 429.1779, found 429.1760.

o [o)
H H 1. TFA H H
)I\ N S N )]\ N S N_
P ~ H,N NH,
o ” H o 2. Amberlyst A21
o o CH,Clp, MeOH o o

1-22

3,3'-Thiodi(propanehydrazide) (1-24):

Five separate vials each containing a solution of sulfide 1-22 (200 mg, 0.492 mmaol, 1.0 equiv) in
trifluoroacetic acid (1.0 mL) was stirred at rt for 16 h and then concentrated in vacuo. The resulting
residue from each vial was dissolved in a 1:1 solution of MeOH:CH,Cl,, and added to a mixture

of Amberlyst A21 resin (4.0 g, 10.0 equiv by mass of salt product) in CH,Cl,. The mixture was
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stirred for 45 min at rt, after which the resin was filtered and washed with a 1:1 solution of
MeOH:CHCl,. The filtrates were combined and concentrated in vacuo to obtain hydrazide 1-23

as a tan solid (293 mg, 58%).

IH NMR (600 MHz, DMSO-ds) & 9.00 (s, 2H), 4.34 (s, br, 4H), 2.67 (t, J = 7.3 Hz, 4H), 2.28 (t, J

= 7.3 Hz, 4H).
13C NMR (151 MHz, DMSO-ds) & 169.9, 33.8, 26.9.
IR (neat) 3450, 3207, 2991, 1662, 1182, 1134, 798, 723 cm'™.

HRMS (ESI-TOF) m/z calculated for CeHisN4OsS (M+H)* 207.0911, found 207.0908.

7 o
o HO_ NEt; \)j\
B'\)]\ * > Br O/N
Br CH,Cl,

o 125 o
2,5-Dioxopyrrolidin-1-yl 2-bromoacetate (1-25):

To a solution of N-hydroxysuccinimide (1.32 g, 11.5 mmol, 1.0 equiv) in CH,Cl, (15.0 mL) was
added NEt; (1.92 mL, 13.8 mmol, 1.2 equiv) and a solution of bromoacetyl bromide (1.0 mL, 11.5
mmol, 1.0 equiv) in CH2Cl; (15.0 mL) dropwise at 0 °C. After stirring at 0 °C for 1 h, the reaction
was quenched with saturated NaHCOj; solution. The organic phase was washed with saturated
NaHCO;s; solution (2 X), 1 M HCI (3 X), and brine, dried over Na>SO., and concentrated in vacuo
to obtain NHS ester 1-25 as a tan solid (1.95 g, 72%). Spectral data is in accordance with the

reported literature.”
IH NMR (500 MHz, CDCls) 5 4.10 (s, 2H), 2.86 (s, 4H).

13C NMR (126 MHz, CDCls) 5 168.6, 163.1, 25.7, 21.3.
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3,3'-Thiobis(N'-(2-bromoacetyl)propanehydrazide) (1-26):

To a solution of hydrazide 1-24 (293 mg, 1.42 mmol, 1.0 equiv) in H,O (1.0 mL) was added a
slurry of NHS ester 1-25 (671 mg, 2.84 mmol, 2.0 equiv) in MeCN (1.0 mL). The vial containing
ester 1-25 was washed with MeCN:H-O solution (1 mL) and the slurry was added to the reaction
vial. After stirring at rt for 25 min the precipitate was vacuum filtered and washed with a 1:1

solution of MeCN:H-O to obtain bromoacetamide 1-26 as an off white powder (333 mg, 52%)
Melting point: 166-170 °C

IH NMR (500 MHz, DMSO-dgs) & 10.38 (s, 2H), 10.12 (s, 2H), 3.91 (s, 4H), 2.72 (t, J = 7.3 Hz,

4H), 2.43 (t, J = 7.2 Hz, 4H).
13C NMR (126 MHz, DMSO-ds) & 168.9, 164.5, 33.6, 27.1, 26.6.
IR (neat) 3429, 3199, 3042, 2943, 2847, 1698, 1601, 1215, 1078, 651 cm..

HRMS (ESI-TOF) m/z calculated for C1oH16"°BraN4OsSNa (M+Na)* 468.9152, found 468.9170.

[o] [e] [o] (o] [e]
H H H,0,, HFIP H Il H
Br. _N S N_ Br Br. _N S N_ Br
N N N N
N \n/\/ \/\n/ N —>then oo N \n/\/ \/\n/ N
o (o] o (o]
1-26 DBrASO

3,3'-Sulfinylbis(N'-(2-bromoacetyl)propanehydrazide) (DBrASO, 1-21):

To a solution of sulfide 1-26 (400 mg, 0.893 mmol, 1.0 equiv) in HFIP (4.5 mL) at rt was added
30% aqueous H>O, (0.18 mL, 1.78 mmol, 2.0 equiv). The tan slurry became clear and after stirring
for 25 min at rt the reaction was slowly quenched with DMS (0.20 mL, 2.70 mmol, 3.0 equiv). A

white solid precipitated out of solution as the DMS was added, and the slurry was stirred for an
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additional 10 min. The reaction mixture was vacuum filtered and the white precipitate was further

dried in vacuo to obtain DBrASO as a white powder (235 mg, 57%).
Melting point: 175-178 °C

IH NMR (600 MHz, DMSO-ds) 8 10.38 (s, 2H), 10.22 (s, 2H), 3.92 (s, 4H), 3.09-3.02 (m, 2H),

2.86-2.79 (M, 2H), 2.58 (t, J = 6.8 Hz, 4H).
13C NMR (151 MHz, DMSO-ds) 5 168.6, 164.7, 46.1, 27.0, 25.8.
IR (neat) 3390, 3199, 3048, 2985, 2929, 1592, 1492, 1130, 1030, 645 cm-..

HRMS (ESI-TOF) m/z calculated for C1oH16"°BraN4OsSNa (M+Na)* 484.9101, found 484.9118.

H.N Boc,0, THF
" NOH —MmM— BocHN\/\OH

1-81

tert-Butyl (2-hydroxyethyl)carbamate (1-S1):

To a solution of di-t-butyl dicarbonate (17.8 g, 81.8 mmol, 1.0 equiv) in CH,Cl, (250 mL) at 0 °C
was added ethanolamine (5.0 mL, 81.8 mmol, 1.0 equiv) dropwise. The reaction was stirred at rt
for 3 h and then concentered in vacuo. The resulting residue was purified through a silica plug
(100% hex then 100% EtOAC) to yield alcohol 1-S1 as a clear oil (12.6 g, 96%). The spectral data

is in accordance with the reported literature.”

IH NMR (500 MHz, CDCls) & 5.33 (s, br, 1H), 3.73 (s, br, 1H), 3.59 — 3.52 (m, 2H), 3.21 — 3.11

(m, 2H), 1.36 (s, 9H).

13C NMR (126 MHz, CDCls) 5 156.8, 79.4, 61.9, 43.0, 28.3.
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TsCl, NEtz
BocHN BocHN
~" Noy ——> ~ ors
CH,Cl,
1-81 1-29

2-((tert-Butoxycarbonyl)amino)ethyl 4-methylbenzenesulfonate (1-29):

To a solution of alcohol 1-S1 (12.6 g, 78.2 mmol, 1.0 equiv) in CH,Cl, (156 mL) at 0 °C was added
TsCl (22.3 g, 117 mmol, 1.5 equiv) in aliquots followed by the dropwise addition of NEtz 33 mL,
235 mmol, 3.0 equiv). The solution was warmed to rt and then stirred for 2.5 h. The reaction
solution was washed with H,O (3 X) then brine, dried with Na,SOu, filtered, and concentrated in
vacuo. The resulting residue was purified via flash chromatography (30% EtOAc in hex) to obtain
tosylate 1-29 as a clear oil (13.4 g, 52%). The spectral data is in accordance with the reported

literature.”

IH NMR (600 MHz, CDCls) & 7.77 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 4.88 (s, br, 1H),

4.05 (t, J = 4.8 Hz, 2H), 3.40 — 3.32 (m, 2H), 2.43 (s, 3H), 1.39 (s, 9H).

13C NMR (151 MHz, CDCls) 6 155.7, 145.1, 132.8, 130.1, 128.0, 79.9, 69.6, 39.8, 28.4, 21.7.

K Sk — Ak

tert-Butyl 3-(acetylthio)propanoate (1-30):

To a flask containing t-butyl acrylate (13.0 mL, 89.5 mmol, 1.0 equiv) was added thioacetic acid
(6.3 mL, 89.5 mmol, 1.0 equiv). The solution was stirred overnight and then concentrated in vacuo

to obtain thioester 1-30 as a clear oil (15.0 g, 82%).
H NMR (500 MHz, CDCl3) 5 2.96 (t, J = 7.3, 2H), 2.42 (t, J = 7.3, 2H), 2.22 (s, 3H), 1.35 (s, 9H).

13C NMR (126 MHz, CDCls) 8 195.2, 170.7, 80.8, 35.4, 30.4, 28.0, 24.3.
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HRMS (ESI-TOF) m/z calculated for CoH1603SNa [M+Na]* 227.0718, found 227.0724.

DMAP, MeOH

o o
then 1-29 s o
BocHN _"~ots  * )j\s/\)l\oJ< —  »  BocHNT \/\n/ \K
1-30 31 o

then DBU
1-29 1-

tert-Butyl 3-((2-((tert-butoxycarbonyl)amino)ethyl)thio)propanoate (1-31):

To a solution of thioester 1-30 (7.78 g, 38.1 mmol, 1.0 equiv) in MeOH (28 mL) at rt was added
DMAP (465 mg, 3.81 mmol, 0.1 equiv). The solution was stirred for 30 min and then a solution of
tosylated 1-29 (12.0 g, 38.1 mmol, 1.0 equiv) in MeOH (10 mL) was added followed by DBU (5.5
mL, 38.1 mmol, 1.0 equiv). The reaction was stirred for 3.5 h and then concentrated in vacuo.
The resulting yellow oil was dissolved in CH>Cl> and washed with H.O (3 X), then brine, dried with
NaS0., filtered, and concentrated in vacuo. The resulting yellow residue was purified via flash

chromatography (10% EtOAc in hex) to obtain sulfide 1-31 as a clear oil (7.58 g, 65%).

IH NMR (500 MHz, CDCls) & 5.03 (s, br, 1H), 3.27 — 3.19 (m, 2H), 2.67 (t, J = 7.3 Hz, 2H), 2.58

(t, J = 6.6 Hz, 2H), 2.43 (t, J = 7.4 Hz, 2H), 1.45 — 1.31 (m, 18H).

13C NMR (126 MHz, CDCls) 8 171.1, 155.8, 80.8, 79.2, 39.7, 36.0, 32.3, 28.4, 28.1, 26.8.

4 M HCI, dioxane S 0.
S (o} ’
S 6 S g (i N
o (o}

131 1-32
tert-Butyl 3-((2-(chloro-A%-azaneyl)ethyl)thio)propanoate (1-32):

A solution of sulfide 1-31 (3.35 g, 11.0 mmol, 1.0 equiv) in 4 M HCI in dioxane (13.7 mL) was
stirred at rt for 19 h. The solution was concentrated in vacuo to obtain HCI salt 1-32 which was

taken onto the next step without further purification.
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4 M HCI, dioxane S 0.
BocHN/\/S\/\n/o HZN/\/ \/\n/ \'<
then Amberlyst A21, o
o MeOH, CH,Cl,
1-31 1-82

tert-Butyl 3-((2-aminoethyl)thio)propanoate (1-S2):

To a flask containing sulfide 1-31 (2.0 g, 6.55 mmol, 1.0 equiv) was added 4 M HCI in dioxane
(6.3 mL, 25.2 mmol, 3.8 equiv). The solution was stirred at rt overnight and the clear solution had
turned cloudy white. The reaction solution was concentrated in vacuo. The resulting residue was
dissolved in a 1:1 solution of CH>Cl>:MeOH (10 mL) and added to a flask containing Amberlyst
A21 (1.7 g) and CH2Cl, (50 mL). The mixture was stirred for 1 h and then filtered. The filtrate was

concentrated in vacuo to obtain amine 1-S2 (923 mg, 69% over 2 steps).

IH NMR (500 MHz, CDCls) 8 4.39 (s, br, 2H), 3.01 — 2.91 (m, 2H), 2.77 — 2.68 (m, 4H), 2.55 —

2.46 (M, 2H), 1.43 (s, 9H).
13C NMR (126 MHz, CDCls) & 171.3, 81.1, 40.4, 36.1, 34.0, 28.2, 27.0.

HRMS (ESI-TOF) m/z calculated for CoH20NO2S (M+H)*" 206.1210, found 206.1214.

0o
o CH,CI o
/\/S (o) PP
HN + Br\)l\o/N —> °&r N/\/s\/\n/o\|<
o
g o) 0
1-82 125 133

tert-Butyl 3-((2-(2-bromoacetamido)ethyl)thio)propanoate (1-33):

To a solution of ester 1-25 (460 mg, 1.95 mmol, 2.0 equiv) in CH.Cl, (2.0 mL) at rt was added
amine 1-S2 (200 mg, 0.976 mmol, 1.0 equiv) in CH2ClI, (1.3 mL). The solution was stirred for 1 h
at rt and then concentrated in vacuo. The resulting residue was purified via flash chromatography
(10 - 100% EtOAc in hex) to obtain bromoacetamide 1-33 as a clear oil (98 mg, 31% over 2

steps).
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IH NMR (500 MHz, CDCls) 5 6.95 (s, br, 1H), 3.88 (s, 2H), 3.50 (dd, J = 12.6, 6.1 Hz, 2H), 2.77

(t, J=7.2 Hz, 2H), 2.71 (t, J = 6.4 Hz, 2H), 2.52 (t, J = 7.2 Hz, 2H), 1.46 (s, 9H).
13C NMR (126 MHz, CDCls) & 171.2, 165.7, 81.2, 39.2, 36.0, 31.8, 29.2, 28.2, 27.0.
IR (neat) 3232, 2978, 2935, 1704, 1213, 1152, 1075, 652 cm.

HRMS (ESI-TOF) m/z calculated for C11H20"°BrNO3sSNa (M+Na)* 348.0240, found 348.0240.

[o}

o}
CleN/\/s\/\ﬂ/o\|< + Br\)oj\op R B'\)]\N/\/s\/\n/o\|<
o

MeOH, H,0 H
o

1-32
1-25 1-33

tert-Butyl 3-((2-(2-bromoacetamido)ethyl)thio)propanoate (1-33):

To a solution of HCI salt 1-32 (340 mg, 1.41 mmol, 1.0 equiv) in MeOH (3.5 mL) and H,O (3.5
mL) at rt was added ester 1-25 (500 mg, 2.12 mmol, 1.5 equiv) followed by NaHCO3(1.18 g, 14.1
mmol, 10.0 equiv). The reaction was stirred for 4 h and then diluted with EtOAc. The organic
phase was washed with H,O (3 X). The combined aqueous phase was extracted with EtOAc (2
X). The combined organic phase was washed with brine, dried with Na SO, filtered, and
concentrated in vacuo. The resulting residue was purified via flash chromatography (40% EtOAc
in hex) to obtain bromoacetamide 1-33 (105 mg, 23% over 2 steps). The spectral data matches

the data reported vide supre.
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o
A~S 0 NEt; \)j\
CIH;N + Br\)j\ N » Br N/\/s\/\n/o
o o H
o o
1-32 3

CH,Cl,

125 13
tert-Butyl 3-((2-(2-bromoacetamido)ethyl)thio)propanoate (1-33):

To a solution of HCI salt 1-32 (560 mg, 2.32 mmol, 1.0 equiv) in CH2Cl,> (7.7 mL) at rt was added
ester 1-25 (547 mg, 2.32 mmol, 1.0 equiv) followed by NaHCO3 (1.6 mL, 11.6 mmol, 5.0 equiv).
The solution was stirred for 30 min at rt and then the reaction solution was washed with 1 M HCI
then brine. The combined aqueous phase was extracted with CH2Cl,. The combined organic
phase was dried with Na SO, filtered, and concentrated in vacuo. The resulting residue was
purified via flash chromatography (30 - 70% EtOAc in hex) to obtain bromoacetamide 1-33 (21

mg, 3% over 2 steps). The spectral data matches the data reported vide supre.

Amberlyst A21,

s (o] MeOH, CH,Cl s (o}
CIH:,N/\/ \/\n/ \K e e o HZN/\/ \/\n/ \|<
o [¢)

1-32 1-S2
tert-Butyl 3-((2-aminoethyl)thio)propanoate (1-S2):

To a mixture of Amberlyst A21 (2.3 g) in CH2Cl> (50 mL) was added a solution of HCI salt 1-32
(196 mg, 0.820 mmol, 1.0 equiv) in MeOH (2 mL). The mixture was stirred for 30 min and then
filtered and the filtrate was concentrated in vacuo to obtain amine 1-S2 (85 mg, 50% over 2 steps).

The spectral data matches the data reported vide supre.
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s (o} NEt; ) (o}
CIH;N/\/ \/\n/ \|< HZN/\/ \/\n/ \|<
) Hz0 ]

1-32 1-82
tert-Butyl 3-((2-aminoethyl)thio)propanoate (1-S2):

To a solution of HCI salt 1-32 (197 mg, 0.824 mmol, 1.0 equiv) in H-0O (1.0 mL) was added NEt;
(1.7 mL). The mixture was stirred for 4 h and then extracted with CH.Cl> (4 X). The combined
organic phase was dried with Na,SO., filtered, and concentrated in vacuo to obtain amine 1-S2

(32 mg, 19% over 2 steps). The spectral data matches the data reported vide supre.

S o NaHCO. s 0.
CHNT S \/\n/ \|< s o HNTN \/\n/ \|<
) H20 o
1-32 1-82

tert-Butyl 3-((2-aminoethyl)thio)propanoate (1-S2):

To a solution of HCI salt 1-32 (204 mg, 0.853 mmol, 1.0 equiv) in H2O (2.0 mL) was added
NaHCO3 (750 mg, 8.93 mmol, 10.0 equiv). The mixture was stirred for 4 h and then extracted with
CH.CI, (4 X). The combined organic phase was dried with Na>SQOy, filtered, and concentrated in
vacuo to obtain amine 1-S2 (56 mg, 32% over 2 steps). The spectral data matches the data

reported vide supre.

H N\/\ FmocCl
2 ————» FmocHN
OH
10% Na,CO; ~"on
1-S3

(9H-Fluoren-9-yl)methyl (2-hydroxyethyl)carbamate (1-S3):

To a solution of Na,COs3 (16.5 g) in H>O (165 mL) was added ethanolamine (2.0 mL, 33.1 mmol,
1.0 equiv) followed by fluorenylmethyloxycarbonyl chloride (9.40 g, 36.4 mmol, 1.1 equiv). The

cloudy solution was stirred for 21 h at rt and then extracted with EtOAc (3 X). The combined
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organic phase was washed with brine, dried with Na>SOy, filtered, and concentrated in vacuo to
obtain alcohol 1-S3 as a white fluffy powder (9.30 g, 99%). Spectral data is in accordance with

the reported literature.”

IH NMR (500 MHz, CDCl3) 8 7.76 (d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz,
2H), 7.31 (t, J = 7.5 Hz, 2H), 5.20 (s, br, 1H), 4.43 (d, J = 6.6 Hz, 2H), 4.21 (t, J = 6.5 Hz, 1H),

3.77 — 3.66 (m, 2H), 3.41 — 3.30 (m, 2H), 2.10 (s, 1H).

13C NMR (126 MHz, CDCl3) & 144.0, 141.5, 127.8, 127.2, 125.1, 120.1, 66.9, 62.4, 47.4, 43.6.

TsCl, DMAP

FmocHN\/\ > FmocHN\/\
OH pyridine oTs
1-S3 1-34

2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)ethyl 4-methylbenzenesulfonate (1-34):

To a solution of alcohol 1-S3 (9.30 g, 33.1 mmol, 1.0 equiv) in pyridine (55 mL) at 0 °C was added
DMAP (404 mg, 3.31 mmol, 0.1 equiv) followed by TsCI (12.6 g, 66.2 mmol, 2.0 equiv) in aliquots.
The reaction was stirred for 5.5 h and then diluted with EtOAc. The solution was washed with 1
M HCI (3 X), saturated CuSO, solution, and brine (2 X) and then dried with Na SO, filtered, and
concentrated in vacuo. The resulting residue was purified via flash chromatography (30% EtOAc

in hex) to obtain tosylate 1-34 (10.1 g, 70%).

IH NMR (500 MHz, CDCls) & 7.80 — 7.75 (m, 4H), 7.57 (d, J = 7.4 Hz, 1H), 7.41 (t, J = 7.4 Hz, 1H)
7.34—7.28 (m, 4H) 5.13 (s, br, 1H), 4.33 (d, J = 7.1 Hz, 2H), 4.18 (t, J = 7.0 Hz, 1H), 4.14 — 4.09

(m, 2H), 3.47 (dd, J = 10.2, 5.0 Hz, 2H), 2.39 (s, 3H).

13C NMR (126 MHz, CDCls) & 156.3, 145.3, 143.9, 141.4, 132.7, 130.1, 128.1, 127.9, 127.2,

125.2, 120.1, 69.2, 67.2, 47.2, 40.4, 21.7.

HRMS (ESI-TOF) m/z calculated for C24H23NOsSNa (M+Na)*™ 460.1195, found 460.1205.
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1-35 o

toluene
1-30 1-34

tert-Buty! 3-((2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)ethyl)thio)propanoate (1-35):

To a solution of tosylate 1-34 (7.00 g, 16.0 mmol, 1.0 equiv) and thioester 1-30 (9.80 g, 48.0
mmol, 3.0 equiv) in degassed toluene (32 mL) and MeOH (76 mL) at rt was slowly added a
solution of NaOH (576 mg, 14.4 mmol, 0.9 equiv) in MeOH (20 mL). The solution turned a bright
yellow and was stirred for 16.5 h at rt. The solution was diluted with benzene and washed with 1
M HCI, H20, then brine; it was then dried with Na>SO,, filtered, and concentrated in vacuo. The
resulting residue was purified via flash chromatography (30% EtOAc in hex) to obtain sulfide 1-

35 as a clear oil (1.95 g, 29%) and recovered starting material 1-34 (4.20 g).

IH NMR (500 MHz, CDCl3) 8 7.76 (d, J = 7.7 Hz, 2H), 7.60 (d, J = 7.5 Hz, 2H), 7.39 (t, J = 7.5 Hz,
2H), 7.31 (t, J = 7.4 Hz, 2H), 5.36 (s, br, 1H), 4.40 (d, J = 6.9 Hz, 2H), 4.22 (t, J = 6.6 Hz, 1H),
3.44 —3.36 (M, 2H), 2.76 (t, J = 6.9 Hz, 2H), 2.68 (t, J = 5.7 Hz, 2H), 2.52 (t, J = 7.0 Hz, 2H), 1.46

(s, 9H).

13C NMR (126 MHz, CDCl3) 8 171.2, 156.4, 144.0, 141.4, 127.7, 127.1, 125.1, 120.0, 81.0, 66.8,

47.3,40.2, 36.0, 32.3, 28.2, 26.9.
HRMS (ESI-TOF) m/z calculated for C24H20NO4SNa (M+Na)* 450.1715, found 450.1718.

A separate run of this reaction resulted in sulfide 1-37, the Fmoc alkenes, and other unidentified

impurities.
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toluene
1-30 1-34 1-37

Fmoc alkene
tert-Butyl 3-(((9H-fluoren-9-yl)methyl)thio)propanoate (1-37):

IH NMR (500 MHz, CDCls) & 7.81 — 7.74 (m, 4H), 7.44 — 7.38 (m, 4H), 4.13 (t, J = 6.6 Hz, 1H),

3.10 (d, J=6.7 Hz, 2H), 2.82 (t, J = 7.4 Hz, 2H), 2.54 (t, J = 7.4 Hz, 2H), 1.51 (2, 9H).
Fmoc alkene:

IH NMR (500 MHz, CDCls) & 7.74 — 7.70 (m, 4H), 7.38 — 7.31 (m, 4H), 6.10 (s, 2H).

[o}

S (o] 1. piperidine, CH,CI.
FmocHN/\/ \/\n/ \|< pip 2C12 Br\)]\N/\/S\/\n/O\|<
H
1-35 0 o
3

2.1-25, CH,Cl,
1-3

tert-Butyl 3-((2-(2-bromoacetamido)ethyl)thio)propanoate (1-33):

To a solution of sulfide 1-35 (50 mg, 0.117 mmol, 1.0 equiv) in CH2Cl; (0.24 mL) was added
piperidine (0.10 mL). The solution was stirred for 45 min and then concentrated in vacuo. The
resulting residue was redissolved in CHxCl, (0.40 mL) and NHS ester 1-25 (28 mg, 0.117 mmol,
1.0 equiv) was added. The reaction solution was concentrated in vacuo and the resulting residue
was purified via flash chromatography to obtain bromoacetamide 1-33 as a clear oil (22 mg, 58%).

The spectral data matches the data reported vide supre.
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MeCN
1-30

Di-tert-butyl 3,3'-disulfanediyldipropionate (1-36):

To a solution of thioester 1-30 (100 mg, 0.489 mmol, 1.0 equiv) in MeCN (2.9 mL) at rt was added
hydrazine monohydrate (0.07 mL, 1.47 mmol, 3.0 equiv) in MeCN (1.5 mL). The solution was
stirred for 28 h and was quench with 1 M HCI solution. The solution was extracted with CH>Cl.
The combined organic phase was washed with H,O (2 X), then brine, dried with Na,SO4, filtered,

and concentrated in vacuo to obtain disulfide 1-36 as a clear oil.
H NMR (600 MHz, CDCl3) 6 2.88 (t, J = 7.2 Hz, 4H), 2.63 (t, J = 7.2 Hz, 4H), 1.45 (s, 18H).

13C NMR (151 MHz, CDCl3) 6 171.1, 81.1, 35.5, 33.7, 28.2.

(o]
Br\)j\ _N
o o

1-25 o

o
HzN/\/SH * \)j\ok MeOH Br\)]\u/\/S\/\[.J/O\K
133

tert-Butyl 3-((2-(2-bromoacetamido)ethyl)thio)propanoate (1-33):

To a solution of cysteamine (2.29 g, 29.7 mmol, 1.0 equiv) in MeOH (150 mL) at rt was added t-
butyl acrylate (4.3 mL, 29.7 mmol, 1.0 equiv). The solution was stirred for 45 min and then NHS
ester 1-25 (7.00 g, 29.7 mmol, 1.0 equiv) was added. The solution was stirred for 10 min and then
concentrated in vacuo. The resulting residue was purified through a silica plug (40% EtOAc in
hex) to obtain bromoacetamide 1-33 as a clear oil (6.33 g, 65%). The spectral data matches the

data reported vide supre.
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3-((2-(2-Bromoacetamido)ethyl)thio)propanoic acid (1-40):

To a solution of ester 1-33 (1.50 g, 4.60 mmol, 1.0 equiv) in CH2Cl, (23 mL) was added TFA (1.8
mL, 23.0 mmol, 5.0 equiv). The solution was concentrated in vacuo after stirring at rt for 17 h. The
resulting residue was purified via flash chromatography (0 - 15% MeOH in CH,Cl,) to obtain

carboxylic acid 1-40 as a clear oil (871 mg, 70%).

IH NMR (500 MHz, CDCls) & 6.95 (s, br, 1H), 3.91 (s, 2H), 3.51 (q, J = 6.2 Hz, 2H), 2.82 (t, J =

7.1 Hz, 2H), 2.73 (t, J = 6.5 Hz, 2H), 2.67 (t, J = 7.1 Hz, 2H).
13C NMR (126 MHz, CDCls) & 176.1, 166.6, 39.4, 34.6, 31.6, 29.0, 26.6.

HRMS (ESI-TOF) m/z calculated for C7H12"°BrNOsSNa (M+Na)* 291.9614, found 291.9617.

o

o o
EDC-HCI, NHS-H
Br\)'l\ S OH i \)j\
NN > Br. N/\/S\/\“/O\N
H
o
1-41 o

H MeCN
1-40

2,5-Dioxopyrrolidin-1-yl 3-((2-(2-bromoacetamido)ethyl)thio)propanoate (1-41):

To a solution of carboxylic acid 1-40 (871 mg, 3.22 mmol, 1.0 equiv) in MeCN (16 mL) was added
EDC-HCI (679 mg, 3.54 mmol, 1.1 equiv) and NHS-H (371 mg, 3.22 mmol, 1.0 equiv). The
solution was stirred for 15 h and then it was diluted with EtOAc. The solution was washed with
H.O and the aqueous layer was extracted with EtOAc (2 X). The combined organic phase was

washed with brine, dried with Na>SO, filtered, and concentrated in vacuo. The resulting residue
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was purified via flash chromatography (0 - 100% EtOAc in hex) to obtain NHS ester 1-41 (125

mg, 11%).

IH NMR (500 MHz, CDCls) & 7.02 (s, br, 1H), 4.06 (s, 2H), 3.56 — 3.49 (m, 2H), 2.96 — 2.89 (m,

4H), 2.89 — 2.81 (m, 4H), 2.76 (t, J = 6.4 Hz, 2H).

13C NMR (126 MHz, CDCls) 6 169.1, 167.2, 166.3, 42.8, 38.9, 32.3, 31.9, 26.3, 25.7.

HRMS (ESI-TOF) m/z calculated for C11H15"°BrN.OsSNa (M+Na)* 388.9778, found 388.9784.

o o o ﬁ o
Br\)]\ S (o} m-CPBA \)L
H/\/ \/\n/ SN > Br N/\/s\/\n/o\N
o HFIP H S
1-41 o BrASSO o

BrASSO (1-28):

To a solution of sulfide 1-41 (65 mg, 0.180 mmol, 1.0 equiv) in HFIP (0.90 mL) at rt was added
m-CPBA (30 mg, 0.170 mmol, 0.95 equiv). The solution was stirred for 45 min and then
concentrated in vacuo. The resulting residue was purified via flash chromatography (0 - 10%

MeOH in CH.CI,) to obtain cross-linker BrASSO as a white solid (25 mg, 38%).

IH NMR (500 MHz, CDs0D) & 3.85 (s, 2H), 3.73-3.58 (m, 2H), 3.36-3.32 (m, 1H), 3.22-3.07 (m,

4H), 3.04-2.94 (m, 1H), 2.85 (s, 4H).

13C NMR (126 MHz, CDs0D) 5 171.7, 170.0, 168.9, 52.6, 46.9, 35.3, 28.7, 26.6, 25.0.

HRMS (ESI-TOF) m/z calculated for C11H15”°BrN.O¢SNa (M+Na)* 404.9727, found 404.9725.
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2-((4-Methoxybenzyl)oxy)acetic acid (1-42):

To a slurry of NaH (432 mg, 18.0 equiv, 2.5 equiv) in THF (29 mL) was added bromoacetic acid
(2.00 g, 7.2 mmol, 1.0 equiv). When the bubbling subsided, 4-methoxybenzyl alcohol (1.00 g,
7.27 mmol, 1.01 equiv) was added and then the reaction was heated to reflux for 18 h. Once
cooled to rt, the mixture was diluted with EtOH and then concentrated in vacuo. The resulting
residue was partitioned between Et,O and a saturated NaHCO3 solution. The organic phase was
washed with saturated NaHCOs solution (3 X). The combined aqueous phase was acidified to pH
1 with concentrated HCI. The acidified agueous phase was then extracted with Et;O and the
combined organic phase was washed with brine, dried with MgSOQ., filtered, and concentrated in
vacuo to obtain carboxylic acid 1-42 (1.03 g, 73%). The spectral data is in accordance with the

reported literature.”

IH NMR (500 MHz, CDCls) 8 7.26 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 4.54 (s, 2H), 4.05

(s, 2H), 3.78 (s, 3H).

EDC-HCI, o ©
9 NHS-H
PMBO\)]\ e PMBO\)J\ _N
OH DMF (o)
(o]
1-43

1-42
2,5-Dioxopyrrolidin-1-yl 2-((4-methoxybenzyl)oxy)acetate (1-43):

To a solution of carboxylic acid 1-42 (500 mg, 2.55 mmol, 1.0 equiv) in DMF (8.5 mL) was added
EDC-HCI (537 mg, 2.80 mmol, 1.1 equiv) followed by NHS-H (293 mg, 2.55 mmol, 1.0 equiv).

The solution was stirred for 24 h and then it was diluted with EtOAc. The mixture was washed
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with H,O (5 X) then brine. The organic phase was dried with Na>SOy, filtered, and concentrated

in vacuo to obtain NHS ester 1-43 as a clear oil (678 mg, 91%).

IH NMR (500 MHz, CDCls) & 7.30 (d, J = 8.4 Hz, 2H), 6.89 (d, J = 8.5 Hz, 2H), 4.61 (s, 2H), 4.39

(s, 2H), 3.81 (s, 3H), 2.85 (s, 4H).
13C NMR (126 MHz, CDCls) & 168.9, 166.1, 159.9, 130.1, 128.4, 114.1, 73.4, 64.6, 55.4, 25.7.

HRMS (ESI-TOF) m/z calculated for C14H1sNOsNa (M+Na)* 316.0797, found 316.0792.

¢}
o
o CH,Cl,
. - T e PMBO\)]\ A~SH
HZN/\/SH PMBO\)J\O/N N
o
1-43

1-44
N-(2-Mercaptoethyl)-2-((4-methoxybenzyl)oxy)acetamide (1-44):

To a solution of NHS ester 1-43 (600 mg, 2.05 mmol, 1.0 equiv) in CH2Cl; (10 mL) was added
cysteamine (158 mg, 2.05 mmol, 1.0 equiv). The solution was stirred for 15 min and then it was
washed with H,O, and brine. The organic phase was dried with Na>SOy, filtered, and concentrated

in vacuo to obtain sulfide 1-44 (507 mg, 97%).

IH NMR (500 MHz, CDCls) & 7.30 (d, J = 8.6 Hz, 2H), 6.94 (d, J = 8.6 Hz, 2H), 4.54 (s, 2H), 4.00
(s, 2H), 3.84 (s, 3H), 3.49 (q, J = 6.5 Hz, 2H), 2.69 (dd, J = 15.0, 6.6 Hz, 2H), 1.41 (t, J = 8.5 Hz,

2H).
13C NMR (126 MHz, CDCls) & 170.0, 159.8, 129.8, 128.9, 114.1, 73.4, 69.3, 55.4, 41.8, 24.6.

HRMS (ESI-TOF) m/z calculated for C12H17NO3SNa (M+Na)*™ 278.0827, found 278.0823.
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2,5-Dioxopyrrolidin-1-yl acrylate (1-45):

To a solution of NHS-H (5.18 g, 45.0 mmol, 1.0 equiv) in CH2Cl; (90 mL) at 0 °C was added NEt;
(6.3 mL, 45.0 mmol, 1.0 equiv) followed by acryloyl! chloride (4.0 mL, 49.5 mmol, 1.1 equiv). The
solution was stirred for 3 h and it was then filtered. The filtrate was washed with H.O (2 X) and
brine, dried with Na,SO4, filtered, and concentrated in vacuo to obtain acrylate 1-45 as a white

flakey solid (5.52 g, 72%). The spectral data is in accordance with the reported literature.’®

IH NMR (500 MHz, CDCls) & 6.70 (d, J = 17.3 Hz, 1H), 6.32 (dd, J = 17.3, 10.7 Hz, 1H), 6.16 (d,

J =10.7 Hz, 1H), 2.86 (s, 4H).

13C NMR (126 MHz, CDCls) & 169.2, 161.2, 136.3, 123.1, 25.8.

f o > NEt3 9 0
PMBO\)]\H/\/SH ’ \)I\O/N CH,Cl, PMBO\)]\H/\/S\/\"/O\)N{>

1-44 1-45 ° 1-46 ° o
2,5-Dioxopyrrolidin-1-yl  3-((2-(2-((4-methoxybenzyl)oxy)acetamido)ethyl)thio)propanoate

(1-46):

To a solution of sulfide 1-44 (500 mg, 1.96 mmol, 1.0 equiv) and acrylate 1-45 (331 mg, 1.96
mmol, 1.0 equiv) in CH.Cl, (10 mL) at rt was added NEtsz (0.27 mL). The solution was stirred for
10 min and then it was washed with 1 M HCI (2 X) and brine. The organic phase was dried with
Na,SO., filtered, and concentrated in vacuo to obtain sulfide 1-46 (794 mg, 94%) and some

recovered acrylate 1-45.
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IH NMR (500 MHz, CDCls) & 7.24 (d, J = 8.4 Hz, 2H), 6.86 (d, J = 8.4 Hz, 2H), 4.47 (s, 2H), 3.93
(s, 2H), 3.77 (s, 3H), 3.45 (g, J = 6.4 Hz, 2H), 2.91 — 2.83 (m, 4H), 2.75 (s, 4H), 2.68 (t, J = 6.6

Hz, 2H).

13C NMR (126 MHz, CDCls) 6 170.0, 169.0, 167.2, 159.8, 129.8, 129.1, 114.1, 73.4, 69.4, 55.5,

38.1, 32.2, 32.1, 26.3, 25.7.

HRMS (ESI-TOF) m/z calculated for C19H24N207SNa (M+Na)* 447.1202, found 447.1198.

o [o]
pMBo\)]\ TIOH, CHZCIZ \)]\
\/\n/ HO N/\/s\/\n/o\N
1 3 dimethoxybenzene H o
1-S4 [o]

2,5-Dioxopyrrolidin-1-yl 3-((2-(2-hydroxyacetamido)ethyl)thio)propanoate (1-S4):

To a solution of sulfide 1-46 (50 mg, 0.118 mmol, 1.0 equiv) in CH2Cl, (0.60 mL) at rt was added
1,3 dimethoxybenzene (0.05 mL, 0.354 mmol, 3.0 equiv) and TfOH (0.01 mL, 0.059 mmol, 0.5
equiv). The solution was stirred at rt for 20 min and was then concentrated in vacuo. The resulting
residue was purified via flash chromatography (100% EtOAc) to obtain alcohol 1-S4 (23 mg,

64%).

IH NMR (500 MHz, CDCls) & 7.12 (s, br, 1H), 4.10 (s, 2H), 3.52 (dd, J = 12.2, 6.1 Hz, 2H), 2.96 —

2.88 (M, 4H), 2.85 (s, 4H), 2.76 (t, J = 6.3 Hz, 2H).
13C NMR (126 MHz, CDCls) & 172.5, 169.4, 167.3, 62.2, 38.2, 32.3, 32.2, 26.4, 25.7.

HRMS (ESI-TOF) m/z calculated for C11H1sN2OsSNa (M+Na)* 327.0627, found 327.0624
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\)I\ PPh3 NBS
\/\n/ MeCN \/\n/
2,5-Dioxopyrrolidin-1-yl 3-((2-(2-bromoacetamido)ethyl)thio)propanoate (1-41):

To a solution of alcohol 1-S4 (50 mg, 0.164 mmol, 1.0 equiv) in MeCN (0.8 mL) at rt was added
PPhs (47 mg, 0.181 mmol, 1.1 equiv) and NBS (32 mg, 0.181 mmol, 1.1 equiv). After stirring for
3 h at rt, the solution was concentrated in vacuo. The resulting residue was purified via flash
chromatography (70 - 100% EtOAc in hex) to obtain bromoacetamide 1-41 as a mixture with

triphenylphosphine oxide (11 mg).

o NHj;, MeOH then N=N
)J\/\'(OH NHNOSOSH )Q/\H/OH
—_—

s then NEt3, I o

3-(3-Methyl-3H-diazirin-3-yl)propanoic acid (1-S5):

To a solution of levulinic acid (1.0 mL, 9.77 mmol, 1.0 equiv) in MeOH (2.3 mL) at 0 °C was added
7 N NHz in MeOH (7.4 mL). The solution was stirred for 3 h at 0 °C, then a slurry of hydroxylamine-
O-sulfonic acid (1.27 g, 11.2 mmol, 1.15 equiv) in MeOH (7 mL) was added. The mixture was
allowed to warm to rt overnight. The milky white solution was carefully concentrated in vacuo. The
resulting residue was redissolved in MeOH (15 mL), cooled to 0 °C, and then NEt; (2.0 mL, 14.6
mmol, 1.5 equiv) was added. The solution was stirred for 10 min then I, (4.46 g, 17.6 mmol, 1.8
equiv) was added in aliquots. The slurry was diluted with EtOAc and then washed with 1 M HCI
solution and saturated Na»S»Os solution. The combined aqueous phase was extracted with

EtOAc. The combined organic phase was washed with brine, dried with Na>,SOs, filtered, and
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concentrated in vacuo to obtain carboxylic acid 1-S5 (792 mg, 63%). The spectral data is in

accordance with the reported literature.”’

IH NMR (500 MHz, CDCls) & 11.18 (s, br, 1H), 2.11 (t, J = 7.7 Hz, 2H), 1.57 (t, J = 7.7 Hz, 2H),

0.90 (s, 3H).

13C NMR (126 MHz, CDCl3) & 178.5, 29.2, 28.4, 24.9, 19.4.

_ — o
N=N NHS-H, DIPEA, N=N
OH — ' 5 oL
TFAA, DMF N
o 0
148 ©

1-S5
2,5-Dioxopyrrolidin-1-yl 3-(3-methyl-3H-diazirin-3-yl)propanoate (1-48):

To a solution of carboxylic acid 1-S5 (790 mg, 6.17 mmol, 10 equiv) in DMF (31 mL) at 0 °C was
added NHS-H (1.42 g, 12.3 mmol, 2.0 equiv) followed by DIPEA (4.3 mL, 24.7 mmol, 4.0 equiv)
and TFAA (1.7 mL, 12.3 mmol, 2.0 equiv). The reaction was stirred for 2 h at 0 °C and was then
diluted with EtOAc. The solution was washed with H,O (7 X) then brine, dried with Na;SOa,
filtered, and concentrated in vacuo. The resulting residue was purified via flash chromatography
(0 = 70% EtOAc in hex) to obtain NHS ester 1-48 as a clear oil (797 mg, 57%). The spectral data

is in accordance with the reported literature.’®

IH NMR (500 MHz, CDCls) & 2.28 (s, 4H), 2.50 (t, J = 7.7 Hz, 2H), 1.79 (t, J = 7.7 Hz, 2H), 1.06

(s, 3H).

13C NMR (126 MHz, CDCls) 5 169.1, 167.7, 29.6, 25.8, 25.7, 24.8, 19.6.
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1-82

tert-Butyl 3-((2-(3-(3-methyl-3H-diazirin-3-yl)propanamido)ethyl)thio)propanoate (1-49):

To a solution of amine 1-S2 (82 mg, 0.400 mmol, 1.0 equiv) in CH.Cl; (1.3 mL) at rt was added
NHS ester 1-48 (90 mg, 0.400 mmol, 1.0 equiv). After stirring for 1 h at rt the solution was
concentrated in vacuo. The resulting residue was purified via flash chromatography (0 - 100%

EtOAc in hex) to obtain sulfide 1-49 as a white solid (35 mg, 28% over 2 steps).

IH NMR (600 MHz, CDCl3) & 6.18 (s, br, 1H), 3.43 (g, J = 6.1 Hz, 2H), 2.73 (t, J = 7.1 Hz, 2H),
2.66 (t, J = 6.3 Hz, 2H), 2.49 (t, J = 7.1 Hz, 2H), 2.01 (t, J = 7.8 Hz, 2H), 1.74 (t, J = 7.8 Hz, 2H),

1.44 (s, 9H), 1.01 (s, 3H).

13C NMR (151 MHz, CDCl3) 6 171.6, 171.4, 81.2, 38.5, 35.9, 32.0, 30.7, 30.1, 28.2, 26.8, 25.5,

20.0.
IR (neat) 3306, 2977, 2929, 1725, 1650, 1538, 1139, 843, 664 cm™.

HRMS (ESI-TOF) m/z calculated for CgH11N3OsNa (M+Na)* 248.0642, found 248.0644.

Ncho3 N=N H o
CIH;N /\)J\ J< N /\)]\
)Q/\n/ b \/\s MeOH, H,0 M \/\S o
o
1-49

tert-Butyl 3-((2-(3-(3-methyl-3H-diazirin-3-yl)propanamido)ethyl)thio)propanoate (1-49):

To a solution of salt 1-32 (91 mg, 0.444 mmol, 1.0 equiv) in MeOH (1.1 mL) and H2O (1.1 mL) at

rt was added NaHCOs; (187 mg, 2.22 mmol, 5.0 equiv) followed by ester 1-48 (100 mg, 0.444
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mmol, 1.0 equiv). The solution was stirred for 13.5 h and it was then diluted with EtOAc. The
organic phase was washed with H,O, and the aqueous phase was extracted with EtOAc (3 X).
The combined organic phase was dried with Na,SOu, filtered, and concentrated in vacuo to obtain

sulfide 1-49 (72 mg, 51% over 2 steps). The spectral data matches the data reported vide supre.

_ o
N=N o o NEt, N=N " o J<
S — N /\)j\
)W L C,HGN\/\S/\)\OJ< )Q/\n/ o~ .
° o
1-48 o 1-32

1-49

tert-Butyl 3-((2-(3-(3-methyl-3H-diazirin-3-yl)propanamido)ethyl)thio)propanoate (1-49):

To a solution of salt 1-32 (500 mg, 2.44 mmol, 1.0 equiv) in CH2Cl, (8.1 mL) at rt was added NEts;
(0.90 mL) followed by ester 1-48 (825 mg, 3.66 mmol, 1.5 equiv). The solution was stirred for 1.5
h and it was then washed with H,O (2 X). The agueous phase was extracted with CH2Cl, (2 X).
The combined organic phase was dried with Na,SOs, filtered, and concentrated in vacuo. The
resulting residue was purified via flash chromatography (30 > 70% EtOAc in hex) to obtain sulfide

1-49 (206 mg, 27% over 2 steps). The spectral data matches the data reported vide supre.

/\).]\ J< L pperdne, 217 < N I J<
FmocHN —_— N /\)j\
~ g 0 M ~"s 0

2.1-48, CH,Cl,

o
1-35 1-49

tert-Butyl 3-((2-(3-(3-methyl-3H-diazirin-3-yl)propanamido)ethyl)thio)propanoate (1-49):

To a solution of sulfide 1-35 (159 mg, 0.372 mmol, 1.0 equiv) in CH2Cl, (0.75 mL) was added
piperidine (0.15 mL). The solution was stirred for 1 h and it was then concentrated in vacuo. The
resulting residue was dissolved in CH2Cl> (1.24 mL) and ester 1-48 (126 mg, 0.558 mmol, 1.5

equiv) was added. The solution was stirred for 1.5 h and then it was concentrated in vacuo. The
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resulting residue was purified via flash chromatography (0 > 50% EtOAc in hex) to obtain sulfide

1-49 (55 mg, 47% over 2 steps). The spectral data matches the data reported vide supre.

N=N " o J< 2,6 lutidine an /\)j\
N ~ —_— > s on
)Q/\n/ ~"s o TMSOTS, CH,Cl,

o -
149 1-50

3-((2-(3-(3-Methyl-3H-diazirin-3-yl)propanamido)ethyl)thio)propanoic acid (1-50):

To a solution of ester 1-49 (262 mg, 0.830 mmol, 1.0 equiv) in CH2Cl; (8.3 mL) at 0 °C was added
2,6-lutidine (0.21 mL, 1.80 mmol, 2.1 equiv) followed by TMSOTf (0.35 mL, 1.90 mmol, 2.3 equiv).
The reaction was allowed to warm to rt and was stirred at rt for 1.5 h. The reaction was quenched
with 1 M HCI solution and the organic phase was extracted. The aqueous phase was extracted
with CH2Cl> (3 X). The combined organic phase was washed with brine, dried with Na>SOa,,

filtered, and concentrated in vacuo to obtain carboxylic acid 1-50 (157 mg, 73%).

IH NMR (500 MHz, CDCls) & 6.23 (s, br, 1H), 3.45 (dd, J = 12.4, 6.2 Hz, 2H), 2.80 (t, J = 7.1 Hz,
2H), 2.69 (t, J = 6.5 Hz, 2H), 2.65 (t, J = 7.0 Hz, 2H), 2.06 — 2.01 (m, 2H), 1.77 — 1.69 (m, 2H),

1.02 (s, 3H).
13C NMR (126 MHz, CDCls) & 176.1, 172.2, 38.7, 34.7, 31.9, 30.7, 30.2, 26.5, 25.6, 20.0.
IR (neat) 3367, 2928, 1703, 1651, 1557, 1364, 1231, 992, 646 cm.

HRMS (ESI-TOF) m/z calculated for C10H17N3O3SNa (M+Na)* 282.0883, found 282.0895.
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1-51

2,5-Dioxopyrrolidin-1-yl 3-((2-(3-(3-methyl-3H-diazirin-3-yl)propanamido)ethyl) thio)

propanoate (1-51):

To a solution of carboxylic acid 1-50 (150 mg, 0.580 mmol, 1.0 equiv) in CH2Cl> (2.0 mL) at rt was
added EDC-HCI (122 mg, 0.640 mmol, 1.1 equiv) and NHS-H (67 mg, 0.580 mmol, 1.0 equiv).
The solution was stirred for 17 h at rt and it was then washed with H.O. The aqueous phase was
extracted with CH2Cl, (3 X). The combined organic phase was washed with brine, dried with
Na,SO., filtered, and concentrated in vacuo to obtain NHS ester 1-51 (198 mg), which was taken

onto the next step without further purification.

IH NMR (500 MHz, CDCls) & 6.32 (s, br, 1H), 3.42 (dd, J = 12.2, 6.0 Hz, 2H), 2.94 — 2.82 (m, 8H),

2.70 (t, J = 6.2 Hz, 2H), 2.05 — 1.95 (m, 2H), 1.77 — 1.69 (m, 2H), 1.00 (s, 3H).

13C NMR (126 MHz, CDCl3) 5 171.6, 169.2, 167.1, 38.4, 31.99, 31.96, 30.4, 30.0, 26.2, 25.6, 25.5,

19.7.

HRMS (ESI-TOF) m/z calculated for C14H20N4OsSNa (M+Na)* 379.1047, found 379.1043.

67



m-CPBA,

o o

N=N H o N=N H o

N /\)]\ N —_— N /\)]\ N

M \/\s o~ CH,Cl, \/\ﬁ o~

o o o o o
1

1-5 SDASO (1-47)

SDASO (1-47):

To a solution of sulfide 1-51 (80 mg, 0.220 mmol, 1.0 equiv) in CH2Cl; (1.1 mL) was added m-
CPBA (36 mg, 0.210 mmol, 0.95 equiv). The solution was stirred for 10 min and it was then
guenched with saturated Na;S;0; solution and saturated NaHCOs solution. The organic layer
was extracted and dried with Na>SQy, filtered, and concentrated in vacuo. The resulting residue
was purified via flash chromatography (0 > 15% MeOH in CH2Cl,) to obtain SDASO as a white

solid (13 mg, 17% over 2 steps).

'H NMR (600 MHz, CDCls) 6 6.67 (s, 1H), 3.85 — 3.66 (m, 2H), 3.22 — 3.13 (m, 3H), 3.12 — 3.03

(m, 2H), 2.92 — 2.80 (m, 5H), 2.02 (t, J = 7.8 Hz, 2H), 2.02 (t, J = 7.8 Hz, 2H), 1.02 (s, 3H).

13C NMR (151 MHz, CDCls) & 172.1, 168.9, 167.0, 51.5, 46.1, 34.4, 30.6, 30.0, 25.7, 25.6, 24.3,

19.9.

HRMS (ESI-TOF) m/z calculated for C14H20N4OsSNa (M+Na)* 395.0996, found 395.0995.

e [ CHCl MeOH H
(o) ,Cly, Me
HoN ~ s N
TN"sH . M b M ~"sH
o
o
1-48 o 1-52

N-(2-mercaptoethyl)-3-(3-methyl-3H-diazirin-3-yl)propenamide (1-52):

To a solution of cysteamine (1.0 g, 4.44 mmol, 1.0 equiv) in CH.Cl, (22 mL) and MeOH (2.0 mL)

at rt was added NHS ester 1-48 (343 mg, 4.44 mmol, 1.0 equiv). The solution was stirred for 15
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min and then it was washed with H,O and brine. The organic phase was dried with Na>SO4,

filtered, and concentrated in vacuo to obtain sulfide 1-52 as a pink-orange oil (617 mg, 74%).

IH NMR (500 MHz, CDCls) & 5.88 (s, br, 1H), 3.43 (g, J = 6.2 Hz, 2H), 2.68 (dt, J = 8.5, 6.4 Hz,

2H), 2.00 (t, J = 7.6 Hz, 2H), 1.78 (t, J = 7.6 Hz, 2H), 1.37 (t, J = 8.5 Hz, 1H), 1.03 (s, 2H).
13C NMR (126 MHz, CDCls) & 171.5, 42.5, 30.8, 30.1, 25.6, 24.8, 20.1.

HRMS (ESI-TOF) m/z calculated for C7H13N3sOSNa (M+Na)* 210.0677, found 210.0676.

N=N 0 °
N 0 NEts, CH,Cl, N=N H 2
~sH ot \)]\ N - > MNw /\)]\ N
0 s 0
o ° o o
1-45 1-51

1-52

2,5-dioxopyrrolidin-1-yl 3-((2-(3-(3-methyl-3H-diazirin-3-yl)propanamido)ethyl) thio)

propanoate (1-51):

To a solution of sulfide 1-52 (600 mg, 3.20 mmol, 1.0 equiv) and acrylate 1-45 (542 mg, 3.20
mmol, 1.0 equiv) in CHxCl, (16 mL) at rt was added NEt; (0.49 mL, 3.52 mmol, 1.1 equiv). The
solution was stirred for 15 at rt and then it was washed with H-O (2 X). The combined agueous
phase was extracted with CH,Cl,. The combined organic phase was dried with Na,SOy, filtered,
and concentrated in vacuo. The resulting residue was purified via flash chromatography (0 >
100% EtOAc in hex) to obtain sulfide 1-51 (643 mg, 56%). The spectral data matches the data

reported vide supre.

69



N=N N=

o [o]
o H,0,, HFIP N o
N /\)]\ I H /\)j\ N
MNV\S oM \/\ﬁ o~
o (o] o [e} o
1-51 1-47

SDASO (1-47):

To a solution of sulfide 1-51 (640 mg, 1.80 mmol, 1.0 equiv) in HFIP (4.5 mL) at rt was added
30% aqueous H,0, (0.37 mL, 3.59 mmol, 2.0 equiv). The solution was stirred for 10 min and then
was quenched with DMS (1.4 mL). The reaction solution was concentrated in vauco and the
resulting residue was redissolved in EtOAc. The solution was washed with H,O and brine, dried
with Na>SOy, filtered, and concentrated in vacuo to obtain SDASO (349 mg, 52%). The spectral

data matches the data reported vide supre.
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Chapter 2. Work Towards the Synthesis of Indole Alkaloid Alstonlarsine A

2.1 Introduction
2.1.1 Introduction to cyclohepta[bJindoles
Cycloheptalb]indole refers to a seven-membered ring fused with @Q
A\
an indole. This is a large class of the indole alkaloid natural products and N

. . . . : s ; ; i-  Figure 2.1. Cyclohepta[b]
they display a wide variety of biological activity including anti ol Stuotir

inflammatory,! anti-tuberculosis,? and cytotoxicity against cancer cells.>= Due to the interesting
and diverse biological activity, there has been development of potential pharmaceuticals bearing
this core structure.'®! Figure 2.2 shows all of the isolated indole alkaloids bearing the

cyclohepta[blindole core.

Ajmaline was isolated in the 1930s and is the first known cyclohepta[b]indole to be
reported.'? The structure was revised by Woodward in 19562 and it was first synthesized in 1967
by Masamume and coauthors.** Since then, there have been three total syntheses of this alkaloid
reported.’>1” These syntheses will be discussed more in depth in section 2.1.3. Ajmaline is an

approved pharmaceutical in some countries to treat heart arrythmia.

Actinophyllic acid is another well-known cyclohepta[blindoles; it contains an
unprecedented carbon skeleton that has shown potent biological activity.!® This unique
architecture has received much attention from the synthetic community, resulting in four total
syntheses to date.!®?2 Recently, there have been many natural products isolated with the
ajmaline core. Vincamaginine,?®?* alstiphyllanine,?® dihydrovinorine,?® and isoajmaline?” all

contain the ajmaline core with varying oxidation and substituents about the piperidine ring.

Arcyriacyanin and dihydroarcyriacyanin are bis-indole containing natural products in which
one of the indoles is bound at the [cd] carbons.?®?° The highly conjugated arcyriacyanin was found

to inhibit protein kinase C and protein tyrosine kinase.3® Another highly conjugated bisindole,
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caulersine, was isolated from algae that disrupts marine habitats in the South China Sea; the
cyclohepta[bjindole was found to inhibit plant growth.®* Exotines A and B comprise of a
cyclohepta[bJindole core bearing a coumarin moiety.*? These structures are quite unusual as
indoles and coumarins are very common in natural products but are rarely seen in the same

molecule.

The ambiguines are a class of hapalindole natural products, many of which contain the
cyclohepta[bJindole core.® The first ambiguine was isolated in 1992 and since then a total of 18
ambiguine natural products have been reported.3-38 Of these 18, the cyclohepta[bJindole core is
present in 13 and more than half of these contain a chlorine at the C13 position. They possess a
wide range of biological activity including cytotoxicity against colon and breast cancer cell

lines.36:3°

Ervitsine—ervatamine alkaloids are another large class of cyclohepta[b]indole natural
products that contain a piperidine fused to the cycloheptane ring.*° They exhibit various biological
activities and are all isolated from the genus Ervatamia, which are flowering plants that have been

used in traditional Chinese medicine to treat hypertension, scabies, and headaches.

The kopsifolines were originally isolated in 2004 and bear a bridged hexacyclic ring
system.>#! The bicyclo[3.2.1] octane core consists of fully substituted bridgehead carbons. Some

of these cyclohepta[blindoles show potent cytotoxicity against human cancer cell lines.

The final cyclohepta[b]indole that will be discussed is alstonlarsine A. Reported in 2019,
this structure possess a unigue 9-azatricyclo[4.3.1.0%8]decane skeleton, which has not previously
been reported in the literature.*? It was found to exhibit DRAK2 inhibitory activity. This molecule

will be discussed more in depth in section 2.2.
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Figure 2.2. Structures of cyclohepta[b]indole natural products
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Figure 2.2 (cont.) Structures of cyclohepta[b]indole natural products

Of the 62 reported cyclohepta[blindole natural products only a handful have been
synthesized see (section 2.1.3). Due to the interesting biological activity and the wide range of
structures within this class there have been many methods developed to make these cores.
However, almost none of these methods have been used in total synthesis, showing a real

disconnect within the literature. The next section will explore some of these methodologies.

82



2.1.2 Methodologies to synthesize cyclohepta[b]indoles

There has been a myriad of methods developed to build the cyclohepta[b]indoles.
Classically the Fischer indole synthesis can be implemented, but there are limitations: the
synthesis of the hydrazide and ketone synthons may not be functional group compatible and when
using unsymmetrical ketones, there are regioselectivity issues. Over the last couple of decades
there have been many novel methods developed, which will be briefly discussed in this section.

There have been reviews on this topic that discuss these methods more in depth.*344
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Figure 2.3. Four general methods to approach cyclohepta[blindoles

The recent method development can generally be broken up into four major categories:
[4+3] cycloadditions, [5+2] cycloadditions, palladium couplings, and sigmatropic rearrangements,
which are shown in Figure 2.3. One additional category is miscellaneous transformations
including photochemistry,*=*" benzyne chemistry,*® cascade annulations,***® and asymmetric C-

H alkylations.®® This list is not comprehensive but references the more broadly used chemistry.
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The most common method exploited is the [4+3] cycloaddition. One example of a [4+3]
cycloaddition is shown in Scheme 2.1. Developed by Li and coauthors and reported in 2014,
easily prepared propargyl alcohol 2-1 was treated with catalytic silver salt to promote a
hydroamination to enamine 2-2. In the same pot, ZnCl, and butadiene were added to the allylic
alcohol to form indoyl cation intermediate 2-3 which could then undergo a [4+3] cycloaddition to
furnish cycloheptalb]indole 2-4 in excellent yield. When the diene was swapped with silyl enol
ether 2-6, enone 2-7 was observed after hydrolysis to the ketone and elimination of the protected
alcohol. These carbon skeletons can be mapped onto ervatamine and other alkaloids within this
family, although elaboration to the natural product is not straight forward. There are many other

[4+3] cycloadditions to furnish the cyclohepta[b]indole skeletons.>3-%4

via:
OH OH / Z |
AgOTf /
A | > \‘@__ s
S o — ZnCl, A\
¥ 95% / N OH
NHTs s ° _hlgs o
(a) 2-1 24

OH oTBS o
AgOTf then
x | oTBs ——————— > A\
o ZnCl,, diene /
NHTs 69% N S
Ts
25 2-6 2.7
(b) ervatamine

Scheme 2.1. [4+3] cycloaddition developed by Li and coauthors towards the ervatamine core

Another cycloaddition was utilized by Nishida and coauthors and reported in 2018
(Scheme 2.2).% Indium (Il) salts were employed to promote this formal [5+2] because they can
act as both pi and sigma Lewis acids. The indium (lIl) binded to the alkyne for addition of indole
2-6 through a Friedel-Craft type alkylation to furnish intermediate 2-9. The Lewis acid then
coordinated to the carbonyl oxygen for the 7-endo-dig cyclization (red arrow) which occurred
much faster than the potential 5-endo-dig (blue arrow). The resulting cycloheptane was achieved

in excellent yields. However, the substrate scope for this transformation was fairly limited. Only
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aryl substitution on the alkyne was tolerated, and limited substitution on the alkene of the indole
was reported. This substrate does not map onto any of the isolated cyclohepta[b]indoles shown

in Figure 2.2. Additional [5+2] cycloadditions are reported in the literature.®5-"*

o P " Ph (:3 o—nL
Ph——= O— 4
\ y —— O \. \ 5
/ Inl, 92% N o N /
N \
\ 2.8 \ 2-10

2-9

Scheme 2.2. [5+2] cycloaddition developed by Nishida and coauthors

Sigmatropic rearrangements have also been used to make cyclohepta[b]indoles.”? The
initial report of this pericyclic reaction is shown in Scheme 2.3. After adding the allylic chloride to
the 3-position of the heterocycle furnished indole 2-11, the carbamate protecting group was
hydrolyzed. Treatment of the carbamate with NaOH yielded intermediate 2-12 which
decarboxylated and promoted cyclopropane formation to form allylic cyclopropane 2-13. This
intermediate was primed for a ring-expanding [3,3] sigmatropic rearrangement and afforded the
desired cycloheptalb]indole. The substrate scope for this transformation was again quite limited,
with only simple alkyl chains and protected alcohols at the 2-position of the indole. An

enantioselective variation of this rearrangement has also been reported.®

\ cl \ cl
—_— — / —_— — ° O \
N OBn Ng_\ OBn N OBn N OBn N OBn
- P " \
© 13 2-14 2-15

)
o\

2-11 2-12 2-

Scheme 2.3. Allylic cyclopropane formation and subsequent [3,3] sigmatropic rearrangement developed by Sinha and coauthors

In a particularly interesting cyclohepta[blindole synthesis, Ishikura and Keto reported an
intramolecular alkyl migration and Tsuji-Trost type cross-coupling.” Lithiation of N-methyl indole
furnished lithium reagent 2-16. Treatment of the lithium reagent with borane 2-17 yielded
intermediate 2-18. A 1,2 migration of the alkyl group from the borane onto the indole promoted an

intramolecular Tsuji-Trost allylation to form the cycloheptane ring 2-19. A limited substrate scope
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was also reported with this cyclization. A tandem palladium catalyzed cyclization and

carboalkoxylation has also been reported to make cyclohepta[blindoles.”

/ via: PdL

Y
ph—r’ - Pd(PPhs) D)
VYo " e Ve
. ) A 40% .

\ N\ H [

2-16 217 219 2-18

Scheme 2.4. Intramolecular alkyl migration and Tusji-Trost type cyclization developed by Ishikura and Kato

Although the methods shown in this section cleverly build cyclohepta[b]indole cores, very
few have been implemented in total synthesis. There are only a couple of reported total synthesis
of cyclohepta[b]indole natural products that uses cycloadditions to make the core. None of these
reports apply the specific methods cited in this section. Also, there are very few methods for the
enantioselective formation of cyclohepta[blindoles. Despite this class of natural products being
quite large there are not many total syntheses reported. The next section will describe these total

syntheses and the strategies used to make the cyclohepta[b]indole skeleton.
2.1.3 Total synthesis of cyclohepta[b]indole natural products — ajmaline

As previously mentioned, ajmaline was the first cyclohepta[b]indole isolated and
synthesized, with the first synthesis reported in 1967 by Masamune and coauthors.* All of the

syntheses of this natural product take the same general approach to the cage structure.

Masamune’s synthesis of ajmaline began with formation of B-keto ester 2-21 from a
substituted indole. Notably this first step installed all but two of the carbons of the natural product.
Amination of the ketone and a global reduction furnished amino-alcohol 2-22, which was benzyl
protected to intermediate 2-23. A Johnson-Lemieux oxidation cleaved the alkene to form a
dialdehyde intermediate which immediately cyclized to form hemiaminal 2-24. Treatment of the
hemiaminal with acetic acid closed the C ring to afford tetracycle 2-25. Through a series of steps,

the aldehyde of 2-25 was converted to a nitrile and the final two carbons of the natural product
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were installed. The protected alcohol was converted to an aldehyde to afford 2-26, which was
treated with acid to promote cyclization of the indole onto the aldehyde to close the seven-
membered ring. The final series of steps involved deprotections and closure of the final ring to
afford ajmaline (the final step of the synthesis is not actually reported and instead refers to a
degradation study of ajmaline, which converts one of Masamune’s intermediates to the natural
product).” Although not all of Masamune’s steps are reported, the route efficiently constructed
the caged structure. This synthesis also set the stage and provided precedent for future

syntheses.

i- PngBr

1. MeONH,
2 LAH
38% ( Ssteps
1. 0s0Oy4
AcOH 2. NaIO4
quant NHBz

HCI, AcOH steps
—

Ac,0 N

2-26 2.27 ajmaline

Scheme 2.5. Masamune's synthesis of ajmaline

Two years later, Mashimo and Sato reported their synthesis of isoajmaline, which is an
epimer of ajmaline at C20 and C21.”° The synthesis began with a protected derivative of
tryptophan 2-28. Exposure of the amine to methyl-4-oxobutanoate promoted a Pictet-Spengler
cyclization to tricycle 2-29. A Dieckmann cyclization closed the fourth ring to 3-keto ester 2-30. A
series of eight steps converted the B-keto ester to alcohol 2-31, similar to intermediate 2-26 in
Masamune’s synthesis, but was epimeric at the C16 position. An Albright—-Goldman oxidation

yielded the aldehyde and the a-position was epimerized with alumina to afford at 3:2 ratio of the
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desired epimer to the undesired. The cycloheptane ring was closed under the same acidic
conditions reported by Masamune and cyclohepta[b]indole 2-33 was reportedly converted to
isoajmaline (Mashimo’s paper references the same degradation study of ajmaline and isoajmaline
that converts nitrile 2-33 to isoajmaline in one step).” Although not particularly efficient due to the
unfavorable epimerization step and the low-yielding ring closure, this synthesis was the base for
the next couple of reported syntheses of ajmaline. Mashimo and Sato also reported a formal
synthesis of ajmaline soon after. They synthesized one of Masamune’s intermediates by utilizing

a similar approach to their synthesis of isoajmaline.’””

1. Ac,0
DMSO, 80%
-
2. alumina

isoajmaline

Scheme 2.6. Mashimo and Kato's synthesis of isoajmaline

One year later, van Tamelen and Oliver reported a biomimetic synthesis of ajmaline.’
Aldehyde 2-35 was prepared in 12 steps from cyclopentadiene. When the aldehyde was treated
with N-methyl tryptophan under reductive conditions produced amine 2-36. Saponification and
oxidative cleavage of the diol to the bis-aldehyde promoted an intramolecular Pictet-Spengler type
cyclization to tetracycle 2-37 as a mixture of many diastereomers. Aldehyde 2-37 was then treated
with DCC and TsOH. The esterified intermediate 2-38 could undergo a decarbonylation to iminium

ion 2-39. After deprotonation of the a-carbon of the aldehyde a cyclization event yielded aldehyde
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2-40. Unfortunately, the undesired epimer at C16 was observed and attempts to epimerize this
position resulted in a ratio of 85:15 of the undesired to the desired diastereomer. van Tamalen
and Oliver then referred to two different degradation studies of the natural product and stated that
intermediate 2-41 has previously been elaborated to ajmaline.’®”® This route was particularly
inefficient, as it requires 12 steps to afford one of their intermediates and the key cyclization step
is quite low yielding (18%). According to the degradation studies it takes at least seven steps to

transform aldehyde 2-41 to the natural product.

o
o] \ OH
OH . N
\ R H,, 10% Pd/C 1. KOH, 64% N
—»

NH, —> H
N ° 2. HIOy, 53%
/ o\<
2-34 12 steps )\
o
235 o o o| 2-37
®
O HN
BN
DCC
0~ “NH
| A2 | ¢ TsOH
N ND - N 18%
N - N
(€]
2-40 |
L 2-39

steps steps

2-42 ajmaline

Scheme 2.7. van Tamelen and Oliver's synthesis of ajmaline

About three decades later, Cook and coauthors reported an enantioselective synthesis of
ajmaline starting from tryptophan.*®> Amine 2-43 was protected through a reductive amination and
then a Pictet-Spengler cyclization afforded piperidine 2-44. Similar to Mashimo’s synthesis, di-
ester 2-44 was treated with NaH to promote a Dieckmann cyclization. A hydrolysis and
decarbonylation furnished ketone 2-45. This ketone was elaborated to aldehyde 2-46 in six steps.
Next, a hydrogenation removed the amine protecting group and promoted a reductive amination

89



to close the D ring of the natural product. Closure of the final ring was accomplished similar to the
previous syntheses by treating the protected aldehyde under acidic conditions; two additional

steps afforded the natural product.

& 0
NaH, then O | %
— >
AcOH, HCI, 88% NT &

2-44
O 93% 6 steps
36%

2 steps AcOH, HCI

-
33%

H,, 10% Pd/C
-

85% 91%

ajmaline 2-48 2-47

Scheme 2.8. Cook and coauthors' synthesis of ajmaline

2.1.4 Total synthesis of cyclohepta[b]indole natural products — actinophyllic acid

The isolation of actinophyllic acid was reported in 2005.8° The unique carbon skeleton and
its interesting bioactivity inspired many total syntheses since the initial report. In 2008, the
Overman group reported the first racemic total synthesis.®! One year later, Overman confirmed
the absolute configuration after a series of experimental and theoretical experiments.®? In 2010,

the same group reported the first enantioselective synthesis of actinophyllic acid (Scheme 2.9).1°

1. A Mgsr
—NBoc 2. NaBH,,
LDA, then \ CeCl,-7H,0
_— AN
[Fe(DMF);Cl,][FeCly] N 3.5 MHCI
59% H CO,t-Bu 31% (3 steps)
t-BuO,C

2-50 HCI, (H,C=0),
93%

(-)-actinophyllic acid

Scheme 2.9. Overman's enantioselective synthesis of actinophyllic acid featuring an aza-cpoe mannich cyclization
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Indole 2-49 was prepared in seven steps from a commercially available amino acid
derivative. An oxidative dienolate coupling was performed on the diester 2-49 to furnish tetracycle
2-50. A Grignard addition, Luche reduction, and hydrolysis afforded the precursor to the key step
in the synthesis, indole 2-51. Condensation of formaldehyde onto the amine furnished
intermediate 2-52 which was primed for an aza-Cope rearrangement. The resulting enol could
then undergo a Mannich cyclization to yield ketone 2-54, which spontaneously forms the lactol of
the natural product. This impressive aza-Cope, Mannich cascade efficiently forged the natural

product in just 12 steps from commercial materials.

In 2013, Martin reported a racemic synthesis of actinophyllic acid featuring a key
cyclization cascade to form the cyclohepta[bJindole core.'® Indole 2-55 was prepared in five
transformations from indole, and silyl enol ether 2-56 was prepared in two steps from a
commercially available enone. Upon treatment of the mixture with TMSOTf and 2,6-di-t-
butylpyridine, carbocation 2-57 was quenched by the silyl enol ether to furnish iminium ion 2-58.
Cyclization of the indole onto the iminium afforded amine 2-59 in excellent yields. In just one step
the tetracyclic core was formed and it was easily elaborated to the natural product in just six steps.

TMSOTHf,
— 2,6-(t-Bu),pyr

N OBn then TBAF N
H N 92% H

2-55 2-56 lloc OBn
2-57 2-58

Alloc\N """ ’/
6 steps HN — = O \ (o]
17% BnO /N\Alloc H OBn
BnO
o 2-5

OBn

9 2-59

actinophyllic acid

Scheme 2.10. Martin's racemic synthesis of actinophyllic acid

The next synthesis of actinophyllic acid was reported in 2016 by the Kwon group.?! To set

the initial stereochemistry in their sequence, the authors exploited an enantioselective phosphine
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catalyzed [3+2] annulation. Addition of phosphine catalyst 2-62 in the presence of (R)- or (S)-
BINOL, to iminium 2-60 and allene 2-61 cleanly yielded the desired pyrrolidine in a near
guantitative yield with great enantioselectivity. This pyrrolidine was elaborated to indole 2-63,
which when treated with Cul cyclized to the desired seven-membered ring. Swapping the benzyl
ester to the chloromethyl ester allowed for another cyclization to occur to furnish keto-ester 2-67.
A pinacol coupling of the ketone and ester closed the last of the rings of the natural product and
furnished hemiacetal 2-68. A three step dehydroxylation of the tertiary alcohol vyielded

actinophyllic acid.

—=NNs OBn phosphme NNs 3 steps
{ /\\( BINOL \/Y
* ° 99/ 94% ee

2-60 Boc 2-61 2-63 Boc

1. Hy, PdIC
//N 2. K,COs,

Nal, K,CO, BocN 2 CICH;!
-

o
48% — 78% (2 steps)

3 steps HO.C,,
—» y

65%

actinophyllic acid

Scheme 2.11. Kwon's synthesis of actinophyllic acid

The most recent synthesis of actinophyllic acid was reported by the Chen group in 2017.2°
In a novel approach to the natural product they envisioned a desymmetrization route, which would
begin from the meso compound trienone 2-69. An initial regioselective dihydroxylation resulted in
diol 2-70. The diol was oxidatively cleaved and in the same pot, a reductive amination afforded
amine 2-71. The key desymmetrization event was then employed. Dibromooxime formed
bromonitrileoxide in situ which performed a regioselective [3+2] cycloaddition to furnish
isooxazoline 2-72 as a single stereoisomer. The remaining alkene was then poised for an
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aminoarylation to input the carbons needed for the indole and close the caged structure. A
palladium catalyzed hydrogenation furnished the desired indole 2-74. The enol of ester 2-74
accomplished an aldol addition with formaldehyde which was followed by a lactolization to yield

actinophyllic acid.

1 OH 0.

Pd(OAc); then Teoc || N( ) JTeoc
1. ethylene NaBH(OAc)3 / —N
egcoI PMBNH,, 65% —N Br” “Br o
—_— . —
2 0504, NMO 2. TeocCl, 89% 2 MeOLi o
5Oy, . TeocCl, o 3.DDQ
78% (2 steps) o 2-72 |\/°

|\/0 24% (3 steps)

2-71 Br
TFA, Pd(OAc),
P(2-furyl);, 65%
NO,

HN

LDA, CH,0 = 1. HCI
then TFA —0, N & —~—
/ 2. PdCl,, H,
13% (3 steps) o
OH 274 ¢

actinophyllic acid

Scheme 2.12. Chen's synthesis of actinophyllic acid

2.1.5 Total synthesis of cyclohepta[b]indole natural products — aristolasene

Aristolasol and aristolasene were isolated as two minor alkaloids from Aristotelia
australasica, a shrub found in New South Wales, Australia.®® One total synthesis of aristolasene
was reported in 1992 from the Borschberg group (Scheme 2.13).84 The synthesis began with (S)-
perilla alcohol, and through a series of simple transformations amine 2-75 was obtained.® The
thiol was required in place of the alcohol for the cyclization step to occur; the cyclization was
unsuccessful with the protected alcohol equivalent. The amine was condensed onto protected
indole 2-76, and intermediate 2-77 then cyclized to piperidine 2-78. In seven steps the thiol was
converted to an aldehyde and the indole protecting group was removed (MPS = p-methoxybenzyl
sulfonate) to produce 2-79. The final cyclization was promoted with TsOH and

trimethylorthoformate to close the cycloheptane ring and forge the natural product in modest yield.
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34%

aristolasene

Scheme 2.13. Borschberg group's synthesis of aristolasene

2.1.6 Total synthesis of cyclohepta[b]indole natural products — caulersin

Caulersine is a highly conjugated bisindole natural product that was isolated from the
algea Caulerpa serrulate.?® The cyclohepta[b]indole was found to inhibit plant growth. Three total
syntheses of caulersine have been reported to date. Each synthesis used a bisindole intermediate
and closed the cycloheptene ring as one of the final steps. The first reported synthesis, Scheme
2.14a, closed the ring through a displacement of the chlorine with the enolate of methyl ketone 2-
80.8¢ The final alkene was installed through an oxidation and the resulting methyl ketone was

converted to the methyl ester.

The second synthesis reported employed the Vilsmeier reagent to engage the
cyclization.?’ Initial addition of the reagent to the ketone after deprotonation at the ester a-carbon
resulted in intermediate 2-83.88 An additional equivalent of the Vilsmeier reagent was then
displaced to input the final carbon of the cycloheptane ring (between the a-ester carbon and the

indole C3 carbon) to afford vinyl chloride 2-84, which was hydrolyzed to the desired ketone.

The Miki synthesis employed a simple aldol condensation with aldehyde 2-85 to forge the

triene.® The natural product can then be obtained after deprotection of the indoles.
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Scheme 2.14 (a) Synthesis of caulersine by the Molina group (b) Synthesis of
caulersine by the Bergman group (c) Synthesis of caulersine by the Miki group

2.1.7 Total synthesis of cyclohepta[b]indole natural products — arcyriacyanin A

Arcyriacyanin A is an unsymmetrical bisindole that is highly conjugated and was isolated
from the slime mold, Arcyria abvelata.?® It was found to inhibit protein kinase C and protein
tyrosine kinase.®® In 1997, the Steglich lab reported one route to arcyriacyanin A and two routes
to N-methyl arcyriacyanin A (Scheme 2.15).%° 3,4-Dibromomaleimide, 2-88, was added to the
bisbromomagnesium salt of 2-87 to furnish arcyriacyanin A in 41% yield. The N-methyl derivative
of the natural product was produced through a Heck cyclization of bisindole 2-89, which was
prepared in seven steps. The authors noted that N-methyl arcyriacyanin could be transformed

into arcyriacyanin using standard methods, but did not report this step.
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arcyriacyanin

Pd(OAc), _

H
N
PPh,, NEt
Pd(OAc), _ S Br |
Ty ~— .
NH 9
81% N 30% N
N
H

N-methylarcyriacyanin 2-90 2-91

Scheme 2.15. Three approaches taken by the Steglich group to synthesize arcyriacyanin and N-methylarcyriacyanin

Finally, a domino Heck cyclization was employed with bromomaleimide 2-90 and
bromoindole 2-91 to form the cycloheptane ring of N-methyl arcyriacyanin. A few years later the
Murase group also reported a synthesis of arcyriacyanin A that utilized an analogous addition of

bisindole 2-87 to maleimide 2-88.91%°
2.1.8 Total synthesis of cyclohepta[b]indole natural products — ervatamine and ervitsine alkaloids

The Bosch group has reported the only total syntheses of the large group of ervatamine
and ervitsine alkaloids. These cycloheptalblindoles bear a piperidine ring fused with the
cycloheptane ring and do not contain the more alkaloid like tryptamine derivation (Figure 2.2).
The group’s first synthesis of this class of alkaloids was reported in 1996 (Scheme 2.16a).%2 The
enolate of indole 2-92 was added to pyridinium salt 2-93 and the resulting dihydropyridine was
trapped with an anhydride to add in the final carbon needed for the carbon skeleton of the natural
product. The methyl ester 2-94 was hydrogenated to take the a,3-y,5 ester to the fully saturated
ester, which was then treated with trimethylsilyl polyphosphate (PPSE) to promote the ring

closure. Diketone 2-95 was taken onto 6-oxo-16-episilicine in five additional steps.
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Scheme 2.16 (a) Synthesis of 6-oxo-16-episilicine (b) Synthesis of ervitsine (¢) Synthesis of 16-episilicine

One year later the same group reported the synthesis of ervitisine, and implemented

similar chemistry (Scheme 2.16b).%® The enolate of indole 2-96 was added to pyridinium salt 2-
93, but in this case the dihydropyridine intermediate 2-97 was captured with Eschenmoser’s salt.
The indole was closed onto the iminium ion to forge tetracycle 2-99 in low yields (LICA = lithium
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isopropoylcyclohexylamine). A Cope elimination of the tertiary amine furnished the exocyclic

alkene and elimination of the ester group completed the synthesis.

In 2010 the Bosch group reported an enantioselective synthesis of 16-episilicine, which
envisioned a new disconnection (Scheme 2.16c¢).** The highly decorated lactam 2-101 was
previously synthesized® by the group starting from an unnatural amino acid. The B-keto ester 2-
101 was alkylated with indole 2-100 and the aldehyde was subsequently methylenated to the
corresponding alkene, 2-102. Hydrolysis and decarboxylation of the ester followed by a ring
closing metathesis (RCM) resulted in cycloheptene 2-103. The natural product was obtained in
six steps from this intermediate. This was the first synthesis of the cyclohepta[bJindoles that

employed an RCM to close the seven-membered ring.
2.1.9 Total synthesis of cyclohepta[b]indole natural products — exotine A and B

Exotine A and B are cyclohepta[blindoles that bear a coumarin moiety on the cycloheptane
ring. This unusual structure was synthesized in one step by the Martin group utilizing a three-
component formal [4+3] addition.®® The proposed mechanism for the transformation is shown in

Scheme 2.17.

o O, (o] (o]
H A A R =H: 30% dr > 20:1

R = OMe: 50% dr = 4:1

R
¢ 2-105 exotine A:R=H
exotine B: R = OMe

Scheme 2.17. Synthesis of exotines A and B through a one-step, biomimetic procedure
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Prenyl aldehyde condensed onto indole to afford the highly electrophilic iminium ion 2-
104. The diene of coumarin 2-105 added into iminium ion 2-104 to form benzylic carbocation 2-
106, which was captured with the indole to form spirocycle 2-107. A 1,2 shift, then resulted in the

two natural products in modest yields. A synthesis of exotine B was also reported by Trauner.%”
2.1.10 Total synthesis of cyclohepta[b]indole natural products — ambiguines

The ambiguines make up a large portion of the cyclohepta[blindole natural products, and
display a wide variety of biological activities.3*3” In 2019 both the Sarpong group and the Rawal
group reported total syntheses of ambiguine P (Scheme 2.18). They implemented similar
chemistry to make the core of the pentacycle. The Sarpong synthesis began with an oxidative
coupling between indole and (S)-carvone.®®® An alkynylation followed by a Dauben-Michno
oxidative rearrangement'® resulted in enyne 2-108. An intramolecular Nicolas reaction prompted
reactivity at the indole C2 position to close the cycloheptane ring. The resulting cobalt complex 2-
109 was not cleaved in order to protect the latent alkene. The final ring of the core was closed

through a Friedel-Crafts alkylation at the C4 of the indole furnishing pentacycle 2-110.

Co(CO)g, then

BF;-OEt,, 88%

1. E,AICN

2. BuzSnH
then HCI
49% (3 steps)

ambiguine P 2111

Scheme 2.18. Synthesis of ambiguine P by the Sarpong group

A conjugate addition with Nagata’'s reagent installed a nitrile group that would later be
used as a handle to install the quaternary center and the final alkene of the cyclohepatriene. The

cobalt complex was then removed with tributyltin hydride and acid to afford diene 2-111. An

99



additional 14 steps were required to set the quaternary center, remove the ketone, and install the

final alkene and alcohol moieties.

Shortly thereafter, the Rawal group reported their synthesis of ambiguine P (Scheme
2.19).1%% Instead of setting the quaternary center in the later stages of the synthesis, the authors
began with diene 2-112 which already had the quaternary center installed. They envisioned a
[4+3] cycloaddition to install the cycloheptane ring, however, when they treated diene 2-112 and

indole 2-113, they only observed partial addition to produce enone 2-114.

2-114

1.DDQ
2. Boc,O
B ——
3. LiAl(OMe)3H
88% (3 steps)

1. Martin sulfurane
2. MeONa
-
3. NBS, H,0
54% (3 steps)

ambiguine P

2-117

Scheme 2.19. Synthesis of ambiguine P by the Rawal group

To promote reactivity at the indole C3 and to finish the step-wise [4+3], the enone was
treated with gold salts to close the tetracycle. Similar to Sarpong, a Friedel-Crafts alkylation at the
C4 of the indole closed the final ring of the core. Ketone 2-116 was oxidized to the corresponding
enone and then reduced to allylic alcohol 2-117. The natural product was obtained after a

dehydration, deprotection, and allylic oxidation.

The Rawal group has also reported a total synthesis of ambiguine G, which contains the
same core but it is decorated with additional functionalization around the pentacycle.’’? The

authors used the same approach to make the core as was implemented in their synthesis of
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ambiguine P. The synthesis began with a [4+3] cycloaddition of diene 2-118 with indole 2-119. A

Friedel-Crafts alkylation forged the final ring of the core.

Cl

BF3-OEt,, then

TBAF, DDQ, 67% |

DIBAL then
Et,AICI then
e T
KHMDS
P(OMe);, 63%

2118 2-119

1.NBS
2. Pd(dba),, P(t-Bu)s,
Zn, Zn(CN),, NMP

3. BF3-OEt,, Et;SiH
51% (3 steps)

ambiguine G

Scheme 2.20. Synthesis of ambiguine G by the Rawal group

This route was an expedient route to the core of these cycloheptalb]indoles. In the same
pot as the Friedel-Crafts, the Lewis acid was quenched with TBAF and an oxidation of the ketone
successfully furnished enone 2-121. The ketone was then reduced and eliminated to the
corresponding alkene. The C15 carbon was extremely electron rich and therefore also needed to
be protected to allow the nitrile that is present in the natural product to be installed. Therefore, in
a single pot reaction, reduction, elimination, and air oxidation yielded alcohol 2-122. Finally, the

nitrile was installed and the alcohol was removed to afford ambiguine G.
2.1.11 Total synthesis of cyclohepta[blindole natural products — kopsifolines

The kopsifolines were first isolated in 2004 and the cyclohepta[b]indole variants of this
class are distinguished by the bridged hexacycle.** There have been a few syntheses of this class
and each closes the final ring to form the cycloheptane in the late stages of the synthesis. In 2014
the Boger group reported a synthesis of kopsifoline D (Scheme 2.21).1% They planned to
assemble the natural product through a [4+2]-[3+2] cascade. Heating 1,3,4-oxadiazole 2-123

initiated a [4+2] with the appending alkene to furnish cycloaddition adduct 2-124. After loss of Ny,
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zwitterion 2-125 underwent a [3+2] cycloaddition with the indole to furnish the pentacyclic ring
system 2-126 in good yields. Elaboration of the lactam to alkyl iodide 2-127 was accomplished in
nine steps. Indole deprotection and a subsequent transannular ring closure forged the final ring

to afford kopsifoline D.

OTBS

BF3-OEt,, DMS
-

then NEt;, 79%

kopsifoline D 2127 2-126

Scheme 2.21. Synthesis of kopsifoline D by the Boger group

Recently, the Movassaghi group reported the syntheses of three of the kopsifoline natural
products.’® The known tetracycle 2-128 was reduced to the corresponding hemiaminal and a
transannular ring closure formed the pentacyclic ring system. Installation of the ester group
furnished indole 2-129. Kopsifiine D was completed by desilylation and an intramolecular

Mitsunobu with DIA (diisopropyl azodicarboxylate) and triphenylphosphine.

1. DIBAL-H

2. n-Buli,

MeO,CCN
—»
80% (2 steps)

1. TBAF
2. DIA, PPhg

67% (2 steps)

2-128 2129

1. TBAF
2.DIA, PPhy formic acid,

62% (2 steps) H,0, 73%

kopsifoline E kopsifoline A

Scheme 2.22. Synthesis of three kopsifolines by the Movassaghi group
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Kopsifiline A and E were also targeted. Pentacycle 2-130 was synthesized similarly to 2-
129, and the same two step sequence was implemented to afford kopsifiline E. Hydration of the

indole under acidic conditions converted kopsifiline E to A in good yields.
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2.2 Work towards the synthesis of alstonlarsine A
2.2.1 Introduction

Alstonlarsine A is a cyclohepta[b]indole that was reported in 2019 and was isolated from
the roots and bark of Alstonia scholaris.*? It contains a unique 9-azatricyclo[4.3.1.0*%] decane
core and the structure was determined with NMR and X-ray crystallography. The proposed
biosynthetic synthesis is shown in Scheme 2.23. The biosysnthesis was proposed to begin with
N-demethylalstogustine, which is a monoterpene indole alkaloid that has been found in large
quantities in Alstonia scholaris.*>1% A dehydration and oxidation afforded allylic alcohol 2-131,
which can undergo a ring cleavage to 2-132. Another oxidation event and N-methylation resulted
in hemiaminal 2-133, which dehydrates to iminium ion 2-134. Addition of H,O and a Mannich type
addition closed the caged structure to 2-135. The alcohol was then oxidized to 3-keto acid 2-136.
A decarboxylation afforded enol 2-137, which was methylated with S-adenosylmethionine (Ad =

adenosine) to furnish alstonlarsine A.

alstonlarsine A

Scheme 2.23. Proposed biosynthetic pathway of alstonlarsine A
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The indole alkaloid was tested for its inhibitory effects against DAP kinase-related
apoptosis protein kinase-2 (DRAK2). DRAK?2 is a protein kinase that is required for initiating and
inducing programmed cell death. Alstonlarsine A was found to have an ICso value of 11.65 + 0.63
MM against DRAK2. The natural product was only examined for this inhibitory affect, but
monoterpene indole alkaloids have a wide range of biological activity. Our lab set out to synthesize

alstonlarsine A due to its interesting structure and to examine additional biological activities.

2.2.2 First generation route to alstonlarsine A

This initial route was a collaboration between myself and Dr. Sunshine Burns. Our initial
retrosynthetic analysis is shown in Scheme 2.24. We planned to install the quaternary center in
the late stages of the synthesis from ketone 2-138. The core of the structure was planned to be
set during an intramolecular Diels-Alder from triene 2-139. The cycloheptene ring was planned to
be forged through a gold catalyzed annulation of ynone 2-140, which is easily accessible from

tryptophan.

o
o
2-140 2139 |

(S)-tryptophan

Scheme 2.24. Initial retrosynthetic analysis of alstonlarsine A

In the forward direction, Sunshine prepared ynone 2-143 from Boc-(S)-tryptophan in four
steps, Scheme 2.25. The acid was esterified to the Weinreb amide and the indole was protected

with TBS to furnish amide 2-141. The amine was methylated and the lithiated alkyne 2-142 was
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added into the Weinreb amide to afford ynone 2-143. Attempts to alkylate with an alkyne bearing
an ester group were unfruitful. We next examined the cyclization of the ynone to the cycloheptene
ring. The cyclization was modeled after a gold catalyzed ynone annulation that was reported by

the Carbery group.°®
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Scheme 2.25 (a) Ynone synthesis and attempted annulation
(b) Double gold-catalyzed annulation of ynones onto indoles (ref 106)

When subjecting ynone 2-143 to gold salts under heat, only decomposition was observed.
At room temperature, no reaction was observed. Longer reaction times at room temperature
resulted in cleavage of the TES protecting group. It was postulated that there was too much steric
bulk around the reactive site and so the indole protecting group was removed. The TES protecting
group on the alcohol was swapped for the slightly more stable TBS group. Ynone 2-147 was
prepared and subjected to the gold salts. No cyclization product was observed. However, when

silver (1) salts were added a new product was observed, spirocycle 2-149.
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CDCI. -
Au[P(CgFs)s]Cl THF 2147 Sc(OTf)s 3 2-147
AuCly/AgOTf CH,Cl, decomposition AgOTf MeCN 2-147
AgOTf toluene 2-149
Au(PPh3)ClI/AGOTE CH,Cl, 2-147 g
Cu(OTf), CH,Cl, 2-149
AU[P(CgF5)3]CIIAQOTF CH,Cl, 2-149
Zn(0Tf), CH,Cl, 2-147
AuCl3/AgOTf THF decomposition
3 FeCl, CH,Cl, 2147
Au(PPh3)CI/AgOTf THF decomposition
. Pd(OAc), CHCl, 2-147
Au[P(CF5)3]ClI/AQOTH THF decomposition
Y(OTh, CH,Cl, 2147
PtCly DMSO 2-147
Pt(en),Cl, CH,Cl, 2-147
PtCl, DMSO decomposition
[RuCl,(p-cymene)], CH,Cl, 2-147
AgOTf CH,Cl, 2-149
InBry CH,Cl, 2-147
| CDCI. 2-147
gech ’ Hg(TFA)2 THF 2-147
BF3-OFEt, CH,Cl, 2-147
Sncl, CH,Cl, 2-147

Scheme 2.26. Lewis acid screen for annulation

Unfortunately, this could not be elaborated to the desired cycloheptene ring. An exhaustive
screen of Lewis acids was performed, Scheme 2.27, but the only cyclization product observed
was the exocyclic alkene. During this time Sunshine synthesized enone 2-150 and attempted an
RCM to close the cycloheptane ring, but this was also unfruitful. At this point we considered other

disconnections to the natural product.

OTBS

2-150

Scheme 2.27. Attempted RCM to close the cycloheptene ring
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2.2.3 Second generation route to alstonlarsine A

In considering a new disconnection, we thought to set the quaternary center earlier in the
sequence. Through retrosynthetic analysis we still planned to attempt the Diels-Alder reaction to
forge the caged structure, but in this case, we would already have the quaternary center in place.
We envisioned closing the cycloheptene ring through an asymmetric RCM from diene 2-153, to
close the ring and set the quaternary center in one step. The indole was envisioned to be closed
through a Fukuyama annulation from aniline derivative 2-154, which can be mapped back to the

commercially available (E)-3-(2-nitrophenyl)acrylaldehyde.

/\

y N_:/ ° R‘N_:/
(S = - =
s \
N come N come

alstonlarsine A 2-152 2-153 2-154

NO,

Scheme 2.28. Second retrosynthesis of alstonlarsine A

In the forward direction, amine 2-154 was targeted, starting from the commercially
available aldehyde. There were many methods attempted to install a six carbon unit onto the
aldehyde. The only successful route is shown in Scheme 2.29. The commercially available 3-
methylpenta-1,4-diene was metallated and treated with an electrophilic boronate to afford allylic
borane 2-155. Upon treatment of the borane with 3-(2-nitrophenyl)acrylaldehyde, exclusive
formation of the skipped diene 2-156 was observed, and a simple oxidation of the alcohol to the
ketone afforded enone 2-157. The low yield observed for this sequence was a result of the low
yield in the boronation step. Attempts to perform an enantioselective reductive amination on
enone 2-157 resulted in either no reaction or decomposition. Iminium formation was also
investigated and was unsuccessful. This route was not explored further because of the
problematic amination, the low yielding boronation, and the skipped diene starting material was

quite expensive. Due to these difficulties a new route to the natural product was explored.
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X
/\r\ n- BuL| KOt-Bu, BPin
—» An
FPrOBpin 15% (3 steps)
2-155 NO,

2-156 2157

Scheme 2.29. Synthesis of enone for reductive amination

2.2.4 Third generation route to alstonlarsine A

Due to the difficulties in forming the cycloheptene early in the sequence, we instead
envisioned forming the 6-5 ring system first and then closing the caged structure. Our third
retrosynthetic analysis is shown in Scheme 2.30. We sought to form the indole late in the
synthesis from the corresponding ketone and aryl amine. The quaternary center was envisioned
also to be set late stage from an alkylation of the methyl ketone, which could arise from alkene 2-
158. The seven-membered ring was envisioned to be closed through an intramolecular Sakurai
addition of allylic silane 2-159, which can be mapped back to ketone 2-160. This ketone was
planned to be made through an aza-Cope rearrangement from allylic alcohol 2-161 and

formaldehyde.

\NH_:> L 7~ = = 7 = o

N N NH
H

alstonlarsine A 2-158 2-159 2-160 2-161

Scheme 2.30. Third retrosynthesis of alstonlarsine A with a Sakurai addition proposed to close the caged structure

To make the amino alcohol, we started from cyclopentene oxide and opened the epoxide
with dimethylamine. The corresponding alcohol could be oxidized and then addition of the aryl
group to the ketone afforded a 9:1 mixture of cis:trans amino alcohol 2-164. The phenyl group
was used as a model system in place of the planned ortho-nitro vinyl bromide coupling partner.
Unfortunately, demethylation of the amine was unsuccessful. The benzyl protected amine 2-166

was also synthesized but could not be deprotected in the presence of the alkene.

109



Br H H

o] " "

o 1 .HNMe, n-BuLi OH OH e Vi :
- / o+ —_— ) — /o / :

2. swern N 19% N NH N :

39% (2 steps) \ \ H \_ph E

2-162 2-163 2-164 2-165 E 2-166

Scheme 2.31. Attempts to make the aza-Cope prescursor

Alternatively, we envisioned that synthon 2-158 could be made through a Sakurai addition
in the other direction from the allylic silane into the imine of 2-167. This would simplify the
synthesis of the bicycle, as the ketone 2-168 (with the othro-nitro benzyl as Ar) is a known

intermediate.

o] [o]
A A \N— Ar Ar
N rs,
~ o ‘
(= = e =
™
H o~ N N
MeO,C H H

alstonlarsine A 2-158 2-167 2-168

Scheme 2.32. Retrosynthetic analysis with a new proposed Sakurai addition

The synthesis of this fragment began from 1,3-cyclohexanedione. A three step sequence
was utilized to make alkene 2-169: C-alkylation of the diketone with the commercially available
aryl iodide, followed by O-allylation with allyl bromide resulted in an intermediate that was heated
to effect a Claisen rearrangement forming 2-169.2%” The resulting alkene was ozonolyzed to the
corresponding aldehyde and a reductive amination with methylamine afforded a diastereomeric
mixture of bicycles 2-170 and 2-171. Unfortunately, the ratio was not in our favor; a 2:1 mixture
of trans:cis was observed. A large screening of reductants and amine sources was performed

and the ratio did not improve.

1. K,CO;4
o Br
| o
2. /\/ 1. o3 then DMS
. NOz NO.
2. MeNH,, NaBH;CN
o O,N 24/0 (3 steps) 15% (2 steps) N
HO\

2-169

NO,

2170 2171

Scheme 2.33. Synthesis of known bicycle
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In an attempt to correct the stereochemistry of the mixture and funnel the mixture to the
desired cis conformation, the amine was oxidized to the N-oxide 2-172 and eliminated to the
corresponding iminium. The reductant shown in Scheme 2.34 has been shown to reduce the
mixture to the desired cis conformation, but when we applied it, we only observed the undesired

trans conformation.%®

NO, NO, TFAA then

* ® reductant i NaHB(—O)k(\/\ )3 i

h O\ Lo et N
2-170 2171 2172 2171

Scheme 2.34. Attempt to funnel diastereomeric mixture to the desired cis conformation, but only afforded the trans

Alternative approaches to the bicycle are shown in Scheme 2.35. We envisioned
incorporating the ethylamine fragment as one unit of the bicycle to favor the desired cis product.
First an aza-Michael alkylation cascade from enone 2-173 with Boc protected 2-chloroethan-1-
amine was attempted but only resulted in recovered starting material. Vinyl aziridine 2-176 was
synthesized and a ring expansion to the bicycle was attempted. Treating the aziridine with iodide,
which has been reported on a similar substrate,'° only resulted in ring opening of the aziridine. It
was that this point we decided to pause the project as many approaches to the natural product

were taken, but none have been successful so far.

O,N O,N

a O BocHN” ~C 0 0 o o
—_— NO, : KOt-Bu NO
‘ KOt-Bu : —_— —— 2
NO; N ' A~ 62%

\ H N N N
H Boc ! H 7 HH

(a) 2473 2.174 V(b)) 24715 2176 2177

Scheme 2.35 (a) Attempted aza-Michael, alkylation cascade (b) Attempted ring expansion of vinyl aziridine
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2.2.5 Conclusions

Herein we reported several approaches towards the synthesis of alstonlarsine A. There is
certainly additional work that can be done with these disconnections. The key cyclization events
to make the cage were not attempted, as the necessary precursors were not successfully
synthesized. It was at this point in my graduate career that | began working on another project
and did not have time to return to this work. Moving forward, hopefully another graduate student

will successfully make these synthons to examine the key transformations.

112



2.3 Supplemental Information
2.3.1 General Experimental

The *H NMR spectra were recorded at 500 MHz or 600 MHz using either a Bruker DRX500
(cryoprobe) or a Bruker AVANCEG00 (cryoprobe) NMR, respectively. The 2*C NMR spectra were
recorded at 126 MHz or 151 MHz on the Bruker DRX500 or Bruker AVANCEG600 NMR,
respectively. All NMR spectra were taken at 25 °C unless otherwise noted. Chemical shifts (d)
are reported in parts per million (ppm) and referenced to residual solvent peak at 7.26 ppm (*H)
or 77.16 ppm (*3C) for deuterated chloroform (CDCls), 3.31 ppm (*H) or 49.15 ppm (*3C) for
deuterated methanol (CDzOD), 2.50 ppm (*H) or 39.52 ppm (*3C) for deuterated dimethylsulfoxide
(DMSO-ds). The *H NMR spectral data are presented as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t = triplet, g = quartet, quint = quintet, m = multiplet, dd = doublet of doublets,
ddd = doublet of doublet of doublets, dddd = doublet of doublet of doublet of doublets, dt = doublet
of triplets, dq = doublet of quartets, ddq = doublet of doublet of quartets, app. = apparent), coupling
constant(s) in hertz (Hz), and integration. High-resolution mass spectra (HRMS) were recorded
on Waters LCT Premier TOF spectrometer with electrospray ionization (ESI) and chemical
ionization (Cl) sources. An internal standard was used to calibrate the exact mass of each
compound. For accuracy, the peak selected for comparison was that which most closely matched

the ion intensity of the internal standard.

Unless otherwise stated, synthetic reactions were carried out under an atmosphere of
argon in flame- or oven-dried glassware. Thin layer chromatography (TLC) was carried out using
glass plates coated with a 250 um layer of 60 A silica gel. TLC plates were visualized with a UV
lamp at 254 nm, or by staining with Hanessian’s stain or KMnO;, stain. Liquid chromatography
was performed using forced flow (flash chromatography) with an automated purification system

on prepacked silica gel (SiO2) columns unless otherwise stated.
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All commercially available reagents were used as received unless stated otherwise.
Solvents were purchased as ACS grade or better and as HPLC-grade and passed through a
solvent purification system equipped with activated alumina columns prior to use. CDCls, CD3;0D,

and DMSO-ds was purchased from Cambridge Isotope Laboratories.

2.3.2 Experimental procedures and compound characterization

\
0
/
N

NaHMDS,

Mel, THF

2-141 2-145

tert-Butyl (S)-(3-(1-(tert-butyldimethylsilyl)-1H-indol-3-yl)-1-(methoxy(methyl)amino)-1-

oxopropan-2-yl)(methyl)carbamate (2-145):

To a solution of indole 2-141 (3.70 g, 8.02 mmol, 1.0 equiv) in THF (25 mL) at —78 °C was added
a solution of NaHMDS (2.79 g, 15.2 mmol, 1.9 equiv) in THF (20 mL) dropwise. The solution was
stirred at this temperature for 1 h and then Mel (1.4 mL, 22.8 mmol, 3.0 equiv) was added. The
solution was allowed to warm to rt overnight and the next day TLC indicated the incomplete
conversion. The solution was cooled back to —78 °C and a solution of NaHMDS (1.78 g, 9.70
mmol, 1.2 equiv) in THF (15 mL) was added. After stirring for 1 h at this temperature, Mel (1.4
mL) was added. The solution was stirred for 1 h at —78 °C and it was then warmed to rt and stirred
for an additional 1 hr. The reaction was quenched with saturated NH4Cl solution, and was
extracted with Et,O. The organic phase was washed with H,O then brine, dried with MgSOQOa,
filtered, and concentrated in vacuo to obtain tertiary amine 2-145 as a 1.25:1 mixture of rotamers,

and was taken onto the next step without further purification (3.65 g).
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IH NMR (500 MHz, CDCls) & 7.59 (d, J = 7.0, 1H), 7.46 (d, J = 7.5 Hz, 1H), 7.17 — 7.08 (m, 2H),
6.95 (s, 1 H), 3.54 (s, 3H), 3.34 — 3.20 (m, 1H), 3.19 — 3.04 (m, 4H), 2.90 (s, 3H), 2.53 — 2.36 (m,

1H), 1.10 (s, 9H), 0.90 (s, 9H), 0.56 (s, 6H), 0.14 (s, 6H).

13C NMR (126 MHz, CDClIs, one rotamer is reported, Weinreb amide carbonyl peak is missing) d
155.2, 141.6, 131.0, 130.0, 121.5, 119.5, 118.6, 114.1, 113.4, 79.7, 61.5, 54.9, 53.4, 32.2, 28.1,

26.3, 25.0, 19.5, -3.8.

tert-Butyl (S)-(3-(1H-indol-3-yD)-1-(methoxy(methyl)amino)-1-oxopropan-2-yl)(methyl)

carbamate (2-S1):

To a solution of indole 2-145 (3.00 g, 6.31 mmol, 1.0 equiv) in THF (12.6 mL) at rt was added a
solution of TBAF (1.0 M in THF; 6.3 mL, 1.0 equiv). The solution was stirred for 20 min at rt and
was then diluted with Et,O. The solution was washed with H,O (2 X) then brine. The organic
phase was dried with MgSOQ., filtered, and concentrated in vacuo. The resulting residue was

purified via flash chromatography (50% EtOAc in hex) to obtain indole 2-S1 (1.44 g, 63%).

IH NMR (500 MHz, CDCls) & 8.34 (s, 1H), 7.63 (d, J = 7.7 Hz, 1H), 7.34 (t, J = 10.8 Hz, 1H), 7.17
(t, J = 7.2 Hz, 1H), 7.11 (t, J = 7.4 Hz, 1H), 6.98 (s, 1H), 3.61 (s, 3H), 3.36 — 3.22 (m, 1H), 3.20

(s, 2H), 3.17 — 3.06 (m, 1H), 2.92 (s, 3H), 1.09 (s, 9H).

13C NMR (126 MHz, CDCls, one rotamer is reported, Weinreb amide carbonyl peak is missing) d
155.4, 136.4, 127.6, 123.1, 121.9, 119.3, 118.8, 118.5, 111.3, 79.8, 61.4, 55.3, 53.7, 32.3, 27.9,

24.8.
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HRMS (ESI-TOF) m/z calculated for C19H27N3O4Na* (M+Na)* 384.1899, found 384.1881.

2-146 OTBS

—_—
n-BuLi, THF

2-147

tert-Butyl (S)-(6-((tert-butyldimethylsilyl)oxy)-1-(1H-indol-3-yl)-3-oxohex-4-yn-2-yl)(methyl)

carbamate (2-147):

To a solution of alkyne 2-146 (1.13 g, 6.64 mmol, 2.0 equiv) in THF (6.6 mL) at —78 °C was added
n-BuLi. The solution was stirred at —78 °C for 20 min and then it was warmed to O °C and stirred
for an additional 20 min. The solution was cooled back to —78 °C and a solution of indole 2-S1
(2.20 g, 3.32 mmol, 1.0 equiv) in THF (10 mL) was added. The reaction was stirred for 1.5 h at —
78 °C and then it was warmed to 0 °C and stirred for 20 min, after which it was quenched with
saturated NH4CI solution. The slurry was extracted with Et,O, and the combined organic phase
was washed with H,O, then brine, dried with MgSOQ., filtered, and concentrated in vacuo. The
resulting residue was purified via flash chromatography (0 > 100% EtOAc in hex) to obtain ynone

2-147 as a mixture of rotamers (970 mg, 62%).

IH NMR (600 MHz, DMSO-ds) & 10.85 (s, 1H), 7.55 (d, J = 7.8 Hz, 1H), 7.36 — 7.31 (m, 1H), 7.12
—7.03 (m, 2H), 7.01 — 6.93 (m, 1H), 4.66 (dd, J = 10.1, 3.7 Hz, 1H), 4.56 (s, 2H), 3.36 — 3.28 (m,

1H), 3.07 (dd, J = 14.7, 10.7 Hz, 1H), 2.58 (s, 3H), 1.18 (s, 9H), 0.86 (s, 9H), 0.09 (s, 6H).

13C NMR (151 MHz, DMSO, one rotamer is reported) & 185.4, 154.0, 136.2, 127.0, 123.7, 120.9,

118.3, 118.1, 111.4, 109.6, 91.8, 82.6, 79.4, 67.6, 51.0, 33.2, 27.6, 25.6, 23.4, 17.8, -5.4.

HRMS (ESI-TOF) m/z calculated for C2sH3sN204SiNa* (M+Na)* 493.2498, found 493.2479.
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\N/BOC
OTBS  AuP(C4F5)s]CI o
—»
AgOTf, CH,Cl, 1\

2147 2-148

tert-Butyl  ((4S,E)-2-(2-((tert-butyldimethylsilyl)oxy)ethylidene)-3-oxospiro[cyclopentane-

1,3'-indol]-4-yl)(methyl)carbamate (2-149):

A solution of ynone 2-147 (15 mg, 0.0319 mmol, 1.0 equiv) and Au[P(CeFs):]Cl (2 mg, 0.0032
mmol, 0.1 equiv) in CH2Cl, (0.32 mL) was stirred at rt for 24 h, no reaction was observed by TLC.
To the solution was added AgOTf (2 mg, 0.0078 mmol, 0.2 equiv) and it was stirred for an
additional 5.5 h. The solution was concentrated in vacuo and the resulting residue was purified
via flash chromatography (0 > 65% EtOAc in hex) to presumably obtain spirocycle 2-148. Due
to the small amount of material and rotamers in the spectra, only diagnostic NMR peaks were

evaluated.
Diagnostic *H NMR for spirocycloe 2-148:

IH NMR (600 MHz, CDCls) & 6.80 (dd, J = 9.7, 5.3 Hz, 1H), 4.88 (dd, J = 12.5, 9.3 Hz, 1H), 4.36

(dd, J = 12.5, 9.3 Hz, 1H).

1. n-BuLi, KOt-Bu OH
then i-PrOBpin, THF

= XN ————» A
/\r\ 2. PhH N
> e S
NO 2-156

(E)-4-Methyl-1-(2-nitrophenyl)-4-vinylhexa-1,5-dien-3-ol (2-156):

To a slurry of KOt-Bu (1.12 g, 10.0 mmol, 1.0 equiv) and n-BuLi solution (2.2 M in hex; 4.8 mL,
10.5 mmol, 1.05 equiv) at 0 °C was added 3-methylpenta-1,4-diene (1.22 mL, 10.0 mmol, 1.0

equiv). The suspension was stirred for 20 min at 0 °C and it was then concentrated in vacuo. The
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resulting residue was dissolved in THF (50 mL) and the solution was cooled to —78 °C. To the
cooled solution was added i-PrOBpin (2.0 mL, 10.0 mmol, 1.0 equiv). The solution was stirred at
—78 °C for 1 h and it was then quenched with saturated NH.Cl solution. The slurry was extracted
with Et,0 (3 X). The combined organic phase was washed with brine, dried with MgSQ, filtered,
and concentrated in vacuo. The resulting residue was taken onto the next step without further

purification.

The resulting residue (852 mg) was dissolved in benzene (24 mL) and (E)-3-(2-
nitrophenyl)acrylaldehyde (1.0 g, 4.81 mmol, 1.0 equiv) was added. The solution was stirred for
41 h and then it was then concentrated in vacuo. The resulting residue was purified via flash

chromatography (10% EtOAc in hex) to obtain alcohol 2-156 (322 mg, 26%).

IH NMR (500 MHz, CDCls) & 7.92 (d, J = 8.2 Hz, 1H), 7.57 — 7.53 (m, 2H), 7.43 — 7.35 (m, 1H),
7.06 (d, J = 15.7 Hz, 1H), 6.18 (dd, J = 15.7, 6.3 Hz, 1H), 6.03 (dd, J = 17.6, 10.8 Hz, 1H), 5.96
(dd, J = 17.5, 10.8 Hz, 1H), 5.24 (t, J = 11.2 Hz, 2H), 5.16 (dd, J = 17.6, 3.1 Hz, 2H), 4.16 (d, J =

5.7 Hz, 1H), 1.19 (s, 3H).

13C NMR (126 MHz, CDCls) & 148.0, 142.0, 141.5, 134.0, 133.2, 132.9, 129.1, 128.2, 127.7,

124.6, 115.7, 115.5, 77.7, 49.0, 19.1.

HRMS (ESI-TOF) m/z calculated for C15sH17NOsNa*™ (M+Na)* 282.1106, found 282.1100.
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(E)-4-Methyl-1-(2-nitrophenyl)-4-vinylhexa-1,5-dien-3-one (2-157):

To a solution of alcohol 2-156 (270 mg, 1.0 mmol, 1.0 equiv) in CH2CI; (5.2 mL) was added PCC
(561 mg, 2.60 mmol, 2.5 equiv). The solution was stirred for 4 h at rt after which it was filtered
through celite. The cake was washed with additional CH.Cl, and the filtrate was concentrated in
vacuo. The resulting residue was purified via flash chromatography (15% EtOAc in hex) to obtain

enone 2-157 (125 mg, 57%).

IH NMR (500 MHz, CDCls) & 8.06 — 7.97 (m, 2H), 7.67 — 7.57 (m, 2H), 7.56 — 7.48 (m, 1H), 6.89
(d, J = 15.6 Hz, 1H), 6.09 (dd, J = 17.6, 10.7 Hz, 2H), 5.29 (d, J = 10.7 Hz, 2H), 5.21 (d, J = 17.6

Hz, 2H), 1.39 (s, 3H).

13C NMR (126 MHz, CDCls) 5 197.9, 148.8, 139.6, 137.9, 133.5, 131.2, 130.3, 129.2, 127.3,

125.0, 116.6, 56.9, 21.2.

HRMS (ESI-TOF) m/z calculated for C1sH1sNOsNa* (M+Na)* 280.0950, found 280.0948.

OH

o HNMe,
—_—
Y

\

2-81
2-(Dimethylamino)cyclopentan-1-ol (2-S2):

A solution of cyclopentene oxide (1.0 mL, 11.5 mmol, 1.0 equiv) and 40% aqueous dimethylamine
(3.8 mL) was stirred for 16 h at rt. The solution was diluted with H>O and extracted with Et,O (3

X). The combined organic phase was washed with brine, dried with MgSOs, filtered, and
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concentrated in vacuo to obtain amino alcohol 2-S2 as a clear oil (862 mg, 58%). The spectral

data is in accordance with the reported literature.'°

IH NMR (500 MHz, CDCls) & 3.90 (dd, J = 12.4, 5.5 Hz, 1H), 2.33 (td, J = 8.2, 5.8 Hz, 1H), 2.12
(s, 6H), 1.80 — 1.72 (m, 1H), 1.68 (ddd, J = 11.9, 7.5, 3.9 Hz, 1H), 1.53 (ddd, J = 15.9, 10.0, 6.1

Hz, 1H), 1.48 — 1.38 (m, 2H), 1.31 (ddd, J = 16.8, 12.5, 8.6 Hz, 1H).

13C NMR (126 MHz, CDCl3) 6 74.9, 74.7, 43.2, 34.4, 27.0, 21.5.

OH

o
(Cocl),, DMSO,

|:§ -N/ NEt;, CH,CI N/

\ 31 2v12 \

2-82 2-162
2-(Dimethylamino)cyclopentan-1-one (2-162):

To a solution of oxalyl chloride (0.37 mL, 4.26 mmol, 1.1 equiv) in CH.Cl; (10.5 mL) at —78 °C
was added DMSO (0.33 mL, 4.64 mmol, 1.2 equiv). The solution was stirred at this temperature
for 10 min and then a solution of alcohol 2-S2 (500 mg, 3.87 mmol, 1.0 equiv) in CH2Cl> (5 mL)
was added. The solution was stirred for 15 min, then NEt; (2.7 mL, 19.4 mmol, 5.0 equiv) was
added. The solution was warmed to rt and then was washed with H,O and brine. The organic
phase was dried with Na,SOy, filtered, and concentrated in vacuo to obtain ketone 2-162 (337

mg, 68%).

IH NMR (500 MHz, CDCls) & 2.96 (dd, J = 11.4, 7.8 Hz, 1H), 2.29 (s, 6H), 2.28 — 2.22 (m, 1H),

2.10 — 2.04 (m, 1H), 2.02 — 1.94 (m, 2H), 1.78 (dd, J = 11.7, 5.8 Hz, 1H), 1.70 — 1.62 (m, 1H).

13C NMR (126 MHz, CDCls) 6 217.2, 71.7, 45.9, 42.4, 37.2, 23.5, 18.2, 10.5.
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Br Br

Br  KeCO;
_
THF, MeOH

2-163
(1-Bromovinyl)benzene (2-163):

To a solution of (1,2-dibromoethyl)benzene (1.00 g, 3.79 mmol, 1.0 equiv) in THF (7.5 mL) and
MeOH (7.5 mL) was added K,COs (1.05 g, 7.58 mmol, 2.0 equiv). The solution was stirred
overnight at rt and then it was concentrated in vacuo. The resulting residue was diluted with H.O
and extracted with Et,O (3 X). The combined organic phase was washed with brine, dried with
MgSOQy, filtered, and concentrated in vacuo to obtain vinyl bromide 2-163 as a yellow oil (662 mg,

95%). The spectral data is in accordance with the reported literature.'*!

IH NMR (500 MHz, CDCls) & 7.68 — 7.57 (m, 2H), 7.43 — 7.29 (m, 3H), 6.14 (d, J = 1.9 Hz, 1H),

5.81 (d, J = 1.9 Hz, 1H).

13C NMR (126 MHz, CDCl3) & 138.7, 131.1, 129.2, 128.4, 127.4, 117.8.

Br
7 n-Buli OH
+ / —_— /
—N Et,0 N
\ \

2-(Dimethylamino)-1-(1-phenylvinyl)cyclopentan-1-ol (2-164):

To a solution of vinyl bromide 2-163 (216 mg, 1.18 mmol, 1.5 equiv) in Et,O (1.8 mL) at —78 °C
was added n-BuLi (2.5 M in hex; 1.1 mL, 2.75 mmol, 3.5 equiv). The solution was stirred at —78
°C for 1 h and it was then warmed to O °C and stirred for an additional hr. The solution was cooled
back to —78 °C and ketone 2-162 (100 mg, 0.786, 1.0 equiv) in Et,O (1.2 mL) was added. The
reaction was stirred for 1.25 h at this temperature and it was quenched with saturated NH.Cl

solution. The slurry was extracted with Et,O (2 X) and the combined organic phase was washed
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with brine, dried with MgSOQ., filtered, and concentrated in vacuo. The resulting residue was
purified via flash chromatography (0 - 20% EtOAc in hex, 1% NEts) on a neutralized silica gel

column to obtain amino alcohol 2-164 (35 mg, 19%).

IH NMR (600 MHz, CDCls) & 7.33 — 7.27 (m, 4H), 7.27 — 7.22 (m, 1H), 5.63 (d, J = 1.9 Hz, 1H),
5.06 (d, J = 1.9 Hz, 1H), 2.78 (dd, J = 10.0, 6.8 Hz, 1H), 2.26 (s, 6H), 2.24 — 2.18 (m, 1H), 1.99

(dt, J = 14.2, 8.5 Hz, 1H), 1.82 — 1.75 (m, 2H), 1.73 — 1.68 (m, 1H), 1.45 — 1.37 (m, 1H).

13C NMR (151 MHz, CDCls) d 157.0, 141.7, 128.8, 127.9, 127.0, 113.5, 80.0, 72.1, 44.7, 42.3,

30.2, 22.2.

@0 PhsPCHyBr (:(\
—»
NO,  KOtBu, THF NO,

2-S3
1-Nitro-2-vinylbenzene (2-S3):

To a solution of PhsPCH3Br (911 mg, 2.55 mmol, 1.7 equiv) in THF (3.0 mL) at 0 °C was added
KOt-Bu (286 mg, 2.55 mmol, 1.7 equiv) in two portions. The slurry became clear yellow upon
addition. The solution was warmed to rt and stirred for 30 min, after which it was cooled back to
0 °C. To the cooled solution 2-nitrobenzaldehyde (227 mg, 1.50 mmol, 1.0 equiv) was added and
the reaction was allowed to warm to rt. The solution was stirred for 22 h and then it was
concentrated in vacuo and the resulting residue was purified via flash chromatography (0 > 10%
EtOAc in hex) to obtain alkene 2-S3 (80 mg, 36%). The spectral data is in accordance with the

reported literature.*?

IH NMR (500 MHz, CDCls) 8 7.92 (d, J = 8.2 Hz, 1H), 7.62 (d, J = 7.8 Hz, 1H), 7.57 (t, J = 7.6 Hz,
1H), 7.44 — 7.37 (m, 1H), 7.17 (dd, J = 17.3, 11.0 Hz, 1H), 5.74 (d, J = 17.3 Hz, 1H), 5.48 (d, J =

11.0 Hz, 1H).
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13C NMR (126 MHz, CDCls) & 133.5, 133.2, 132.6, 128.6, 128.5, 124.5, 119.0, 119.0.

Br

(;(\ Bry, CH,Cl, Br
—»
NO,
NO,

2-S3 2-S4
1-(1,2-Dibromoethyl)-2-nitrobenzene (2-S4):

To a solution of alkene 2-S3 (80 mg, 0.537 mmol, 1.0 equiv) in CH2Cl; (2.7 mL) at 0 °C was added
Br2 (0.03 mL, 0.591 mmol, 1.1 equiv). The solution was stirred for 10 min and then it was washed
with Na»S,03 solution, then brine. The organic phase was dried with Na,SO., filtered, and
concentrated in vacuo to obtain dibromide 2-S4, which was taken onto the next step without

further purification.

'H NMR (500 MHz, CDCls) 8 7.92 (d, J = 8.2 Hz, 1H), 7.78 — 7.73 (m, 1H), 7.69 (t, J = 7.6 Hz,

1H), 7.51 (t, J = 8.2 Hz, 1H), 5.96 (dd, J = 10.1, 5.7 Hz, 1H), 4.12 — 3.97 (m, 2H).

Br Br

Br K,CO3,
—»
THF, MeOH
NO, NO,
2-54 2-85

1-(1-Bromovinyl)-2-nitrobenzene (2-S5):

To a solution of dibromide 2-S4 (166 mg, 0.537 mmol, 1.0 equiv) in THF (1.0 mL) and MeOH (1.0
mL) was added K>COs (148 mg, 1.07 mmol, 2.0 equiv). The solution was stirred overnight at rt
and then it was concentrated in vacuo. The resulting residue was diluted with H,O and extracted

with Et,O (3 X). The combined organic phase was washed with brine, dried with MgSOy, filtered,
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and concentrated in vacuo to obtain vinyl bromide 2-S5 as a yellow oil (100 mg, 82% over 2

steps).

IH NMR (500 MHz, CDCls) & 7.91 (d, J = 8.1 Hz, 1H), 7.59 (td, J = 7.7, 1.0 Hz, 1H), 7.52 — 7.43

(m, 2H), 5.87 (dd, J = 4.3, 2.1 Hz, 2H).

o OH
+ SN ph —> /
H N
\—en
2-56

2-(Benzyl(methyl)amino)cyclopentan-1-ol (2-S6):

A neat solution of cyclopentene oxide (0.25 mL, 2.87 mmol, 1.0 equiv) and methylbenzylamine
(0.41 mL, 3.16 mmol, 1.1 equiv) was stirred at rt for 18 h. Subsequently it was heated to 100 °C
for 17.5 h. NMR analysis of the reaction mixture showed only starting material so additional
methylbenzylamine (0.60 mL, 4.66 mmol, 1.6 equiv) was added. The solution was heated to 120
°C for 26 h. NMR analysis indicated a mixture of starting material and desired product, so the
reaction was heated to 170 °C for 21 h. The solution was cooled to rt and purified via flash
chromatography (100% EtOAc) to obtain amino alcohol 2-S6 (391 mg, 66%). The spectral data

is in accordance with the reported literature.'*?

IH NMR (500 MHz, CDCls) & 7.36 — 7.28 (m, 4H), 7.23 (t, J = 6.9 Hz, 1H), 4.18 — 4.09 (m, 1H),
3.5 (s, 2H), 2.82 — 2.70 (m, 2H), 2.18 (s, 3H), 1.92 (dt, J = 14.4, 7.2 Hz, 1H), 1.83 (ddd, J = 11.9,

7.7, 4.1 Hz, 1H), 1.75 - 1.67 (m, 1H), 1.67 — 1.60 (m, 1H), 1.60 — 1.51 (m, 2H).

13C NMR (126 MHz, CDCls) & 139.4, 129.1, 128.3, 127.0, 74.8, 73.5, 60.0, 38.7, 33.4, 25.1, 21.1.

124



OH o
SO3-pyr, DMSO,
||N/ N/
" NEt;, CH,Cl,
“—Ph “—Ph

2-S6 2-87
2-(Benzyl(methyl)amino)cyclopentan-1-one (2-S7):

To a solution of amino alcohol 2-S6 (50 mg, 0.244 mmol, 1.0 equiv) in CH2Cl> (1.6 mL) at 0 °C
was added DMSO (0.83 mL, 11.7 mmol, 48.0 equiv), NEt; (0.20 mL, 1.46 mmol, 6.0 equiv), and
SOs-pyridine (97 mg, 0.610 mmol, 2.5 equiv). The solution was allowed to warm to rt overnight
and then it was quenched with saturated NH4Cl solution. The slurry was extracted with CH,Cl; (3
X). The combined organic phase was washed with brine, dried with Na,SO,, filtered, and
concentrated in vacuo. The resulting residue was purified via flash chromatography (20 - 60%

EtOAc in hex) to obtain ketone 2-S7 (22 mg, 44%).

IH NMR (500 MHz, CDCls) & 7.35 (d, J = 7.5 Hz, 2H), 7.29 (t, J = 7.5 Hz, 2H), 7.22 (t, J = 7.2 Hz,
1H), 3.68 (dd, J = 38.8, 13.1 Hz, 2H), 3.16 (dd, J = 11.8, 8.1 Hz, 1H), 2.34 — 2.22 (m, 4H), 2.16 —

2.05 (m, 2H), 2.01 — 1.92 (m, 1H), 1.86 (ddd, J = 23.6, 11.9, 6.2 Hz, 1H), 1.72 — 1.59 (m, 1H).

? NBS, TsOH
—_—
> CH,Cl, >—Br
2-Bromocyclopentan-1-one (2-S8):

A microwave vial containing cyclopentanone (0.50 mL, 5.65 mmol, 1.0 equiv), NBS (1.21 g, 6.78
mmol, 1.2 equiv), and TsOH (97 mg, 0.565 mmol, 0.1 equiv) in CH2Cl, (5.6 mL) was heated to 55
°C for 13 h. After cooling toch rt the reaction solution was washed with H,O. The aqueous phase
was extracted with CH.Cl, (2 X). The combined organic phase was washed with saturated

NaHCOs solution, then brine, dried with Na>SOu, filtered, and concentrated in vacuo. The resulting
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residue was purified via flash chromatography (0 > 20% EtOAc in hex) to obtain bromide 2-S8

(485 mg, 53%). The spectral data is in accordance with the reported literature.4

IH NMR (500 MHz, CDCl3) & 4.17 — 4.11 (m, 1H), 2.34 — 2.19 (m, 2H), 2.17 — 2.02 (m, 3H), 1.98

—1.87 (m, 1H).

13C NMR (126 MHz, CDCls) 6 211.0, 48.3, 34.8, 33.7, 20.0.

o) [o]
MeNHBn
—_— N/
Br THF
\_pn
2-S8

2-87
2-(Benzyl(methyl)amino)cyclopentan-1-one (2-S6):

A solution of bromide 2-S8 (480 mg, 2.94 mmol, 1.0 equiv) and methylbenzylamine (1.1 mL, 8.83
mmol, 3.0 equiv) in THF (6.0 mL) was stirred at rt for 1.25 h. The solution was diluted with H>O
and extracted with CH2Cl; (2 X). The combined organic phase was washed with brine, dried with
Na»SOs, filtered, and concentrated in vacuo. The resulting residue was purified via flash
chromatography (0 = 25% EtOAc in hex) to obtain amine 2-S7 (103 mg, 17%). The spectral data

matches the data reported vide supre.

o

/ /\MgBr §=_: OH
N —_— /
\—ph "N

CeCly, THF \_pn

2-S6 2-166
2-(Benzyl(methyl)amino)-1-vinylcyclopentan-1-ol (2-166):

A slurry of CeClsz (30 mg, 1.0 equiv) in THF (0.25 mL) was stirred at rt overnight. The slurry was

cooled to —78 °C and vinyl Grignard (0.7 M in THF; 0.53 mL, 0.369 mmol, 3.0 equiv) was added
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and the reaction was stirred at this temperature for 1.5 h. To the solution ketone 2-S7 (25 mg,
0.123 mmol, 1.0 equiv) in THF (0.5 mL) was added and it was stirred at —78 °C for 18.5 h. The
reaction was quenched with NH4Cl solution. The slurry as extracted with Et.O and the organic
phase was washed with brine, dried with Na,SQO., filtered, and concentrated in vacuo to obtain

alcohol 2-166 (18 mg, 64%).

IH NMR (500 MHz, CDCl3) & 7.34 — 7.27 (m, 5H), 7.25 — 7.22 (m, 1H), 5.97 (dd, J = 17.1, 10.6
Hz, 1H), 5.45 (d, J = 17.1 Hz, 1H), 4.99 (d, J = 10.6 Hz, 1H), 3.82 (d, J = 13.2 Hz, 1H), 3.42 (d, J
= 13.1 Hz, 1H), 2.77 — 2.65 (m, 1H), 2.16 (s, 3H), 2.01 — 1.91 (m, 1H), 1.91 — 1.79 (m, 4H), 1.60

—1.53 (m, 1H).

13C NMR (126 MHz, CDCls) d 146.4, 142.5, 127.0, 128.5, 127.2, 111.2, 73.5, 61.1, 40.6, 40.0,

29.9, 21.0.

1. K,CO3, DMSO

2. o
1 /\/B'
—
* D K,CO3, acetone NO,
O,N 3. toluene —
o

24% (3 steps) o]

2-169
2-Allyl-2-(2-nitrophenyl)cyclohexane-1,3-dione (2-169):

A solution of 1,3-cyclohexanedione (900 mg, 8.03 mmol, 2.0 equiv), 1-iodo-2-nitrobenzene (1.00
g, 4.02 mmol, 1.0 equiv), and K>-CO3 (1.39 g, 2.5 equiv) in DMSO (12.5 mL) was heated to 90 °C
and was stirred at this temperature for 4 h. After cooling to rt, the solution was diluted with H,O
and acidified with concentrated HCI. The solution was extracted with Et,O (3 X) and the combined
organic phase was dried with Na SO, filtered, and concentrated in vacuo. A small aliquot was
reserved for characterization (The spectral data is in accordance with the reported literature®7).
The resulting residue was dissolved in acetone (20 mL) and allyl bromide (0.38 mL, 4.42 mmol,

1.1 equiv) and K>COs (1.11 g, 8.04 mmol, 2.0 equiv) was added. The solution was refluxed for 3
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h, and then the solution was concentrated in vacuo. The resulting residue was partitioned between
CH.CI, and H>O. The organic phase was extracted, washed with brine, dried with Na,SOa, filtered,
and concentrated in vacuo. A small aliquot was reserved for characterization (The spectral data
is in accordance with the reported literature®’). The resulting residue was dissolved in toluene
(5.0 mL) and heated to 185 °C. The reaction was stirred at this temperature for 12 h and then it
was concentrated in vacuo. The resulting residue was purified via flash chromatography to obtain
diketone 2-169 as a brown solid (264 mg, 24% over 3 steps). The spectral data is in accordance

with the reported literature. %
. O 6-Hydroxy-2'-nitro-4,5-dihydro-[1,1'-biphenyl]-2(3H)-one (2-S9):

NO,
‘ o 'H NMR (600 MHz, CDCl3) & 7.99 — 7.85 (m, 1H), 7.59 —7.48 (m, 1H), 7.44 — 7.32
s (m, 1H), 7.25 =7.15 (m, 1H), 4.22 — 4.01 (m, 1H), 2.15 — 1.90 (m, 4H), 1.38 — 1.16

(m, 2H).
o O 6-(Allyloxy)-2'-nitro-4,5-dihydro-[1,1'-biphenyl]-2(3H)-one (2-S10):

NO,
‘ o~ HNMR (600 MHz, CDCl3) 8 7.91 (d, J = 8.2 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.36
s (t, J = 7.8 Hz, 1H), 7.24 (d, J = 7.7 Hz, 1H), 5.74 (ddd, J = 16.0, 10.2, 4.9 Hz, 1H),
5.17 — 5.08 (M, 2H), 4.49 — 4.41 (m, 2H), 2.67 (t, J = 6.2 Hz, 2H), 2.46 — 2.41 (m, 2H), 2.14 — 2.06

(m, 1H), 2.06 — 1.98 (m, 1H).
2-Allyl-2-(2-nitrophenyl)cyclohexane-1,3-dione (2-169):

IH NMR (600 MHz, CDCls) 5 8.12 (d, J = 8.1 Hz, 1H), 7.69 (t, J = 7.7 Hz, 1H), 7.58 (d, J = 7.9 Hz,
1H), 7.50 (t, J = 7.7 Hz, 1H), 5.59 (ddt, J = 16.8, 10.2, 6.6 Hz, 1H), 5.26 (d, J = 17.0 Hz, 1H), 5.16
(d, J = 10.2 Hz, 1H), 3.07 (d, J = 6.6 Hz, 2H), 2.88 — 2.75 (m, 4H), 2.44 — 2.32 (m, 1H), 2.22 —

2.14 (m, 1H).
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13C NMR (151 MHz, CDCls) 8 205.3, 147.8, 133.8, 132.4, 131.4, 130.9, 128.7, 126.1, 120.0, 38.0,

36.9, 17.1.

o (o]
O3, CH,Cly,
NO, ———» NO,
— then DMS —0
0 [o}

2-169 2-s11

2-(1-(2-Nitrophenyl)-2,6-dioxocyclohexyl)acetaldehyde (2-S11):

A solution of alkene 2-169 (200 mg, 0.732 mmol, 1.0 equiv) in CH2Cl; (2.5 mL) at —=78 °C was
treated with O3 until the solution turned blue in color. The flask was purged with O2 until the blue
color dissipated, and then DMS (0.54 mL, 7.32 mmol, 10.0 equiv) was added. The solution was
allowed to slowly warm to rt overnight. The solution was diluted with brine, and extracted with
CHCI, (4 X). The combined organic phase was washed with brine, dried with Na>SO, filtered,
and concentrated in vacuo to obtain aldehyde 2-S11 (200 mg, 98%). The spectral data is in

accordance with the reported literature.'®

IH NMR (500 MHz, CDCls) 8 9.48 (t, J = 1.8 Hz, 1H), 8.04 (d, J = 8.1 Hz, 1H), 7.67 (t, J = 7.7 Hz,
1H), 7.53 (t, J = 7.8 Hz, 1H), 7.36 (d, J = 7.9 Hz, 1H), 3.20 (d, J = 2.1 Hz, 2H), 2.89 — 2.78 (m,

4H), 2.35 — 2.25 (m, 1H), 2.17 — 2.09 (m, 1H).

13C NMR (126 MHz, CDCls) d 204.24, 197.64, 147.86, 133.98, 130.88, 129.45, 126.29, 77.41,

77.16, 76.91, 45.48, 37.14, 17.25.
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o] MeNH,HClI, o
NaBH;(CN) NO, NO,
NO, —————— >
MeOH, CH,Cl, +

o
HO\

2811 1:2
2170 2171

1-Methyl-3a-(2-nitrophenyl)octahydro-4H-indol-4-one (2-170 and 2-171):

To a solution of aldehyde 2-S11 (402 mg, 1.46 mmol, 1.0 equiv) in MeOH (5.0 mL) and CH.Cl;
(1.0 mL) was added dimethylamine-HCI salt (394 mg, 5.84 mmaol, 4.0 equiv) and NaB(CN)Hs (229
mg, 3.65 mmol, 2.5 equiv). The solution was stirred at rt for 29 h and then it was concentrated in
vacuo. The resulting residue was diluted CH,Cl, and was washed with saturated NaHCO3 solution
(2 X). The combined aqueous phase was extracted with CH.Cl, (4 X). The combined organic
phase was washed with brine, dried with Na>SO, filtered, and concentrated in vacuo to obtain a
mixture of bicycle 2-170 and 2-171 (1:2 of 2-170:2-171; 59 mg, 15%). The resulting residue was
purified via flash chromatography (0 > 10% MeOH in CHCl,) to separate the diastereomers. The
trans isomer (2-171) is reported below; the cis isomer was isolated with many impurities, but the

spectral data is in accordance with the reported literature.%’

IH NMR (600 MHz, CDCl3) 8 8.77 (d, J = 8.1 Hz, 1H), 7.55 (t, J = 7.3 Hz, 1H), 7.50 (d, J = 7.9 Hz,
1H), 7.37 (t, J = 7.6 Hz, 1H), 3.20 (dd, J = 16.7, 8.5 Hz, 1H), 2.83 (ddd, J = 13.6, 10.9, 6.9 Hz,
1H), 2.35 (s, 3H), 2.34 — 2.28 (M, 2H), 2.28 — 2.21 (m, 2H), 2.03 — 1.97 (m, 1H), 1.96 — 1.87 (m,

3H), 1.54 (ddd, J = 18.9, 10.7, 5.4 Hz, 1H).

13C NMR (151 MHz, CDCls) & 207.2, 150.7, 133.6, 132.8, 131.4, 127.8, 124.1, 78.7, 63.6, 53.6,

41.2, 38.9, 30.5, 26.1, 23.2.

130



L-selectride

NO,
—0o THF NO, o

o
2-s11 2-812

7-(2-Nitrophenyl)oxonane-2,6-dione (2-S12):

To a solution of aldehyde 2-S11 (50 mg, 0.183 mmol, 1.0 equiv) in THF (1.8 mL) at —78 °C was
added L-selectride (1.0 M in THF; 0.18 mL, 0.183 mmol, 1.0 equiv) dropwise. The solution was
stirred at —78 °C for 20 min and then it was quenched with H,O and warmed to rt. The solution
was extracted with Et,O (3 X) and the combined organic phase was washed with brine, dried with
NaS0O., filtered, and concentrated in vacuo to obtain lactone 2-S12. The spectral data is in

accordance with the reported literature.®

IH NMR (500 MHz, CDCl3) 8 7.78 (d, J = 8.1 Hz, 1H), 7.71 (d, J = 7.9 Hz, 1H), 7.59 (t, J = 7.7 Hz,
1H), 7.38 (t, J = 7.8 Hz, 1H), 4.47 (ddd, J = 11.1, 6.4, 1.4 Hz, 1H), 4.37 (dd, J = 11.2, 1.8 Hz, 1H),
4.19 (td, J = 11.5, 5.0 Hz, 1H), 3.01 — 2.95 (m, 1H), 2.93 — 2.85 (m, 1H), 2.55 (ddd, J = 14.6, 8.0,

1.6 Hz, 1H), 2.48 — 2.41 (m, 1H), 2.41 — 2.35 (m, 1H), 2.33 — 2.25 (m, 1H), 1.97 — 1.92 (m, 1H).

13C NMR (126 MHz, CDCl5) 8 211.1, 172.2, 149.3, 133.4, 133.2, 130.3, 127.9, 124.0, 61.8, 50.49,

42.5, 36.1, 33.7, 22 4.

1. m-CPBA,
CH,Cl,, K,CO.
NO, + 2L12, Kol Qg

NO, NO,

—
2. TFAA, CH,Cl,,
then NaBH,
2-ethylhexanoic acid

=N
HO\ HO\

2-170 2171 2-171
1-Methyl-3a-(2-nitrophenyl)octahydro-4H-indol-4-one (2-171):

To solution of bicycles 2-170 and 2-171 (59 mg, 0.215 mmol, 1.0 equiv) in CH>Cl, (2.5 mL) at —
10 °C was added a solution of m-CPBA (56 mg, 0.323 mmol, 1.5 equiv) in CH2Cl> (1.5 mL). The
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solution was stirred for 2 h at —10 °C after which a scoop of K,CO3; was added. The solution was
allowed to warm to rt and the slurry was filtered through celite. The cake was washed with
additional CH2Cl, and the filtrate was concentrated in vacuo. The resulting residue was dissolved
in CH.Cl; (2.2 mL) and was cooled to 0 °C. To this cooled solution was added TFAA (0.06 mL,
0.430 mmol, 2.0 equiv) and it was stirred at this temperature for 1 h and then it was warmed to rt
and stirred at rt for 15 min. The solution was basified to pH 5 with 10 M NaOH and then a solution
of NaBH. (28 mg, 0.753 mmol, 3.5 equiv) and 2-ethylhexanoic acid (0.42 mL, 2.64 mmol, 12.3
equiv) in CH2Cl; (2.0 mL) that had been stirred at rt overnight was added. The reaction was stirred
at rt overnight and then it was washed with NaHCO3 solution. The organic phase was washed
with brine, dried with Na,SO., filtered, and concentrated in vacuo to obtain exclusively the

undesired trans isomer 2-170. The spectral data matches the data reported vide supre.

[e] [e]

I, K»CO3, DMAP .
—»
THF, H,0

2-813
2-lodocyclohex-2-en-1-one (2-S13):

To a solution of cyclohexenone (0.30 mL, 3.12 mmol, 1.0 equiv) in THF (3.0 mL) and H»O (3.0
mL) was added I, (1.19 g, 4.68 mmol, 1.5 equiv), K.CO3 (517 mg, 3.74 mmol, 1.2 equiv), and
DMAP (76 mg, 0.624 mmol, 0.2 equiv). The solution was stirred for 1 h at rt and then it was diluted
with H,O and extracted with EtOAc (2 X). The combined organic phase was washed with
saturated Na»S»O3 solution and brine, then it was dried with Na>SO, filtered, and concentrated in
vacuo to obtain vinyl iodide 2-S13 (613 mg, 88%). The spectral data is in accordance with the

reported literature.*®
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IH NMR (500 MHz, CDCls) & 7.77 (t, J = 4.4 Hz, 1H), 2.70 — 2.63 (m, 2H), 2.44 (dd, J = 10.5, 5.8

Hz, 2H), 2.14 — 2.05 (m, 2H).

o o
! ! Pdy(dba)s, Cu,
No, DMSO NO,

2-813 2173
2'-Nitro-4,5-dihydro-[1,1'-biphenyl]-2(3H)-one (2-173):

To a Schlenk flask containing Pd»(dba)s (41 mg, 0.0450 mmol, 0.10 equiv) was added vinyl iodide
2-S13 (100 mg, 0.450 mmol, 1.0 equiv), 1l-iodo-2-nitrobenzene (182 mg, 0.901 mmol, 2.0 equiv),
and copper powder (286 mg, 4.50 mmol, 10.0 equiv). The mixture was diluted with DMSO (1.4
mL) and the slurry was heated to 70 °C for 1 h. After cooling to rt, the slurry was diluted with Et.O
and filtered through a plug of celite. The cake was washed with additional Et.O. The filtrate was
washed with H20 then brine, and it was dried with Na>SOu, filtered, and concentrated in vacuo.
The resulting residue was purified via flash chromatography to obtain enone 2-173 as a yellow oil

(48 mg, 79%).

IH NMR (500 MHz, CDCls) & 8.01 (dd, J = 8.2, 0.9 Hz, 1H), 7.59 (td, J = 7.5, 1.1 Hz, 1H), 7.49 —
7.43 (m, 1H), 7.25 (dd, J = 7.7, 1.4 Hz, 1H), 7.00 (t, J = 4.2 Hz, 1H), 2.62 — 2.54 (m, 4H), 2.18 —

2.11 (m, 2H).

13C NMR (126 MHz, CDCls) 5 196.7, 148.8, 146.7, 139.6, 133.4, 132.3, 131.8, 128.9, 124.4, 38.5,

26.4, 22.7.
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/\/CI Boc,0, NEt;
H,N

HCI CH,Cl,

cl
BocHN”™

2-514
tert-Butyl (2-chloroethyl)carbamate (2-S14):

To a solution of 2-chloroethan-1-amine HCI salt (500 mg, 4.31 mmol, 1.0 equiv) in CHxCl, (9.0
mL) at 0 °C was added NEt; (0.78 mL, 5.60 mmol, 1.3 equiv) followed by Boc.O (1.03 g, 4.74
mmol, 1.1 equiv). The solution was allowed to warm to rt an stirred at rt for 15 h. The reaction
solution was washed with H,O and the aqueous phase was extracted with CHCI3 (2 X). The
combined organic phase was washed with H-O (2 X) and brine, then it was dried with Na;SOa,

filtered, and concentrated in vacuo to obtain protected amine 2-S14 (774 mg, 100%).

IH NMR (500 MHz, CDCls) & 4.96 (s, br, 1H), 3.64 — 3.54 (m, 2H), 3.51 —3.39 (m, 2H), 1.45 (s,

9H).

ON HCl O,N

Cl
Sy A
—_—
oH PhH, 4A MS NN

2-S9 2175
6-((2-Chloroethyl)amino)-2'-nitro-4,5-dihydro-[1,1'-biphenyl]-2(3H)-one (2-175):

A solution of 2-chloroethan-1-amine HCI salt (60 mg, 0.515 mmol, 1.2 equiv) in THF (0.40 mL)
was stirred with NEt; (0.05 mL, 0.386 mmol, 0.9 equiv) at rt for 5 min, after which ketone 2-S9
(100 mg, 0.429 mmol, 1.0 equiv), benzene (1.0 mL), and 4 A molecular sieves was added. The
solution was heated to 90 °C, and it was stirred at this temperature for 29.5 h. After cooling to rt
the slurry was filtered through a pad of celite and the cake was washed with MeOH. The filtrate
was concentrated in vacuo and the resulting residue was purified via flash chromatography (80

- 95% EtOAc in hex) to obtain enamine 2-175 as a yellow oil (18 mg, 14%)
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IH NMR (500 MHz, CDCls) & 7.98 (d, J = 8.1 Hz, 1H), 7.61 (t, J = 7.5 Hz, 1H), 7.46 (t, J = 8.4 Hz,
1H), 7.29 (d, J = 7.6 Hz, 1H), 4.76 (s, br, 1H), 3.61 — 3.44 (m, 4H), 2.64 — 2.57 (m, 2H), 2.42 (t, J

= 6.6 Hz, 2H), 2.16 — 2.05 (m, 2H).

HRMS (ESI-TOF) m/z calculated for C14H15CIN2OsNa* (M+Na)* 317.0669, found 317.0668.

6-(Aziridin-1-y)-2'-nitro-4,5-dihydro-[1,1'-biphenyl]-2(3H)-one (2-176):

To a solution of amine 2-175 (15 mg, 0.0510 mmol, 1.0 equiv) in CH2Cl; (0.25 mL) was added
KOt-Bu. The solution turned dark purple and was stirred at rt overnight. The solution was washed
with H>O and the aqueous phase was extracted with CH,Cl, (2 X). The combined organic phase
was washed with H>O (2 X) then brine, and it was dried with Na>SO., filtered, and concentrated
in vacuo. The resulting residue was purified via flash chromatography (70 - 100% EtOAc in hex)

to obtain aziridine 2-176 (8 mg, 62%).

IH NMR (600 MHz, CDCls) & 7.98 (d, J = 8.1 Hz, 1H), 7.57 (t, J = 7.5 Hz, 1H), 7.46 — 7.37 (m,
2H), 2.66 (dt, J = 17.5, 5.1 Hz, 1H), 2.55 (ddd, J = 17.5, 8.9, 5.4 Hz, 1H), 2.48 (dt, J = 16.5, 5.4
Hz, 1H), 2.45 — 2.38 (m, 1H), 2.14 — 2.04 (m, 2H), 1.93 (d, J = 6.3 Hz, 2H), 1.88 (d, J = 6.2 Hz,

2H).

13C NMR (151 MHz, CDCls) 8 195.2, 166.9, 149.8, 133.5, 132.5, 129.9, 128.2, 124.1, 121.5, 37.2,

30.0, 28.3, 21.6.

HRMS (ESI-TOF) m/z calculated for C14H14N>O3Na*™ (M+Na)* 281.0902, found 281.0895.

135



6-((2-lodoethyl)amino)-2'-nitro-4,5-dihydro-[1,1'-biphenyl]-2(3H)-one (2-S15):

A solution of aziridine 2-176 (7 mg, 0.0270 mmol, 1.0 equiv) and Nal (12 mg, 0.0810 mmol, 3.0
equiv) in MeCN (0.15 mL) was heated to 80 °C for 13 h. Then additional Nal (14 mg, 0.0934
mmol, 3.5 equiv) was added because there was still starting material by TLC. The reaction was
heated again to 90 °C and it was stirred at this temperature for 2.5 h. The solution was cooled to
rt and it was then concentrated in vacuo. The resulting residue was purified via flash

chromatography to obtain alkyl iodide 2-S15.

IH NMR (600 MHz, CDCls) & 8.00 (d, J = 8.1 Hz, 1H), 7.62 (t, J = 7.5 Hz, 1H), 7.47 (t, J = 7.8 Hz,
1H), 7.33 (d, J = 7.6 Hz, 1H), 4.71 (s, br, 1H), 3.57 — 3.47 (m, 2H), 3.19 (dt, J = 10.2, 6.5 Hz, 1H),
3.13 (dt, J = 10.2, 6.8 Hz, 1H), 2.61 (td, J = 5.6, 2.3 Hz, 2H), 2.43 (t, J = 6.6 Hz, 2H), 2.13 (dd, J

=12.5, 6.5 Hz, 1H), 2.08 (dd, J = 13.7, 6.5 Hz, 1H).

13C NMR (151 MHz, CDCls) 8 193.2, 160.2, 150.8, 133.9, 133.4, 129.5, 128.8, 125.0, 110.4, 45.1,

36.4,21.1, 4.5, 0.1.
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Chapter 3. Total Syntheses of Strasseriolide A and B, Antimalarial Macrolide
Natural Products

3.1 Introduction
3.1.1 Malaria and antimalarial drugs

Malaria is a highly infectious and deadly disease, but can be prevented with proper
treatments. This disease is concentrated in underdeveloped sub-tropical regions. According to
the World Health Organization (WHO), there were about 241 million cases of the disease in 2020.*
About 627 thousand deaths were recorded, most of whom were children; this is a large increase
from the previous year, partially due to the COVID-19 pandemic.! The parasitic species
Plasmodium falciparum is responsible for the most virulent strain of malaria in humans. One of
the most concerning data points is that over the past few decades resistance to antimalarial
treatments has been on the rise.?”® Chloroquine was one of the first drugs used to treat and
prevent malaria; however, just a couple decades after widespread use, chloroquine resistant
strains of P. falciparum became prevalent.® Due to HNJ\/\/N(

X

chloroquine’s significant decrease in effectiveness, it is

Z
Cl N

not recommended to be used alone to treat malaria.*

Chloroquine Artemisinin

Artemisinin, and its derivatives, in combination with a Figure 3.1. Structures of antimalarial agents
chloroquine and artemisinin.

partner drug is the current front-line therapy against mild to serve cases of malaria.® Even though

much precaution has been taken with this combination therapy, resistance to artemisinin (and its

derivatives) was feared and has recently been discovered.? This report is extremely worrisome

as artemisinin-based treatments are the last line of defense against the drug resistant parasites.

The lack of structural diversity within antimalarial treatments and the rise of drug resistant strains

inspired a high throughput screening (HTS) study that was performed by Pérez-Moreno and co-

authors to discover a potential new class of antimalarial treatments.®
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Figure 3.2. Structures of strasseriolides A-D

The group screened 22,000 microbial extracts from Fundacion MEDINA’s natural product

collection and isolated strasseriolides A—D from an extract produced by the fungus, Strasseria

geniculata CF-247251.” This microbe was originally isolated as an axenic culture from the root of

an unnamed plant in New Zealand. The structures of the macrolides were elucidated by NMR,

and the absolute configuration was determined by X-ray crystallography (Figure 3.2).

Strasseriolides A—D were examined for their biological activity against the drug-sensitive strain of

the parasite, P. falciparum parasite 3D7, and were found to have ICsy values of 9.810, 0.013,

0.123, and 0.128 uM respectively (Table 3.1).
Strasseriolide B (3-2) was additionally tested against
chloroquine-resistant P. falciparum strain Dd2 and was
found to have an ICsp value of 0.0322 uM. These values
are comparable with chloroquine and artemisinin.® The
macrolide was also found to be non-cytotoxic against

HepG2 cells proving that it was selective for the parasite.

Antimalarial  IC5¢ 3d7 (nM) IC59 D2 (nM)

Chloroquine 12 nM 125 nM
Artemisinin 11 nM 12 nM
3-1 9810 nM
3-2 13 nM 32nM
3-3 123 nM
3-4 128 nM 185 nM

Table 3.1. IC5 values of chloroquine,
artemisinin, and strassiolides A-D
against P. falciparum 3d7 and Dd2.

The hydroxy group at C11 is imperative for the potency against the parasite. Strasseriolide A,

which has a ketone in place of the C11 alcohol is 750X less potent than B. Although the mode of

action for the strasseriolides is currently unknown, this data suggests that the macrolides might

inhibit the P. falciparum lactate dehydrogenase enzyme and hinder glycolysis of the parasite.” In

order to better understand the mode of action, our group set out to synthesize strasseriolides A

and B, which is a promising starting point for a new class of antimalarial treatments.
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3.1.2 Macrocycles and drug discovery

Macrocycles, or molecules with rings containing 12 atoms or more, are common in nature,
but less prevalent in drug discovery. Almost all of the approved macrocyclic pharmaceuticals are
natural products or are derived from natural products.®*° However, synthetic macrocycles are an
underexplored and unexploited class of potential drugs. Although they do not follow the “rule of
five” that is typical of most small molecules in drug discovery,!! there is a lot of potential within
this space. Macrocycles are flexible, but often have some conformational bias. These molecules
are also able to span a larger surface area of a target and can mold to a target area better than
small molecules due to their plasticity.>'° These characteristics allow for more a potent and

selective substrate and the synthetic macrocycles deserve more attention in drug discovery.

One of the many reasons macrocycles have been underexplored is due to the difficulty in
forming medium to large sized rings. However, over the past couple of decades, there have been
huge strides in the development of robust macrocyclization methods beyond the widely used
macrolactonization and macrolactamization.>?! In this section, | will discuss examples of

macrocyclization strategies that were considered for our route to the strasseriolides.
3.1.3 Ring closing alkyne metathesis

Our initial disconnection to close the macrocycle of strasseriolide B was a ring closing
alkyne metathesis (RCAM). This method has been made popular and extensively used by the
Furstner group.?? The group has developed new RCAM catalysts (3-6 to 3-10) that are more
active, more functional group tolerant, and easier to use (stable in air) compared to the earlier
Schrock alkyne metathesis catalysts 3-5 (Figure 3).2>-28 They have applied these catalysts to a
wide variety of total syntheses of macrocyclic natural products (examples shown below). In

addition to successfully making the macrocyclic rings, the group has also developed post-
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macrocyclization methods, beyond just simple alkyne reduction.?®-3¢ These strategies have further

enhanced the synthesis of macrocycles.
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Figure 3.3. Structures of alkyne metathesis catalysts and their characteristics

Itis relevant to discuss why RCAM is useful beyond ring closing alkene metathesis (RCM).
The extensive use of RCM in natural product synthesis,® and in industry,®” shows how easily
accessible, user friendly, and efficient these catalysts are. Rings of all sizes have been forged by
this methodology, however, there are limitations. It is not straightforward to predict the E:Z
selectivity of the resulting alkene, and often a stereochemical mixture is observed. In some
unfortunate cases, the undesired alkene isomer is obtained and isomerization is not always
facile.® RCAM has the advantage that the resulting alkyne can be selectively reduced to
exclusively form one alkene diastereomer. Additionally, olefin metathesis catalysts can react with
both double and triple bonds (as shown by ene-yne metathesis),*® yet alkyne metathesis catalysts
are highly selective for alkynes, reducing the potential for undesired side reactions. The alkyne
created from the metathesis is also a great handle for additional functionalization, other than just
reduction. This section will cover examples of RCAM in total synthesis with focus on two main

post-cyclization strategies: 1-acid activation of alkynes and hydrometallation of alkynes.
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Scheme 3.1. Ring closing alkyne metathesis and transannular Au-activated hydroalkoxylation ring
contraction in the Firstner group's second-generation synthesis of spirastrellolide F methyl ester

One of the first examples of a postmetathetic strategy implemented by the Firstner group
was in their second-generation synthesis of spirastrellolide F methyl ester.®° The first-generation
synthesis closed the macrolide via a Yamaguchi esterification.**? In their second report, the
authors envisioned a RCAM followed by a r-acid
activation of the resulting alkyne to promote a ring /\/« i,v)g?’( \\
contraction and formation of the southern acetal /
spirocycle. The advanced intermediate diyne 3-11 was ||| x’,"’"; )

subjected to Mo catalyst 3-10 and exclusively produced
N
NN

the desired metathesis product (Scheme 3.1). The

triphenylsilanolate ligated catalyst has an effective gcpeme 3.2. Alkyne metathesis general mechanism
balance of Lewis acidity at the metal center. This balance allows for efficiency (the reaction
occurring at room temperature), functional group tolerance (not disturbing any of the acid-labile

moieties), and high selectivity (not reacting with the available alkenes). The alkyne metathesis

mechanism shown in Scheme 3.2 suggests that the metal center needs to shift between an
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electronically poor center for substrate binding and an electronically rich center for the retro—[2+2].
The silanolate ligands are ideal for this mechanism, as they are flexible and can therefore vary
their -donor ability throughout the metathesis.?-2” The PMB protecting group was reduced and
diol 3-13 was treated with gold catalyst 3-14. The C13 alcohol closed onto the alkyne via a 6-
endo-dig cyclization. The 5-exo-dig regioisomer was also detected and could be separated by
chromatography. Treatment of the 3,4—dihydropyran product with pyridinium p-toluenesulfonate
(PPTS) resulted in the C21 alcohol closing onto the enol ether to furnish spirocycle 3-15.

Spirastrellolide F methyl ester was synthesized in three additional steps.

In 2016 the Furstner group reported their synthesis of (-)-enigmazole A.** Previous
syntheses of this potential anti-cancer agent have furnished the macrolide through
macrolactonizations*~*> and an RCM.*® Implementing a similar idea from their previous work, the
Furstner group envisioned a transannular ring contraction from an alkyne metathesis product.
Treatment of diyne 3-16 with Mo catalyst 3-17, smoothly afforded the desired alkyne while
conserving the sensitive adjacent acetyl group (Scheme 3.3a). The desired ring contraction and
pyran formation was achieved upon exposure of the substrate to gold catalyst 3-19 in an
impressive 91% yield. The next sequence was initiated by a [3,3]—sigmatropic rearrangement that
resulted in allenyl acetate intermediate 3-20, which was primed for addition of the adjacent alcohol

via a 6-exo-dig cyclization to form pyran 3-21.

Interestingly, although the stereochemistry of the propargylic alcohol is quickly lost upon
rearrangement to the allene, the C7 epimer of 3-18 did not undergo the same reactivity (Scheme
3.3h). The major product isolated from this reaction was benzene derivative 3-22. After allene
formation, it is postulated that the exo-methylene can attack as a competing nucleophile to form
the tertiary carbocation. Elimination of acetic acid and proto-demetalation resulted in the

undesired product. Thankfully matching the stereochemistry at C7 with the correct enantiomer of
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the gold catalyst 3-19 furnished their desired product in exceptional yields. Subsequently, pyran

3-21 was further elaborated to the phosphorylated natural product.
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Scheme 3.3 (a) Ring closing alkyne metathesis and gold catalyzed [3,3]-sigmatropic rearrangement and
transannular hydroalkoxylation of the resulting allenyl acetate (b) Failed pyran formation with C7 epimer and
mechanistic rational for the major isolated product

In 2014, the Firstner group completed the first enantioselective synthesis of (-)-
lythranidine.*” The authors envisioned an aza-Michael transannular ring contraction to afford the
piperidine within the natural product. En route to synthesize the precursor for the aza-Michael,
the triphenylsilanolate ligated molybdenum catalyst 3-24 accomplished the metathesis of diyne
3-23 in a 78% yield. It is of note that the metathesis was not hindered by the protic sites from the
alcohol, phenol, and amine moieties, again proving the remarkable functional group tolerance of
these catalysts. Next, a redox isomerization and in situ aza-Michael cascade was envisioned. A
dual metal catalyzed redox isomerization, that was initially developed by Trost,*® was able to take
propargylic alcohol 3-25 exclusively to enone 3-26; however, the amine did not undergo the
Michael addition in the same pot as was originally anticipated. The proposed mechanism for the
redox isomerization is shown in Scheme 3.4b. After initial coordination of the ruthenium catalyst
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to the propargyl alcohol, a 1,2-hydride shift promoted oxidation of the propargylic carbon to the
ketone and subsequent proto-demetalation afforded the desired E-enone. The role of InCls in the
mechanism is unclear, but it is postulated to be a halide scavenger or to relieve some ring strain
of intermediate 3-25A, forming the indium bridged intermediate 3-25B.% The aza-Michael addition
was triggered by treatment of the enone with p-TsOH to furnish a separable mixture of
diastereomers (trans:cis at the piperidine junction). The natural product was obtained after a

simple ketone reduction and removal of the protecting groups.
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Scheme 3.4 (a) Ring closing alkyne metathesis and redox isomerization followed by an aza-Michael
addition en route to (-)-lythranidine (b) Proposed mechanism for the redox isomerization and role of InCl3

(-)-Lythranidine

The final 1T-acid activation example that will be discussed in this section is the Furstner
group’s amphidinolide F synthesis.*® The 1,4-diketone umpolung type moiety within the natural
product at C15 and C18 was an interesting challenge to approach, as this functionality is rarely
seen in polyketides. After a successful RCAM of diyne 3-27, the alkyne was treated with
[(C2H4)PtCI;]. to promote a regioselective hydroalkoxylation of the alkyne and exclusively afforded
the dihydrofuran intermediate 3-28 in excellent 97% vyield.>® There was no detection of the
unexpected 4-exo-dig cyclization product and both dienes within the intermediate remained

untouched. Treatment of the enol ether with PPTS promoted the hydration of the alkene to the
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1,4-ketol 3-29. Oxidation of the remaining alcohol and deprotection of the silyl groups cleanly

afforded the 1,4-diketone containing natural product.
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Scheme 3.5. Ring closing alkyne metathesis, platinum promoted hydroalkoxylation of the
resulting alkyne, and elaboration to the 1,4-diketone containing macrolide, amphidinolide F

The next group of examples explore applications of Firstner's regioselective
hydrometalation of propargylic alcohols to afford trisubstituted alkenes. The group discovered that
treating a propargylic alcohol with a ruthenium catalyst in the presence of a metal-hydride will

promote a trans-hydrometalation of the alkyne with excellent regioselectivity (Scheme 3.6).513

In the first total synthesis of antibiotic disciformycin B, the Furstner group targeted diyne
3-30.>* The C-silylated alkene was necessary up to this point to prevent isomerization of the
alkene, a known decomposition pathway of the natural product. The RCAM was achieved with
catalyst precursor 3-6 in the presence of the solvent CH2Cl,. This cyclization is particularly
impressive due to the strain within the 12-membered ring product and the steric hindrance around
the reactive site. The alcohol protecting groups were removed and the hydrostannation was
attempted on the free diol. However, the only detectable product was cleavage of the macrocycle,
due to the immense strain of the ring. The authors found to promote the hydrostannation, some

of the strain within the ring needed to be relaxed by removing the C-silyl group.
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Scheme 3.6. Regioselective trans-hydrometalation of
propargylic alcohols and further elaboration of the products

The alkyne metathesis product was converted to ester 3-32. The propargyl alcohol was
subjected to the hydrostannation conditions to produce the desired vinyl stannane 3-33. The
authors state that the regioselectivity of this transformation was due to the ruthenium catalyst
binding to the alcohol and alkyne, thus delivering the hydride to the distal carbon of the alkyne
(Scheme 3.7).5! Unfortunately, in this particular case, the other vinyl stannane regioisomer was
also observed (the stannane was installed at the distal carbon). This outcome was very
uncommon with this hydrometalation hydrostannation transformation; often exquisite
regioselectivity was observed.®¢%° This selectivity issue was likely due to the hydrogen-bonding
interaction of the propargyl alcohol with the adjacent ester group, hindering the formation of the
hydrometalation intermediate. A stoichiometric Stille with the desired regioisomer afforded alkene
3-34. This sensitive product was further elaborated to disiformycin B by addition of a sugar moiety

onto the free alcohol.
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In 2019, the Flrstner group targeted the nine-membered lactone (-)-sinulariadiolide via a
transannular ring contraction.®® The precursor to the ring contraction was envisioned to be made
from a RCAM product. Diyne 3-35 was synthesized in order to mask the 1,3-dicarbonyl at C3 and
C5, which is one of the few functional groups that is not tolerated by alkyne metathesis catalysts.®’
Exposure of the masked B-ketoester to catalyst precursor 3-6 and chelating silanol ligand 3-36
cleanly afforded the 13-membered macrocycle in good yield. This catalyst and ligand pair is a
part of the new canopy catalyst system that was developed by this group and offers even more
functional group tolerance and selectivity.®® Removal of the tetramethylpiperidine (TMP)
protecting group afforded diol 3-37, which underwent the regioselective trans-hydrostannation
when treated with BusSnH and catalytic [Cp*RuCl]4. A Stille carbonylation followed by protection
of the diol afforded a-f3 unsaturated ester 3-38, the precursor to the envisioned ring contraction.
Upon treatment of intermediate 3-38 with Cs,COs, the ester not only underwent the Michael
addition, but also an unexpected (but welcomed) elimination of CO- to yield the carbon skeleton
of the natural product (Scheme 3.8). The cascade afforded the methyl ether of sinulariadiolide,

which could be demethylated with BBrs3 to furnish (=)-sinulariadiolide.
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Scheme 3.8. Ring closing alkyne metathesis and regioselective trans-
hydrostannation followed by a transannular Michael addition ring contraction cascade

The final example in this section | will discuss is the Firstner group’s recent synthesis of
a couple of the casbane diterpenes, eurphorhylonal and depressin.>® The envisioned alkyne
metathesis was planned to be done on a propargylic cyclopropane, which could potentially lead
to scrambling of the cyclopropane stereochemistry or just complete decomposition (Scheme
3.9b). Propargylic cyclopropane 3-40 was synthesized in ten steps (LLS) and was subjected to
the same catalyst precursor 3-6 and chelating silanol 3-36 as previously discussed. Although the
transformation required refluxing conditions the impressive RCAM afforded alkyne 3-41 without
any observed scrambling of stereochemistry of the cyclopropane or decomposition of the
substrate. The highly strained 14-membered ring contains two trisubstituted E-alkenes, a
propargylic alkyne, and the cyclopropane moiety. The alcohol diastereomers could be separated
by chromatography and the desired a-face alcohol was subjected to the trans-hydrostannylation
to afford the desired regioisomer of vinylstannane 3-42. Lithiation of the vinylstannane followed
by exposure to DMF afforded the nominal eurphorhylonal. Alternatively, a Stille coupling with 3-

42 followed by oxidation of the allylic alcohol resulted in the natural product depressin.
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Scheme 3.9. (a) Ring closing alkyne metathesis of propargylic cyclopropane and trans-hydrostannation en
route to the casbane diterpenes (b) Potential scrambling of the cyclopropane stereochemistry during the RCAM

3.1.4 Nickel catalyzed reductive cyclization of ynals

Another useful, yet less exploited disconnection to make macrocyclic allylic alcohols is the
nickel catalyzed reductive cyclization of an ynal. This chemistry has been developed by both the
Jamison and Montgomery groups and has been used in multiple total syntheses as an
intermolecular coupling as well as a cyclization strategy.®®-%% This section will discuss the use of
this technigue as a macrocyclization strategy in total synthesis as well as some limitations of the

method.

OTES .0 R
Et;SiH Et3SiH TESO
- I =5
Ni(0), L Ni(0), L
R = H (preferred) R = aliphatic, aromatic, H R =H (less common)
R = aliphatic (less common) R = aliphatic (preferred)

R = aromatic (exculsive)

Scheme 3.10. Regioselectivity of nickel catalyzed
reductive ynal cyclizations with varying alkyne substitution

The substituents on an alkyne within an ynal substrate is the main factor in the
regioselectivity of an intramolecular nickel catalyzed reductive coupling. Alkynes bearing aromatic
groups at the distal position will almost exclusively form exocyclic alkenes (Scheme 3.10). This
cannot be inherently overridden by varying the ligands on the catalyst. On the other hand, 1,2-

aliphatic substituted alkynes can lend itself to ligand control for the macrocyclization to produce
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either the exo- or endocyclic olefin. Terminal alkynes often prefer to form endocyclic trans-
alkenes, but can be forced to form 1,1 disubstituted exocyclic alkenes by varying the ligands on
the catalyst. However, the regioselectivity issue is also greatly influenced by the conformational
bias of a particular substrate. This preorganization can also dictate the stereochemical outcome
of the resulting allylic alcohol. Some care must be taken when considering this disconnection as

it can occasionally lead to dead end routes.

An interesting example of ligand controlled regioselectivity was shown by the Montgomery
group’s synthesis of 10-deoxymethynolide.®* The envisioned cyclization would result in the
desired endocyclic enone, but the group also wanted to examine if changing the NHC ligand on
the catalyst would promote cyclization to the exocyclic alkene product. Terminal alkyne 3-43 was
prepared in 12 steps and subjected to previously developed conditions for the reductive
cyclization.®® Using triethylsilane as a reductant, Ni(cod): as the nickel source, and NHC derivative
IMes as the ligand, the cyclization formed exclusively the desired endocyclic trans-alkene product
3-46 as a mixture of diastereomers at the C7 alcohol position. The orientation of the transition
state is shown in Scheme 3.11a. The aryl groups on the NHC ligand were able to be oriented
parallel to the aldehyde, essentially removing steric hinderance of the ligand from the reactive
sites. This allowed for the substitution on the alkyne to align the less substituted distal, and more
electronically favored, end of the alkyne towards the electrophilic aldehyde, to form metallocycle
3-45. On the other hand, when the ligand was switched to DP-IPr (Scheme 3.11b), the larger
ortho substituents on the aryl group greatly influenced the orientation of the transition state. The
steric demand of the isopropyl groups as well as the phenyl groups on the NHC ring forced the
alkyne into the position to form metallocycle 3-48, and resulted in exclusive formation of the
exocyclic product 3-49.°¢ Fortunately, the endocyclic product was easily elaborated to 10-

deoxymethynolide after a silyl deprotection and a chemoselective oxidation.
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Scheme 3.11. Ligand controlled regioselectivity of a nickel catalyzed reductive ynal cyclization

A straightforward example of exclusive formation of an exocyclic olefin from a nickel
catalyzed reductive cyclization was shown in the total synthesis of amphidinolide T1 by the
Jamison group.®” Through retrosynthetic analysis the authors envisioned making the a-hydroxy
ketone within the macrolide from the product of a regioselective reductive cyclization followed by
an oxidative cleavage of the resulting exocyclic olefin. En route to the cyclization precursor, the
authors implemented an intermolecular nickel catalyzed reductive coupling. The benzylic alkyne
3-50 and epoxide 3-51 fragments were subjected to previously developed conditions to forge the
homoallylic alcohol as one regioisomer.®® Alcohol 3-52 was successfully elaborated to the
cyclization precursor, ynal 3-53, which bears a phenyl group on the distal end of the alkyne, in
order help obtain the desired regioselectivity from the cyclization. Previous work of intramolecular

couplings found that an alkyne with an aryl group on one end and an aliphatic group on the other
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coupled the aliphatic bearing carbon to the aldehyde carbon.®® Treatment of the ynal with the
known conditions produced the desired exocyclic product 3-54 in moderate yields. Ozonolysis of
the resulting exocyclic alkene afforded the a-hydroxy ketone that was further elaborated to the

natural product in a few additional steps.

i o \/E\J\i
H \
TBSO\/-/ Ni(cod), o

3 steps
3-50 PBu3 E(3
TBSO

81%

Ni(cod),,

4 steps PBuj, Et;B

44%

Amphidinolide T1

Scheme 3.12. Nickel catalyzed intermolecular reductive
coupling and ynal cyclization en route to amphidinolide T1

In their efforts towards the antibiotic gulmirecin A, the Ichikawa group utilized this reductive
cyclization strategy with a 1,2-dialkyl substituted alkyne.®® Alcohol 3-55 was prepared and then
oxidized to the corresponding aldehyde. Due to the ease of an intermolecular aldol reaction of the
aldehyde, the intermediate needed to be taken crude into the key cyclization step. Fortunately,
the macrocyclization afforded a single diastereomer and regioisomer of their desired allylic
alcohol. Removal of the silyl group, furnished alcohol 3-56 in a 30% vyield over three steps. This
example showed the importance of substrate preorganization prior to cyclization in the transition
state. Although this was the desired outcome for the reaction, the other regioisomer was
essentially unobtainable due to the conformational restrictions of this particular substrate. A
screen of varying ligands and reductants showed that no other cyclization products could be
obtained from this transformation. Moreover, slight variations in the substrate, such as differing

protecting groups, did not result in any cyclization product under the same conditions. This was
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an interesting case study for these types of macrocyclizations, and although the outcome was

favorable, this is not always the case.

1. DMP MOMO A o

2. Ni(cod),,
IMes-HCI, Et3SiH o fo) 3 steps
e
3. TBAF
% 30% (3 steps) o NS

Scheme 3.13. Regioselective and stereoselective nickel catalyzed reductive macrocyclization of an ynal

In the Jamison group’s pursuit of (—)-terpestacin they envisioned a reductive
macrocyclization of ynal 3-58, in which the alkyne bears two aliphatic substituents, to afford the
15-membered carbocycle.”® Unfortunately, exposure of ynal 3-58 to the reductive cyclization
conditions afforded only the undesired 14-membered macrocycle 3-59 as opposed to the desired
15-membered macrocycle 3-60. Slight changes to the substrate (removal of the a-methyl group,
reduction of the ketone, etc.) resulted in the same outcome. It was initially postulated that the
guaternary center at C1 was causing too much steric hinderance or that the trans relationship
between C1 and C15 was too much a barrier to overcome; however, removal of the a-methyl
group did not result in any of the desired 15-membered ring product. Attempts to make the epimer
of this substrate, to force a cis relationship between C1 and C15, were unfruitful. In analyzing the
two metallocycle intermediates,” it is possible that the bicyclo[13.3.0] metallocycle 3-61, the
intermediate that would form the 14-membered product, has a lower activation energy as opposed
to the bicyclo[12.2.1] 3-62 that would form the desired 15-membered carbocycle. Unfortunately,
this route to the natural product had to be abandoned. An alternative route using an
enantioselective intermolecular reductive coupling forged the allylic alcohol (blue disconnection),
and the macrocycle was formed via an alkylation of the ketone (red disconnection). Although the

reductive ynal cyclizations has shown to be useful in the formation of macrocyclic allylic alcohols,
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some precaution must be taken when implementing the cyclization in total synthesis especially

with 1,2-aliphatic substituted alkynes.

Ni(cod),,
—_—
PBujg, Et;B

3-59, undesired, 45% 3-60, desired (not detected)
14-membered carbocycle 15-membered carbocycle

3-61 3-62

Scheme 3.14. Nickel catalyzed reductive cyclization afforded exclusively
the undesired regioisomer towards the synthesis of (-)-terpestacin

3.1.5 Nozaki—Hiyama—Kishi cyclization

The Nozaki—Hiyama—Kishi (NHK) has been widely and successfully used in total synthesis
as both an inter- and intramolecular transformation.’* The mild conditions, chemoselectivity,
diastereoselectivity, and functional group tolerance has made this reaction broadly useful for a

wide variety of substrates. The mechanism for this transformation is shown in Scheme 3.15.

2Cr () 2Cr (1)

N

Ni(0) Ni(ll)
o
| OH

§/cr(m) —_ —

§/Ni(u)x s

Scheme 3.15. Mechanism of the Nozaki-Hiyama-
Kishi coupling using stoichiometric chromium

The intramolecular variation of this reaction has advantages over the intermolecular
counterpart: (1) substrate preorganization will often lead to higher stereoselectivity (2)

polymerization products are not observed (3) the haloalkene and aldehyde substrate is
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straightforward to synthesize (4) as there is just one substrate, there is no need for excess of one
fragment over another (5) these reactions can be run at higher concentrations than other
macrocyclizations. The haloalkene synthon can be made through traditional methods. For
disubstituted alkenes the desired alkene geometry is set prior to the NHK and the geometry is
retained during the coupling. Trisubstituted alkenes however will rearrange to give exclusively the
E-alkene product.”? The regio- and diastereoselectivity (of the alkene) is easily predictable,
however, the stereochemistry of the resulting alcohol position is usually dependent on the
conformational bias of the structure. There have been chiral ligands developed for asymmetric
NHK reactions to control the stereochemistry of the alcohol as well.”*-"* One drawback of the NHK
is the stoichiometric amounts of toxic chromium required. Variations of the NHK reaction have
been developed that are catalytic in chromium, by using manganese to reduce the chromium (lII)
back to chromium (1), however this will not be discussed in this chapter.”>7® This section will
present applications of the NHK (using stoichiometric amounts of chromium) as a

macrocyclization strategy.

In 2012, the Kigoshi group developed a novel hybrid compound that was found to have
actin-depolymerizing activity, an interesting target for potential anticancer agents.”” It was a
combination of the macrolactone of aplyronine A and the side chain from mycalolide B; two natural
products that have shown potent actin-depolymerizing activity.”®’® The hybrid was synthesized

and evaluated for its biological activity.

In the first total synthesis of aplyronine A, the macrolide was closed via a Yamaguchi
macrolactonization.®° This reaction required high dilution conditions (0.39 mM) and resulted in a
moderate 44% vyield. In the synthesis of this hybrid compound, the authors approached the
cyclization through an NHK disconnection instead. Subjecting ester 3-62 to the NHK reaction
conditions afforded allylic alcohol 3-63 in an impressive 95% yield. The reaction was initially run

at a concentration of 1.0 mM, yet it was found that the yield did not suffer and the
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diastereoselectivity remained the same when the reaction was run at 10 mM. Unfortunately, due
to the lack of steric hinderance around the reactive site and the floppiness of this intermediate,
the product was essentially a 1:1 mixture of diastereomers at the newly formed alcohol position.
The undesired diastereomer could be separated and funneled to the desired diastereomer
through an oxidation and chiral reduction sequence. The desired B-face alcohol could be taken
on to the aplyronine A derivative, which was evaluated for its bioactivity. The hybrid compound
was found to retain potent for actin-depolymerization, and it was considerably less cytotoxic than

the natural aplyronine A.

o
OTBS OMTM 0 \o/j\ ~

| Aplyronine A | ¥ Mycalolide B |

Scheme 3.16. NHK cyclization resulted in a 1:1
diastereomeric mixture of the 24-membered lactone

The next example that will be discussed is the Flrstner group’s synthesis of aspercyclide
B.8 In their initial route, an RCM was attempted to close the macrocycle. Subjecting diene 3-64
to Hoyveda-Grubbs catalyst Il (HG Il) did result in some of the desired RCM product, however a
significant amount of side product 3-66 was isolated. Because the reaction required a

stoichiometric amount (100 mol%) of the catalyst, this side product could not be avoided.
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Scheme 3.17 (a) RCM apprach resulted in low yields of the desired macrolide (b) NHK cyclization
resulted in one stereoisomer due to the conformational resitrictions and Felkin-Ahn transition state

Aspercyclide B

Therefore, an alternate route was considered. The allylic alcohol within the natural product
was instead envisioned be forged through an intramolecular NHK. Vinyl iodide 3-67 was prepared
in ten steps and subjected to the NHK reaction conditions. To the author’s delight, only a single
diastereomer was isolated from the cyclization. The selectivity can be partially explained by the
transition state shown in Scheme 3.17. The preferred pathway for organochromium reagents to
add to aldehydes (that have a heteroatom at the B-position) is through a Felkin-Anh transition
state.®? This restricted transition state only allowed for the addition to occur from the a-face of the
aldehyde. The substrate was also conformational restricted because the ester group was forced
out of planarity with the aromatic ring due to the bis-ortho groups on the ring. This conformational
bias essentially pre-organized the linear intermediate to help with the selectivity of the addition.

Removal of the acetal protecting group of alcohol 3-68 afforded aspercyclide B in 12 steps.

The final example that will be discussed is the synthesis of the FDA-approved metastatic
breast cancer treatment eribulin, which is brand named Halaven®.8%-% It is a fully synthetic analog
of the marine natural product halichondrin B, and it is one of the longest synthetic sequences of
an approved drug.®® Since it is an FDA-approved drug, it must be regularly synthesized on
kilogram scale. In the industrial scale sequence, the NHK reaction not only closes the macrocycle
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(Scheme 3.18), but it is also used to forge two other bonds within the molecule (disconnections

shown in red).

oTBS —o
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3-69 3-70

Halichondrin B Halaven®

Scheme 3.18. NHK macrocyclization in the process scale route of the FDA approved
Halaven® which is a synthetic derivative of the marine natural product halichondrin B

Subjecting vinyl iodide 3-69 to the optimized conditions cleanly afforded the desired
product 3-70, under non-high dilution conditions and was just six steps away from the final
compound. The ligand used in this reaction was added for efficiency and does not lend itself to
any diastereocontrol. The stereochemistry at the alcohol position was inconsequential as it was
oxidized in the next step to the corresponding enone. Although the reaction was stoichiometric in
chromium, the metal was easily filtered off upon workup. The synthesis displayed the powerful
NHK transformation on a complex system in the presence of multiple sensitive functionalities.
Halaven® is a feat of total synthesis in drug discovery; it is one of the longest synthetic sequences

that is applied on industrial scale at a longest linear sequence of 35 steps.

As shown in this section, the NHK reaction as a macrocyclization strategy has been used
in a wide variety of total syntheses. It has shown the ability to forge di- and trisubstituted alkenes
with great regio- and diastereoselectivity. There are a limited number of examples of an NHK

cyclization with tetrasubstituted alkenes, none of which forge macrocycles.?” Additional examples
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of the NHK cyclization in total synthesis are shown in Figure 3.4 (the red bonds were forged via

an NHK macrocyclization).8-%

“"oH

55%, 3.5:1 dr 77%, single diastereomer 40%, single diastereomer 92%, single diastereomer
Dictyostatin (ref. 88) Cochliomycin B (ref. 89) Epothilone B analog (ref. 90) Pestalotiopsin A (ref. 91)

B
) o
/
o
' 7?%, >10:1 dr 73%, >10:1 dr 79%, single diastereomer 70%, single diastereomer
Callipeltoside Aglycone (ref. 92) Nigellamine A, (ref. 93) Briarellin E (ref. 94) Bipinnatin J (ref. 95)

Figure 3.4. Representative examples of NHK macrocyclizations with
varying alkene substitution; % yields and dr for the NHK are shown

3.1.6 Macrolactonizations

The lactonization of seco-acids is the most widely used approach to form macrocyclic
lactones. There are a number of great reviews on this topic and will not be covered in depth in
this section.?°-2! Since the strasseriolides are macrolides, macrolactonization cannot be ignored
as a potential disconnection. Only acid activation techniques were considered for the
macrolactonization towards the strasseriolides because the stereochemistry of the alcohol was
planned to be set prior to this transformation. This section will briefly touch upon various
macrolactonization strategies via acid activation. Alcohol activation to forge macrocycles will not

be discussed, as it was not considered in this synthesis.

A list of acid activation methods is shown in Figure 3.5 (this list is not exhaustive). The use
of thioesters as an activation technique was reported by Corey and Nicolaou in 1974.%
Biosynthetically, macrolactones are forged through activation of the acid by thioester

intermediates, therefore applying this in a laboratory setting was also successful. The 2-pyridine
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thioester (labeled Corey-Nicolaou) is able to form a “doubly activated” intermediate which will

electrostatically drive the reaction towards ring closure.

Improvements to the initial Corey-

Nicolaou reagent are shown in Figure 3.5; thioester activation has been used in many

macrolactonizations, but is used less often than newer activation reagents.
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Figure 3.5. Acid activation reagents for macrolactonizations

Phosphorous based reagents have commonly been used in peptide synthesis and
macrolactamizations, but they have also been applied in macrolactonizations.?>°-%®  One
drawback of these reagents is caused by heating the acyl-oxy-phosphonium intermediate, which

could lead to dimerization of the acid to form the undesired anhydride. Therefore, these

macrolactonizations should be performed below 80 °C.100-10
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The formation of mixed anhydrides in situ under basic conditions has been the most widely
used method of macrolactonization, the Yamaguchi reagent being the most popular.i®? The initial
report of this reagent has over 2600 citations and the reagent has been used in countless total
syntheses since the 1979 report. The Shiina reagent was published more recently and has shown
to promote macrolactonizations at room temperature with great selectivity.'®® The drawback of
these methods is the need for highly basic DMAP, which could potentially lead to side products

and epimerizations.

Carbodiimides are some of the oldest esterification reagents. The initial report of DCC as
a lactonization tool was by Woodward in 1958 in his group’s synthesis of reserpine.®* One main
drawback of DCC is removal of the urea by-product. The resulting urea is not very water-soluble
and therefore chromatography if often required which is not ideal, especially on large scale.
Alternative carbodiimides EDC and the Kocienski reagent form urea by-products that are water
soluble and therefore can be removed through standard aqueous work-up procedures.'® These

reagents, most often DCC, have been used in many total syntheses of macrolides.

The original Mukaiyama salt was found to be an efficient macrolactonization reagent.%
Through ipso-substitution at the aryl chloride position, the ester intermediate can undergo the
cyclization to yield the desired lactone and a pyridone by-product. Since Mukaiyama salt | can
readily decompose in the presence of amine bases, Mukaiyama salt 1l was reported and shown
to not undergo the same decomposition pathways.°” One drawback of this method is the potential
of decomposition of the ester intermediate to the corresponding ketene which can undergo a
variety of unproductive side reactions.'® This reagent has however been successful in many total
syntheses. Analogous to the other macrocyclization strategies discussed in this section, the
conformation bias of the linear cyclization precursor is the most important factor in the successful
of a macrolactonization. Figure 3.6 shows a select few examples of macrolides that have been

synthesized via a macrolactonization,4588100,109-122
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Figure 3.6. Examples of macrolides synthesized through various macrolactonization techniques

172



3.2 Syntheses of strasseriolides A and B
3.2.1 Introduction

The strasseriolides are a new class of macrolides that were isolated from an axenic culture
produced by the fungus, Strasseria geniculata CF-247251. The fungus was obtained from the
root of an unnamed plant in Mimiha, New Zealand. Strasseriolide B is an 18-membered macrolide
containing six methyl substituents around the ring, two trisubstituted (E)-alkenes, and a
challenging anti-1,3 dimethyl array. It was found to have potent activity against two strains of P.
falciparum (section 3.1.1). While its protein target and mode of action are unknown, the presence
of the hydroxyl group at C11 dramatically increases the macrolide’s bioactivity and is postulated
to play a role in its potency. In contrast, strasseriolide A contains a contains a ketone in this
position and shows a significant decrease in bioactivity. Intrigued by its bioactivity and structural

complexity, we decided to pursue the synthesis of strasseriolide B.
3.2.2 Alkyne metathesis route

Our initial retrosynthetic analysis proposed the key macrocyclization event occurring
though an alkyne metathesis, Scheme 3.19. The resulting propargy! alcohol 3-71 could then be
subjected to Furstner’s (E)-selective hydrostannation to set the final alkene within the ring.3® A
subsequent Stille coupling with the vinyl stannane would add in the final methyl group of the
natural product. The RCAM precursor was envisioned to converge from western carboxylic acid
3-73 and eastern alcohol fragment 3-74. Within fragment 3-73, the alkyne could be installed and
the alcohol stereocenter set in one step with Carreria’s enantioselective alkynylation.'>® The ester
group would be installed via a palladium catalyzed coupling reaction. 12* The trisubstituted (E)-
alkene within fragment 3-75 would be accessed using a regio- and diasteroselective
hydroiodination whose precursor, alkyne 2-76 is a known intermediate. As for the eastern

esterification precursor, alkyne 3-74, the alcohol and adjacent methyl sterocenter are primed to
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be set via an Evans aldol addition. We envisioned installing the anti-1,3-dimethyl array within
alkyne 3-77 using Feringa’s iterative enantioselective conjugate addition. This conjugate addition

would require the easily accessible a-f unsaturated thioester 3-78 as a starting point.?

374 377 3.78

Scheme 3.19. Initial retrosynthetic analysis of strasseriolide B

Alkyne 3-79 was initially targeted. A Myers alkylation'?® using readily available
intermediates afforded amide 3-81 in a 59% vyield. Reduction of the auxiliary directly to the
aldehyde only resulted in trace amounts of product; therefore, amide 3-81 was reduced to the
corresponding alcohol and oxidized to the desired aldehyde 3-82. A few different homologations
were attempted to furnish the desired alkyne (Corey-Fuchs, Seyferth—Gilbert) but the Ohira-
Bestmann reagent provided consistently good yields.*?” Although this route was reliable and the
yields were modest, the starting material required (pseudoephedrine) is a controlled substance,

which presents complications in a scale-up process. Therefore, a different route was explored.
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Scheme 3.20. Initial route to known alkyne

Alternatively, the desired stereocenter in this fragment could be set using Feringa’'s
enantioselective conjugate addition.?® Thioester 3-83 was prepared via a Wittig homologation
and was then subjected to the conjugate addition conditions using the (R,S)-Josiphos ligand.
Although this protocol has previously been reported to achieve excellent enantioselectivity, it only
resulted in about 81% ee on this substrate. Other ligands were not explored for this
transformation. The resulting thioester was reduced to aldehyde 3-86, which was then elaborated
to the desired alkyne in two additional steps (vide infra). This route was also abandoned because

| was only observing moderate ee’s with the expensive (R,S)-Josiphos ligand.

OTBDPS OTBDPS OH

CuBr-DMS, MeMgBr TBAF
—_— R —
¥ S~ (RS)Josiphos, 72% S &% S
o ERNY 1 2 o

: : 3-84 3-85

' ! 81% ee
: PCy,

: : OTBDPS

OTBDPS
Fe H 10% Pd/C
Et3SiH, 90% 2 steps

A\

Scheme 3.21. Conjugate addition route to alkyne

Returning to route design, we were inspired to start the synthesis from an available chiral
pool terpene, which already has this stereocenter in place instead of having to set this
stereocenter within the fragment ourselves. Through a reductive cleavage of the alkene, (R)-
citronellal could be mapped onto aldehyde 3-86. Unfortunately, at the time we began the
synthesis, the terpene was not commercially available. We could alternately begin with (R)-
citronellic acid from which a simple reduction, oxidation sequence afforded the desired starting

material. To obtain the previously synthesized alkyne 3-79, we needed to install an alkyne
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between the carbonyl carbon and the appending methylene. A one step formal dehydration using
tert-butylimino-tri(pyrrolidino)phosphorane (BTPP) and nonafluorobutanesulfonyl fluoride (NfF)

was implemented and successfully furnished the desired aldehyde.'?®

OTBDPS
| 1. 03, then

1. LAH BTPP NaBH,
e S
OH  2.PCC NfF #Z 2 1eDOPSCI, =

387 X imid. Y
H 9% (4 steps) 3-79 =

o

..............................................

: J< P(OPh)s,
! F FF F Br,, NEt,
: rl,l N
: —P<y
| | Q 7N,
:Q N 4

FFo°E

BTPP : : 3-88 3.89

...............................................

Scheme 3.22. Terpene route to alkyne

Even though this method was successful an alternative route was explored. The
elimination required at least two equivalents of BTPP; the synthesis of this base was quite
hazardous and required large quantities of tert-butyl azide which is potentially explosive. An
alternative a two-step debromination and elimination procedure to take aldehydes to terminal
alkynes has been successfully demonstrated in previous total syntheses.?*13° Subjecting (R)-
citronellal to the bromination conditions afforded the desired geminal dibromide 3-88 along with
the vinyl bromide diastereomers 3-89. The mixture was subjected to the reported elimination
conditions to afford the desired terminal alkyne 3-87 along with unidentified and inseparable
impurities. Ozonolysis of the alkene and subsequent silyl protection afforded alkyne 3-79 in 9%

yield over four steps.

The poor yields for this new route can partially be attributed to the low molecular weight
of all of the intermediates and the unidentified side products from the elimination. For ease of
preparation and isolation of intermediates, a slightly different route was executed. Adding the
protecting group earlier in the sequence would allow for easier isolation of intermediates. First,

methylation of the acid, ozonolysis of the alkene, and silyl protection of the resulting alcohol,
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afforded ester 3-90 in 83% yield over three steps. This ester was converted to the corresponding
aldehyde through a reduction, oxidation sequence. To install the alkyne between the carbonyl
carbon and the adjacent methylene, the BTPP, NfF elimination was again considered, however
the silyl protecting group was incompatible and the safety concern was still an issue. Therefore,
the two step dibromination, elimination was explored. The dibromination proceeded smoothly to
afford the desired geminal dibromide 3-91 that was isolated as an inseparable mixture with vinyl
bromide diastereomers 3-92. Fortunately, the next step was elimination of the bromides, and
therefore these side products were inconsequential. The reported literature for this elimination
implemented KOt-Bu and 18-crown-6 to furnish the alkyne.'?*-1% However, when applied to our
system, the rearranged allene isomer 3-93 was often observed as a significant side-product.
Optimization of the elimination by screening various bases (n-BuLi, LIHMDS, KH and
H2N(CH2)sNH>, etc.) found that treatment with LDA efficiently afforded the terminal alkyne without
generation of any detectable side products. Presumably the lithiated alkyne intermediate was
resistant to isomerization. Subsequent methylation of the terminal alkyne afforded internal alkyne
3-94. A one step elimination, methylation was explored; however, higher yields were obtained in

the two-step transformation. The one-pot procedure often stalled out at the terminal alkyne

OTBDPS OTBDPS OTBDPS
1. K,CO3, Mel 1. LAH
2. 03 NaBH, 2 PCC
3 TBDPSCI, 3 P(OPh);,
imid. Bry, NEta
83% (3 steps) 68% (3 steps)

391 g, 10:2.1

intermediate.

3-90

OTBDPS OTBDPS OTBDPS
KOt-Bu,| |1.LDA
18-c-6| |2- LDA, Mel

(R)-citronellic acid

97% (2 steps)

Scheme 3.23. Alternative terpene route to alkyne
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Next, a regioselective and diastereoselective hydroiodination was achieved using
Schwartz reagent (Cp2ZrHCI), and the resulting vinyl zirconium species captured with iodide to
exclusively form the desired alkene isomer 3-95.1%* Various batches of Schwartz reagent would
result in a minor amount of the undesired regioisomer. The best results were obtained using
Cp2ZrHCI that was made in-lab (and stored in a nitrogen filled glovebox) as opposed to the bottle
purchased from Sigma-Aldrich. At least two equivalents of Schwartz reagent were required
(Scheme 3.24b).1%1-1%2 The vinyl iodide product was subjected to a Negishi cross-coupling with
the zinc homoenolate reagent generated from ester 3-96 to afford (E)-alkene 3-97.1%13% Turning
our attention to inserting the alkyne needed for the planned metathesis, deprotection of the silyl

alcohol followed by oxidation to aldehyde 3-98 afforded the substrate needed for the alkynylation.

TBDPSO

o
|
OTBDPS
OTBDPS Zn, SPhos, 1. HF ",
Cp,ZrHCI sz(dba 2 PCC
—_—
4 then I, 83% 53/ (3 steps) °
H = o~
(a) 3-94 3-95 3-98

Zr_ _Rg Zr“ R, 1 equiv R, ZrCp,Cl
CpoZrHCI

R 1 equiv /
L Cp,ZrHCI Cp | + Cp | Hiny—LiH
i —
R¢ H CICp,Zr Rg
® i |

Scheme 3.24 (a) Hydroiodination and Negishi coupling installed the E-alkene (b) At least two
equivalents of Schwartz reagent was needed for good regioselectivity of the hydrozirconation

Following Carreria’s alkynlation conditions, treatment of aldehyde 3-98 with propyne,
Zn(OTf),, and pseudoephedrine only resulted in recovered starting material.*?® Switching from
gaseous propyne to TMS-acetylene did result in some desired product, however, it was isolated
as a 2.5:1 inseparable mixture of diastereomers. Alternatively, the alcohol stereochemistry and
the alkyne could be installed stepwise. Aldehyde 3-98 was treated with propynylmagnesium
bromide and the resulting alcohol was oxidized to the corresponding ynone 3-100. Ynone 3-100
was then treated with Noyori hydrogenation catalyst to obtain the desired propargyl alcohol 3-101
as well as 15% of the propyl ketone (3-S13, vide infra), which is a side product that has not been
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previously reported under these conditions; see the experimental section for details.?*® A simple

silyl protection and hydrolysis afforded the desired carboxylic acid 3-102 for the western fragment.

:::::: Zn(OTf),, NEt;, E w,, Zn(OTf),, NEt,
Propyne H ’ TMS-acetylene
™ —» NR ' ~
o OH | : o on |
_ N : :
o Ph/\:/ ~ ; o~ pn /\_/N\
3-98 H : 298 I
(a) L (b)
? 0 OTBS
BrMg E ;
NV + Ph '
= N : :
I Rucat " 1 TBSCI, imid. ! “Ru-sk |
: J
T o 2 LiOH-H,0 P :
N o NEt;, DMSO IPA, 62/ 94/'(2 e X o | ph i
71% (2 steps) : :
o” o~ ow | Ruca
(c) 3-98 3-100 3-101 3102

Scheme 3.25 (a) Attempted Carreria alkynylation with propyne (b) Carreria alkynylation with TMS-
acetylene (c¢) Enone formation, Noyori hydrogenation, and completion of the western fragment

The synthesis of the eastern fragment was developed in a collaboration between myself
and a colleague, Jessica Pazienza. The yields and observations reported in this section were

performed by myself and the literature reported yields were optimized by Jess.!3¢

Initially, the synthesis of the eastern fragment was planned to begin by performing two
iterations of Feringa’s enantioselective conjugate addition to install the anti-1,3 dimethyl array
within the fragment, Scheme 3.26a.1* However, inspired by the synthesis of the western
fragment, we could alternatively begin with (S)-citronellal which already contains one of the methyl
groups for the 1,3-dimethyl array. A Wittig homologation of the terpene afforded the a,3-
unsaturated thioester.®” The thioester was subjected to the conjugate addition conditions and
afforded a single diastereomer of the desired anti-1,3 dimethyl motif 3-104. A straightforward
ozonolysis and silyl protection furnished thioester 3-105. Next, we wanted to install the alkyne
needed for the envisioned metathesis between the carbonyl carbon and the adjacent methylene.
To do so, the thioester was reduced to the corresponding aldehyde 3-106 using Fukuyama’s

conditions®*® and then subjected to the three step dibromination, elimination, methylation
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sequence that was optimized for the western fragment. Similar outcomes were observed in this
sequence; the dibromination always resulted in an inconsequential mixture with the vinyl bromide
diastereomers, and the two-step elimination-methylation sequence was higher yielding than the
one step procedure. Turning our attention to the southern portion of the fragment, removal of the
silyl protecting group and oxidation to the aldehyde 3-108 cleanly afforded the precursor to the
Evan’s aldol addition. Exposure of the aldehyde to the boron enolate of oxazolidinone 3-109 under
standard Evan’s aldol conditions furnished the alcohol as a single diastereomer. The eastern
fragment was completed through a hydrolysis and methylation sequence that proceeded in

moderate yield.

o o o
CuBr-DMS, CuBr-DMS,
s =z MeMgBr s 1.reduce g = MeMgBr
........... » R - s
(S,R)-Josiphos 2. wittig (R,S)-Josiphos
(a) TBDPSO TBDPSO TBDPSO
1.3-103 o
2. CuBr-DMS,
o~ MeMgBr, s 1.0gthen NaBH, ~"Ng 10% Pd/C,
—_— —_—
(R,S)-Josiphos, 2. TBDPSCI, imid Et;SiH, 78%
| >20:1 dr 3-104 30% (4 steps)
TBDPSO TBDPSO
(S)-citronellal
1. P(OPh)s,
A NEty, Br,
----------------------------------------- N 2.LDA
o o 1. Bu,BOTf, 1. HF 3. LDA, Mel
9 NEt,, 3-109 2.PCC 69% (3 steps)
P J\&P"ha NJ( B e — e ——
s o 2. LiOH, H,0, 66% (2 steps)
3. TMSCHN,
_________ ol S M o E oF  35% (3steps) _
(b) E 07 3.108 3107 NoTBDPS

Scheme 3.26 (a) Envisioned iterative conjugate addition (b) Synthesis of the eastern fragment

We next turned our attention to the key alkyne metathesis. The fragments were coupled
through a Yamaguchi esterification and the metathesis precursor 3-110 was obtained.
Unfortunately, subjecting the diyne to the commercially available Mo catalyst 3-7, did not result in
any of the desired macrolide. Reports show that addition of B(CsFs)z with the molybdenum-nitride
catalysts promotes the initial [2+2] and retro [2+2] through N-ligation.*®* However, addition of the
Lewis acid also did not promote the cyclization. Mo catalyst precursor 3-112 was synthesized and

the catalyst was attempted to be prepared in situ by the addition of triphenylsilanol, but this also
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only led to recovered starting material.?> The metathesis was also attempted with the free alcohol
at the propargylic position and no reaction was observed. It is postulated that the nitride-
molybdenum catalysts are much less active than their carbene counterparts.# It is likely that
equilibrium between the nitride-molybdenum catalyst and the Mo complex 3-113 is heavily
favoring the nitride catalyst. The alkynes are decently far apart from one another in space (~10 A
in the ground state) and therefore the Mo complex 3-113 might not have been able to exist long
enough in solution to reach the other alkyne. Other alkyne metathesis catalysts (that were
discussed in section 3.1.3) were targeted, but attempts to synthesize those catalysts were

unsuccessful. Due to this unfortunate outcome, other macrocyclization strategies were explored.

H 1]
TBSO ! PhySio—Mo._
: 3 0SiPhy
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PhysiO
7 N\
TCBC, NEts, 37 —
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- . Me Sio— Mo /> M
\ :
H : Me,SiO SiMe,
3-102 3.74 3-110 3111 '

0SiPh,

3-72 3-113

Scheme 3.27 (a) Combining the fragments and attempted alkyne metathesis
(b) Molybdeum nitride complex could be heavily favored in the equilibrium
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3.2.3 Exploration into other macrocyclization strategies

With alkyne metathesis unfruitful in our system, we evaluated alternative macrocyclization
strategies. The next strategy explored was the nickel catalyzed reductive cyclization. The two
fragments that needed to be coupled for this route could be intercepted from intermediates in the
previous sequences. To explore this strategy a model system was initially synthesized, Scheme
3.28. Subjecting the model system 3-116 to the reductive cyclization conditions that have been
reported in the literature to make endocyclic alkenes only resulted in recovered starting material.
Various reductants and ligands were screened, giving the same unsuccessful result. It is unclear
why the starting material does not react. Since only starting material was recovered, the nickel
did not do an initial oxidative insertion into the ynal, or else we would have observed linear
reduction products. The model substrate is quite floppy and therefore the nickel might not have
been able to coordinate to both the alkyne and the aldehyde to undergo the oxidative insertion
and form the metallocycle. The problem with the reaction also may be due to the sensitivity of all
of the reagents needed for the transformation. This route was not explored further as there was
no clear conclusion that could be made about the shortcomings of the transformation on our
substrate; also, there was very limited precedent for the cyclization with 1,2-aliphatic disubstituted

alkynes forming the desired endocyclic alkene.

OTBDPS OTBDPS

1. TCBC,
NEt;, DMAP Ni(cod),
‘o, L|OH H,0 2 HF IMes-HClI, Et3SiH
—> NR
S THF, MeOH COCI)z
o NEta DMSO Ni( cod)z
20% (4 steps) PBug, Et;B

3-97 3-114 3-115 3-116

Scheme 3.28. Synthesis of model system and attempted nickel catalyzed reductive cyclization

With the same model substrate still readily available, another reductive cyclization
procedure was explored. The Oppolzer group in 1993 reported an enantioselective reductive ynal

macrocyclization in their synthesis of the perfume ingredient (R)-muscone.!** The
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macrocyclization proceeded through an initial hydroboration of the terminal alkyne 3-117 followed
by a transmetallation to the alkenylzinc species which could then cyclize onto the aldehyde in the
presence of amine 3-118. The resulting allylic alcohol 3-119 was elaborated to the natural product
through a cyclopropanation of the alkene, oxidation of the alcohol, and then subsequent reduction
of the cyclopropane ring. The precedent was promising however, there are no examples of
macrocyclizations under these conditions with an internal alkyne. The alkyl borane was likely not
going to be regio- or diastereoselective in the initial reduction of our internal alkyne. To achieve
better regio- and diastereoselectivity from the initial hydrometallation, the borane was replaced
with Schwartz reagent. Alkyl zirconium have shown to readily undergo transmetallation in the
presence of alkyl zinc reagents, so this was a viable change.'*? Treatment of our model ynal with
Cp2ZrHCI, followed by slow addition into a solution of Et,Zn only resulted in reduction of the
aldehyde to alcohol 3-120. Altering the protocol to slow addition of Schwartz reagent into a flask
containing the ynal and a silver salt (silver salts are known to dramatically accelerate a Grignard-

type addition of alkenylzirconium intermediates into carbonyls), resulted in the same outcome.'*

HO
NMez

_ 1. Et,Zn, CICH,
3 118 2 Swern

3. L|/NH3

(c hex 75% ( 3 steps)

EtyZn, 75 /
92% ee

3-117 3-119 (R)-muscone

Cp,ZrHCI,
then EtZZn
CpZZrHCI
AgCIO,
3-116 3-120

Scheme 3.29 (a) Synthesis of (R)-muscone by Oppolzer (ref. 140)
(b) Attempted reductive cyclization

In order to mitigate the undesired aldehyde reduction, an alternative macrocyclization
strategy was explored. We envisioned first making the allylic alcohol using the intermolecular

variant of the reductive ynal method (Scheme 3.30). By performing this reaction intermolecularly,
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the Schwartz regent would first react with the internal alkyne before the aldehyde is introduced
into the system. This transformation has been shown to proceed enantioselectively by the use of
chiral ligands (as seen in the synthesis of (R)-muscone, Scheme 3.29) so that the stereochemistry
of the alcohol could also be set at this step. After formation of the allylic alcohol, the seco acid
could be unveiled and a macrolactonization would close the ring. This route seemed promising
as macrolactonization is one of the most widely used methods of forging macrocycles. Treatment
of our model alkyne with (less than two equivalents) of Cp.ZrHCI followed by Et.Zn, and finally
the aldehyde 3-98, afforded some of the desired allylic alcohol product 3-124 (as a mixture of
diasteromers). The undesired regioisomer 3-125 was also isolated. This outcome is likely due to
the amount of Schwartz regent in the reaction. There were less than two equivalents of Cp2ZrHCI
in the reaction because excess reductant would result in the undesired aldehyde reduction.
Alkylation of the aldehyde directly from the alkyl zinc reagent was also observed, 3-126. Although
we observed promising data from this outcome, the regioselectivity issue could be mitigated by
forming the allylic alcohol through a two-step procedure, as will be discussed with the next

disconnection.

Cp,ZrHClI
then ZnEt,

,

X
(a)
? OH OH
A
, Cp,yZrHCI
"""" then Et,Zn ",
X o N o
OTBDPS
o TBDPSO 0 o~
®) 3-98 3-123 3124 3125 3126

Scheme 3.30 (a) Revised retrosynthetic analysis (b) Hydrozirconation,
transmetalation, and Grignard-type addition resulted in some desired product
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Instead of trying to do a hydrometallation and Grighard-type addition into the aldehyde in
one pot, we envisioned forming the vinyl iodide from the alkyne first and then doing a Grignard
type addition in a second step. This disconnection allows for a variety of conditions to be screened
for the addition (i.e. forming a Grighard reagent, lithium-halogen exchange, NHK, etc.). The
hydroiodination could also be done earlier in the sequence to avoid any side reactivity with other
functional groups on the alkyne fragment (ie. the ester could potentially get reduced), Scheme

3.31a. The product from the addition 3-129 could then be subjected to a macrolactonization.

Alkyne 3-107 was treated with Schwartz reagent followed by iodine to obtain vinyl iodide
3-130 as a single alkene regioisomer. Vinyl iodide 3-130 was treated with t-BuLi and then
aldehyde 3-98 was introduced to the presumed vinyl lithium. This reaction resulted in many spots
by TLC and upon isolation, the only observable product was addition of t-BuLi into the aldehyde
and ester moieties, 3-131. To avoid these side products, an intermolecular NHK was alternatively
explored. A mixture of aldehyde 3-98 and vinyl iodide 3-124 was treated with excess CrCl, and
catalytic NiCl,. The desired allylic alcohol 3-133 was obtained as a mixture of diastereomers at
the C7 alcohol position along with diene 3-134, the cross-electrophile coupling product. This was
a very promising result. It is well known that the cross-electrophile coupling diene product could
be mitigated by performing the reaction intramolecularly (the dilution of an intramolecular NHK
will moderate this reactivity). Moreover, if this reaction is done intramolecularly, there may be
some conformational bias for the ring closure to aid in the stereochemical outcome at C7. There

are also many variations of the asymmetric NHK that would help to set this stereocenter.
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(b) 3-98 3130 3131 " (c) 398 3132 3.133 3-134

Scheme 3.31 (a) Envisioned allylic alcohol formation (b) Attempted lithium-halogen exchange (c) NHK addition resulted in desired product

3.2.4 Successful NHK macrocyclization and completion of the natural products

The results from the intermolecular NHK addition inspired the successful route to the
strasseriolides. As discussed earlier, intramolecular NHK cyclizations have advantages over the
intermolecular additions. Since a large side product from this reaction was the homo coupling
product, we instead decided to combine the fragments through an esterification and then close
the macrocycle via an NHK. From this planned route we could intercept two intermediates from
our initial alkyne metathesis sequence. The western fragment was easily synthesized; aldehyde

3-98 was hydrolyzed to carboxylic acid 3-134 with trimethyltin hydroxide, Scheme 3.31.144

Modifications to the synthesis of the eastern fragment were performed by myself and
Jessica Pazienza. To insert the vinyl iodide needed for the NHK cyclization, the same protocol to
make vinyl iodide 3-95 was planned. Since Schwartz reagent is known to reduce Evan’s
auxiliaries to the corresponding aldehydes,'*® we planned to insert the iodide prior to the aldol
reaction. Alkyne 3-107 was treated with excess Schwartz reagent and quenched with iodide to
obtain 3-130 as a single regioisomer. Removal of the silyl protecting group, and oxidation afforded
the Evan’s aldol precursor. Subjecting the aldehyde to the boron enolate of 3-109 afforded the
desired alcohol in moderate yield. The auxiliary was removed and converted to the corresponding

methyl ester, but the hydrolysis and methylation were low yielding (34% over two steps). Also,
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the auxiliary masked the desired carboxylic acid already and therefore removal of the

oxazolidinone at this point was unnecessary, and was planned for after the macrocyclization.

1. TBAF
2. DMP

MesSnOH CpoZrHCI 3. Bu,BOT,

—_—
o
then I, 94% NEt;, 3-109

36% (3 steps)

3-98 3-134 3-107

Scheme 3.32. Completion of eastern and western fragments for the NHK cyclization route

Coupling alcohol 3-135 with carboxylic acid 3-134 was surprisingly challenging. Many
unsuccessful esterification methods were explored (Shiina, EDCI, DCC, PyBOP, HBTU);
ultimately, we saw the best yields, although still modest, through a Yamaguchi esterification
(39%).1%2 Closure of the macrolide was achieved via an intramolecular NHK cyclization to afford
a 1.1:1 mixture of diastereomers at the C11 alcohol. The diastereomers were separated by
chromatography and assigned by hydrolysis of each alcohol. An asymmetric NHK cyclization was
briefly explored, but its results were unfruitful. Lithium hydroxide/hydrogen peroxide hydrolysis
cleaved the auxiliary from the more polar alcohol diastereomer 3-137 to afford strasseriolide B (3-
2). The a-face alcohol 3-136 from the NHK reaction was oxidized with DMP and subsequently
hydrolyzed to produce strasseriolide A (3-1). The spectral data for both natural products matched
those reported and the optical rotations were consistent with the assigned absolute

configurations. This is the first reported synthesis of the strasseriolides. :)

187



—0

,

1. TCBC,
NEts, DMAP
—»
2. CrCly, NiCl,
0 23% (2 steps)

OH

T

3134 3135 Bn 1101 34137

LiOH, H,0,

64% (2 steps)

3-138 Bn

Scheme 3.33. Completion of the total syntheses of strasseriolides A and B

Initial evaluation of synthetic samples of strasseriolide A and B were odd—they were
missing several peaks in their respective carbon spectra. The carbon NMR spectra of
strasseriolide A was investigated in detail, as shown in Table 3.2. In a dilute CD3;0OD solution, the
13C peaks for C1 and C2 were missing, and the chemical shifts for C3 and C20 were slightly off.
The C2 peak was observed in the HSQC spectra in the appropriate region, which suggested that

the peaks were shifted and broadened by an exchange process.

5 equiv 10 equiv
Carbon # lit no AcOH AcOH AcOH
1 177.5 absent absent 177.5
2 43.0 absent 43.0 43.0
3 75.4 75.9 75.4 75.4
20 13.7 14.3 13.7 13.7

Table 3.2. Carbon chemical shifts and the effect of acetic acid-dy;
Carbon NMR spectra acquired in CD30D at 151 MHz,
concentration of strasseriolide A was 10 mM

All the discrepancies were localized around the free carboxylic acid (C1). If the effect arose
from a monomer-dimer exchange of the carboxylic acid, it would be very sensitive to acid
concentration. We added acetic acid-d. and found that it progressively returned the carbon

spectrum expected for the natural product. Presumably we are generating a mixed carboxylic

188



acid dimer and increasing the exchange rate between different forms, Scheme 3.34. The spectra
reported for the natural products also showed reduced intensity at C2, suggesting that line
broadening was also observed under their conditions. Similar to alkaloids spectra being very
sensitive to conditions and concentrations, it appears that carboxylic acids also show some

sensitivity to concentration and that their spectra can be stabilized with added acetic acid-da.

Scheme 3.33. Dimerization of strasseriolide A and the effect of acetic acid-dy
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3.3 Conclusions

This chapter details the first reported total syntheses of strasseriolides A and B.
Strasseriolide B was prepared in a convergent synthetic sequence with a longest linear sequence
of 16 steps from (R)-citronellic acid. Many macrocyclization techniques were explored and the
NHK cyclization successfully forged the macrolide, which could be elaborated to the two natural
products. Characterization of the molecule demonstrates hydrogen bonding monomers that form
carboxylic acids, causing unique changes in the NMR spectra. This phenomenon is
underrepresented in the literature. The initial isolation paper of the strasseriolides performed in
vitro studies on the Plasmodium falciparum parasite. As previously mentioned, strasseriolide B
was found to have an ICso value of 13 nM against the drug-sensitive strain of malaria and 32 nM
against the chloroquine-resistant strain. It also did not show any in vitro toxicity with human liver
cells and no inhibition of cytochrome P450, or potassium ion channels.

Recently, the isolation team performed additional in vivo studies on strasseriolides A—-D.14
Interestingly, when mice were treated with strasseriolide B, they all immediately showed signs of
toxicity and died. Additional studies showed that even a dosage as low as 1 mg/Kg was fatal.
There were no further studies done with strasseriolide B as its toxicity levels to mice were
significant. Interestingly, strasseriolide D, Figure 3.2, was much more promising. It was not toxic
to the mice at a dosage as high as 25 mg/Kg and it had modest pharmacokinetic parameters.
Even though strasseriolide B was found to be highly toxic to mice, this family of natural products
shows progress in identifying a new structural class of anti-malarial compounds. These biological
studies and our convergent synthesis of strasserioldes A and B are a promising start.

Moving forward, a sample of strasseriolide B has been sent to the La Roche lab at the
University of California, Riverside to be tested again for the ICso value against various malaria
strains. If the results are promising, we will move forward by synthesizing strasseriolide B and its

analogues for the collaborators to examine first the protein target of the macrolide and then its
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mode of action within the parasite. This project will open a door to synthesizing derivatives of

these natural products to further improve the toxicity, metabolic stability, and potency.
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3.4 Supplemental Information
3.4.1 General Experimental

The *H NMR spectra were recorded at 500 MHz or 600 MHz using either a Bruker DRX500
(cryoprobe) or a Bruker AVANCEG00 (cryoprobe) NMR, respectively. The 2*C NMR spectra were
recorded at 126 MHz or 151 MHz on the Bruker DRX500 or Bruker AVANCEG600 NMR,
respectively. All NMR spectra were taken at 25 °C unless otherwise noted. Chemical shifts (d)
are reported in parts per million (ppm) and referenced to residual solvent peak at 7.26 ppm (*H)
or 77.16 ppm (*3C) for deuterated chloroform (CDCls), 3.31 ppm (*H) or 49.15 ppm (*3C) for
deuterated methanol (CD3zOD), 2.50 ppm (*H) or 39.52 ppm (*3C) for deuterated dimethylsulfoxide
(DMSO-ds). The *H NMR spectral data are presented as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t = triplet, g = quartet, quint = quintet, m = multiplet, dd = doublet of doublets,
ddd = doublet of doublet of doublets, dddd = doublet of doublet of doublet of doublets, dt = doublet
of triplets, dq = doublet of quartets, ddq = doublet of doublet of quartets, app. = apparent), coupling
constant(s) in hertz (Hz), and integration. High-resolution mass spectra (HRMS) were recorded
on Waters LCT Premier TOF spectrometer with electrospray ionization (ESI) and chemical
ionization (Cl) sources. An internal standard was used to calibrate the exact mass of each
compound. For accuracy, the peak selected for comparison was that which most closely matched

the ion intensity of the internal standard.

Unless otherwise stated, synthetic reactions were carried out under an atmosphere of
argon in flame- or oven-dried glassware. Thin layer chromatography (TLC) was carried out using
glass plates coated with a 250 um layer of 60 A silica gel. TLC plates were visualized with a UV
lamp at 254 nm, or by staining with Hanessian’s stain or KMnO;, stain. Liquid chromatography
was performed using forced flow (flash chromatography) with an automated purification system
on prepacked silica gel (SiO2) columns unless otherwise stated. Optical rotations were performed
on a JACSO P-1010 spectrometer using a glass 10 mm cell with the sodium D-line at 589 nm.
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All commercially available reagents were used as received unless stated otherwise.
Solvents were purchased as ACS grade or better and as HPLC-grade and passed through a
solvent purification system equipped with activated alumina columns prior to use. CDCls, CD3;0D,
and DMSO-ds was purchased from Cambridge Isotope Laboratories. (R)-(+)-citronellic acid and
(R,S)-Josiphos was purchased from Sigma Aldrich. (S)-(-)-citronellal was purchased from TCI

Chemicals.

3.4.2 Experimental procedures and compound characterization

1. TBDPSCI, imid., DMF
c1”™>"on > 1 "orBDPS

2. Nal, acetone

351
tert-Butyl(3-iodopropoxy)diphenylsilane (3-S1):

lodide 3-S1 was prepared according to a modified literature procedure:'4’

To a solution of 3-chloro-1-propanol (0.84 mL, 10.0 mmol, 1.0 equiv) in DMF (20 mL) at rt was
added imidazole (2.04 g, 30.0 mmol, 3.0 equiv) followed by TBDPSCI (3.1 mL, 12.0 mmol, 1.2
equiv). The reaction was stirred at rt overnight and then diluted with Et,O. The organic phase was
washed with H.O (4 X) then brine, dried with MgSOQa., filtered, and concentrated in vacuo. The
resulting residue was dissolved in acetone and then treated with Nal and heated to reflux for 44
h. After cooling to rt, the solution was concentrated in vacuo. The resulting residue was diluted
with H,O and extracted with Et;O (2 X). The combined organic phase was washed with brine,
dried with MgSOQ4, filtered, and concentrated in vacuo to obtain iodide 3-S1 (3.54 g, 83%). Spectral
data is in accordance with the reported literature.4’

H NMR (500 MHz, CDCls) & 7.70 (d, J = 8.0 Hz, 4H), 7.48 — 7.39 (m, 6H), 3.75 (t, J = 5.7 Hz,

2H), 3.37 (t, J = 6.8 Hz, 2H), 2.06 (quint, J = 6.3 Hz, 2H) 1.09 (s, 9 H).
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HAL_ - \L]/\
N-((1S,2S)-1-Hydroxy-1-phenylpropan-2-yl)-N-methylpropionamide (3-80):
Amine 3-80 was prepared according to a modified literature procedure:'4®
To a solution of (1S,2S)-(+)-pseudoephedrine (500 mg, 3.03 mmol, 1.0 equiv) in THF (6 mL) was
added propanoic anhydride (0.42 mL, 3.33 mmol, 1.1 equiv). After stirring for 30 min at rt, the
reaction was quenched with saturated NaHCO3 solution. The slurry was extracted with EtOAc (4
X). The combined organic phase was washed with brine, dried with Na,SQO,, filtered, and
concentrated in vacuo to obtain amine 3-80 as a white solid. Spectral data is in accordance with
the reported literature.14®
IH NMR (3:1 ratio of rotamers, asterisk denotes minor rotamer; 500 MHz, CDClz) & 7.38 — 7.32
(m, 5H), 4.63 — 4.57 (m, 1H), 4.48 — 4.39 (m, 1H), 4.06 — 3.96* (m, 1H), 2.93* (s, 3H), 2.81, (s,
3H), 2.58 — 2.49* (m, 1H), 2.44 — 2.37* (m, 1H), 2.36 — 2.24 (m, 2H), 1.15 — 1.09 (m, 6H), 0.98*

(d, J = 6.8 Hz, 3H).

OH

Licl, n-BuLi N
Y + , )
: 1”"otBDPS ———— > Y\P"
/N\n/\ HNi-Pry, THF o
1 381

.80 OTBDPS

(R)-5-((tert-Butyldiphenylsilyl)oxy)-N-((1R,2R)-1-hydroxy-1-phenylpropan-2-yl)-N,2-
dimethylpentanamide (3-81):

Amine 3-81 was prepared according to a modified literature procedure:4°

To a solution of anhydrous LiCl (3.0 g, 70.8 mmol, 6.0 equiv) and HNi-Prz (5.0 mL, 35.4 mmol,
3.0 equiv) in THF (17 mL) at —78 °C was added n-BuLi (2.5 M in hex; 11.8 mL, 29.5 mmol, 2.5
equiv). The flask was removed from the cooling bath for a couple min before cooling back to —78

°C. A solution of amine 3-80 (2.61 g, 11.8 mmol, 1.0 equiv) in THF (25 mL) was added and the
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reaction was stirred for 2 h before warming to 0 °C. A solution of iodide 3-S1 (10.0 g, 23.6 mmol,
2.0 equiv) in THF (10 mL) was added and the reaction was stirred at O °C for 15 h. The reaction
was quenched with NH4CI solution and extracted with Et,O (2 X). The combined organic phase
was washed with brine, dried with MgSO., filtered, and concentrated in vacuo. The resulting
residue was purified via flash chromatography (0 > 70% EtOAc in hex) to obtain amine 3-81
(3.58 g, 59%).

IH NMR (600 MHz, 395 K, DMSO-ds) 8 7.66 (d, J = 6.8 Hz, 4H), 7.49 — 7.41 (m, 6H), 7.35 (d, J =
7.3 Hz, 2H), 7.31 (t, = 7.6 Hz, 2H), 7.24 (t, = 7.1 Hz, 1H), 4.61 (d, J = 7.0 Hz, 1H), 3.70 (t, J =
6.4 Hz, 2H), 3.03 — 2.89 (m, 2H), 2.83 (s, 3H), 2.76 — 2.66 (m, 1H), 1.65 (dd, J = 13.1, 7.3 Hz,
1H), 1.56 — 1.49 (m, 2H), 1.37 (dd, J = 13.5, 7.3 Hz, 1H), 1.07 (s, 9H), 0.99 (d, J = 6.1 Hz, 3H),
0.95 (d, J = 6.5 Hz, 3H).

13C NMR (126 MHz, CDCl;) 5 178.9, 142.7, 135.7, 135.6, 134.0, 129.6, 128.3, 127.7, 126.4, 77 .4,
76.4, 63.7, 36.3, 30.3, 30.1, 27.0, 19.3, 17.3, 14.5.

HRMS (ESI-TOF) m/z calculated for C32HasNO3SiH" (M+H)* 518.3090, found 518.3098.

n-BulLi, THF

N\\r//\\Ph H3BNH;
—_—
o OH

OTBDPS OTBDPS

3-81 3.52
(R)-5-((tert-Butyldiphenylsilyl)oxy)-2-methylpentan-1-ol (3-S2):
To a solution of HsB«NH3 (874 mg, 28.3 mmol, 4.1 equiv) in THF (14 mL) at 0 °C was added n-
BuLi (2.5 M in hex; 11.1 mL, 27.7 mmol, 4.0 equiv). The flask was removed from the ice bath for
a few min then cooled back to 0 °C. A solution of amine 3-81 (3.58 g, 6.91 mmol, 1.0 equiv) in
THF (20 mL) was added and the reaction was allowed to warm to rt overnight. After stirring for 15
h, the reaction was quenched with H>O. The solution was extracted with Et,O and the combined

organic phase was washed with brine, dried with MgSOy, filtered, and concentrated in vacuo. The
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resulting residue was purified via flash chromatography (10% EtOAc in hex) to obtain alcohol 3-
S2 (2.02 g, 82%).

IH NMR (500 MHz, CDCls) & 7.67 (d, J = 6.6 Hz, 4H), 7.45 — 7.36 (m, 6H), 3.66 (t, J = 6.5 Hz,
2H), 3.48 (dd, J = 10.6, 5.3 Hz, 1H), 3.41 (dd, J = 10.8, 5.4 Hz, 1H), 1.69 — 1.53 (m, 2H), 1.46
(ddd, J = 13.3, 10.6, 5.3 Hz, 1H), 1.21 — 1.12 (m, 1H), 1.05 (s, 9H), 0.90 (d, J = 6.7 Hz, 3H).

13C NMR (126 MHz, CDCls) 5 135.7, 134.2, 129.7, 127.7, 68.5, 64.3, 35.6, 30.1, 29.4, 27.0, 19.4,
16.7.

HRMS (CI-TOF) m/z calculated for C22H3,0,SiH" (M+H)* 357.2250, found 357.2242.

PCC

o0 omon o
oTBDPS oTBDPS
352 382

(R)-5-((tert-Butyldiphenylsilyl)oxy)-2-methylpentanal (3-82):
To solution of alcohol 3-S2 (2.02 g, 5.66 mmol, 1.0 equiv) in CHxCl, (28 mL) was added PCC
(2.20 g, 10.2 mmol, 1.8 equiv). The slurry was stirred for 2 h at rt and then filtered through a pad
a silica. The cake was thoroughly washed with CHCl, after which the filtrated was concentrated
in vacuo to obtain aldehyde 3-82 (1.72 g, 86%).
'H NMR (500 MHz, CDCls) 8 9.62 (s, 1H), 7.68 (d, J = 7.4 Hz, 4H), 7.48 — 7.31 (m, 6H), 3.70 (t, J
= 6.1 Hz, 2H), 2.34 (dd, J = 13.7, 6.8 Hz, 1H), 1.87 — 1.77 (m, 1H), 1.67 — 1.55 (m, 2H), 1.53 —
1.42 (m, 1H), 1.14 — 1.00 (m, 12H).
13C NMR (125 MHz, CDCl3) 5 205.2, 135.7, 134.0, 129.7, 127.8, 63.7, 46.1, 29.9, 27.0, 26.9, 19.3,
13.5.

HRMS (CI-TOF) m/z calculated for C22H2902Si" (M-H>+H)* 353.1937, found 353.1933.
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STRDPS K,CO3, MeOH I

382 379
(R)-tert-Butyl((4-methylhex-5-yn-1-yl)oxy)diphenylsilane (3-79):

To a solution aldehyde 3-82 (10 mg, 0.282 mmol, 1.0 equiv) in MeOH (1.4 mL) at 0 °C was added
the Ohira-Bestmann reagent (65 mg, 0.338 mmol, 1.2 equiv) followed by K,COs (78 mg, 0.564
mmol, 2.0 equiv). The solution was stirred at 0 °C for 6.5 h and then concentrated in vacuo. The
resulting residue was partitioned between H,O and Et,O. The organic phase was extracted and
washed with brine, dried with MgSO., filtered and concentrated in vacuo to obtain terminal alkyne
3-79 (84 mg, 85%). The spectral data is in accordance with the reported literature.4®

'H NMR (500 MHz, CDCls): & 7.68 (d, J = 6.5 Hz, 4H), 7.46 — 7.36 (m, 6H), 3.69 (t, J = 6.3 Hz,
2H), 2.48 — 2.39 (m, 1H), 2.03 (d, J = 2.3 Hz, 1H), 1.81 — 1.72 (m, 1H), 1.72 — 1.63 (m, 1H), 1.61
—1.49 (m, 1H), 1.18 (d, J = 6.9 Hz, 3H), 1.06 (s, 9H).

13C NMR (126 MHz, CDCls):  135.7, 134.2, 129.7, 127.8, 89.2, 68.4, 63.8, 33.2, 30.4, 27.0, 25.6,
21.1,19.4.

HRMS (CI-TOF) m/z calculated for CsHsOSiH* (M+H)* 351.2144, found 351.2137.

HO\/\/\ TBDPSCI, imid. TBDPSO\/\/\
X > X
CH,Cl,, 52%
3-83

tert-Butyl(pent-4-en-1-yloxy)diphenylsilane (3-S3):

To a solution of 4-penten-1-ol (2.0 mL, 19.4 mmol, 1.0 equiv) in CH2Cl, (19 mL) at rt was added
imidazole (1.45 g, 21.3 mmol, 1.1 equiv) followed by TBDPSCI (5.5 mL, 21.3 mmol, 1.1 equiv).
The reaction was stirred at rt for 18.5 h and then washed with H>O (2 X) and brine. The organic
phase was dried with Na SO, filtered, and concentrated in vacuo. The resulting residue was
purified through a silica pad (100% hex) to obtain alkene 3-S3 as a clear oil (3.31 g, 52%). Spectral

data is in accordance with the reported literature.*>°
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IH NMR (500 MHz, CDCls): 7.80 — 7.72 (m, 4H), 7.50 — 7.40 (m, 6H), 5.93 — 5.80 (m, 1H), 5.07
(ddd, J = 17.1, 3.5, 1.7 Hz, 1H), 5.03 — 4.96 (m, 1H), 3.75 (qd, J = 6.2, 2.4 Hz, 2H), 2.23 (dd, J =

9.4, 3.9 Hz, 2H), 1.77 — 1.69 (m, 2H), 1.13 (s, 9H).

TBDPSO_~_ M» TBDPSO_~_
then PPhy o

a3 34
4-((tert-Butyldiphenylsilyl)oxy)butanal (3-S4):

A solution of alkene 3-S3 (1.50 g, 4.62 mmol, 1.0 equiv) in CH>Cl, (23 mL) at —78 °C was treated
with Oz until the solution turned blue in color. The flask was purged with O until the blue color
dissipated, and then PPhs (3.64 g, 13.9 mmol, 3.0 equiv) was added. The solution was allowed
to slowly warm to rt overnight. The reaction mixture was concentrated in vacuo and the resulting
residue was purified via flash chromatography (0 - 20% EtOAc in hex) to obtain aldehyde 3-S4
as a clear oil (1.27g, 84%).

'H NMR (500 MHz, CDCls) 8 9.81 (s, 1H), 7.70 (d, J = 6.8 Hz, 4H), 7.48 — 7.38 (m, 6H), 3.73 (t, J
= 5.9 Hz, 2H), 2.57 (t, J = 7.0 Hz, 2H), 1.92 (p, J = 6.5 Hz, 2H), 1.10 (s, 9H).

13C NMR (125 MHz, CDCls) 8 202.5, 135.6, 133.7, 129.8, 127.8, 63.0, 40.8, 26.9, 25.4, 19.3.

HRMS (ESI-TOF) m/z calculated for C2oH260-SiNa* (M+Na)* 349.1600, found 349.1606.

1. HSEt, DMAP,

o) DCC, CH,Cl, o
)j\/Br 2.PPhg, PhH on.p
—> 3 \
HO
3.10% aq. Na,CO3, S/\
CH,Clp 3-103

S-Ethyl 2-(triphenyl-A>-phosphaneylidene)ethanethioate (3-103):

Thioester 3-103 was prepared according to a known literature procedure:*!

To a solution of bromoacetic acid (2.0 g, 14.4 mmol, 1.0 equiv) in CH2Cl, (50 mL) was added
ethanethiol (1.3 mL, 18.7 mmol, 1.3 equiv), DCC (3.12 g, 15.1 mmol, 1.05 equiv), and DMAP (176

mg, 1.44 mmol, 1.05 equiv). The solution was stirred at rt overnight and then filtered through a
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pad of celite and the cake was washed with additional CH2Cl.. The filtrate was then washed with
saturated NaHCOj3 solution, H»O, then brine. The organic phase was dried with Na SO, filtered,
and concentrated in vacuo. The resulting residue was diluted with benzene (15 mL) and filtered
through filter paper. The precipitate was washed additional benzene (15 mL). To the filtrate was
added PPhs. The slurry was allowed to rest at rt (without stirring) for 2 d. The slurry was then
vacuum filtered and the precipitate was washed with toluene. The resulting white crystals were
diluted with CH2Cl> (27 mL) and 10% aqueous Na>COs solution (18 mL). The slurry was stirred
for 20 min and then the organic phase was extracted. The aqueous layer was extracted with
CHCI, (2 X). The combined organic phase was concentrated in vacuo and the resulting residue
was diluted with pentanes. The slurry was vacuum filtered to obtain thioester 3-103 as white
crystals (3.61 g, 69% over 3 steps). Spectral data is in accordance with the reported literature.

!H NMR (500 MHz, CDCls) & 7.68 — 7.59 (m, 6H), 7.59 — 7.52 (m, 3H), 7.50 — 7.43 (m, 6H), 3.66

(d, J = 22.1 Hz, 1H), 2.84 (q, J = 7.3 Hz, 2H), 1.25 (t, J = 7.3 Hz, 3H).

o N
/\
TBDPSO._~_ Ph.P CH,Cl, s
\0 + 3P S/\ — T

X 3-103 3-83
354 OTBDPS

S-Ethyl (E)-6-((tert-butyldiphenylsilyl)oxy)hex-2-enethioate (3-83):

A solution of aldehyde 3-S4 (868 mg, 2.66 mmol, 1.0 equiv) and Wittig reagent 3-103 (1.26g, 3.46
mmol, 1.3 equiv) in CH>Cl, (13 mL) was heated to reflux and stirred for 23 h. The solution was
concentrated in vacuo and the resulting residue was purified via flash chromatography (0 > 10%
EtOACc in hex) to obtain thioester 3-83 (693 mg, 63%).

'H NMR (500 MHz, CDCl3) 5 7.68 (dd, J = 8.0, 1.4 Hz, 2H), 7.47 — 7.35 (m, 6H), 6.96 — 6.87 (m,
1H), 6.12 (d, J = 15.5 Hz, 1H), 3.70 (t, J = 6.1 Hz, 2H), 2.96 (dd, J = 14.9, 7.4 Hz, 2H), 2.33 (dd,

J=14.8,7.1 Hz, 1H), 1.77 — 1.68 (m, 2H), 1.30 (t, J = 7.5 Hz, 3H), 1.08 (s, 9H).
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13C NMR (126 MHz, CDCls) 8 190.2, 145.0, 135.7, 133.9, 129.8, 129.1, 127.8, 63.0, 31.0, 28.7,
27.0, 23.2, 19.3, 15.0.

HRMS (ESI-TOF) m/z calculated for C24H320,SiSNa* (M+Na)* 435.1790, found 435.1790.

o ° : :

X e CuBr-DMS, : PCy, !
H/\)‘\s MeMgBr, MTBE s : '
— ' '

(R,S)-Josiphos

OTBDPS OTBDPS

3-83 3.84 i (RS)Josiphos !

S-Ethyl (R)-6-((tert-butyldiphenylsilyl)oxy)-3-methylhexanethioate (3-84):

A solution of CuBr-DMS (6 mg, 0.0292 mmol, 0.03 equiv) and (R,S)-Josiphos (25 mg, 0.0390
mmol, 0.04 equiv) in MTBE (8 mL) was stirred at rt for 30 min and then cooled to —78 °C. To the
cooled solution was added MeMgBr (3.0 M in Et.O, 0.48 mL, 1.45 mmol, 1.5 equiv) followed by a
slow addition of thioester 3-83 (400 mg, 0.969 mmol, 1.0 equiv) in MTBE (2 mL) via syringe pump
over 2 h (0.5 mL/ hr). The reaction was stirred at —70 °C for 19 h and then quenched with MeOH.
The solution was partitioned between saturated NH.Cl solution and EtO and additional
extractions were performed with Et,O. The combined organic phase was washed with brine, dried
with MgSOQy, filtered, and concentrated in vacuo to obtain thioester 3-84 (300 mg, 72%).

'H NMR (500 MHz, CDCl3) 8 7.69 (d, J = 7.7 Hz, 4H), 7.46 — 7.36 (m, 6H), 3.67 (t, J = 6.5 Hz,
2H), 2.88 (q, J = 7.4 Hz, 2H), 2.53 (dd, J = 14.4, 6.0 Hz, 1H), 2.36 (dd, J = 14.5, 8.1 Hz, 1H), 2.04
(dd, J = 13.5, 6.8 Hz, 1H), 1.68 — 1.50 (m, 1H), 1.48 — 1.39 (m, 1H), 1.33 — 1.20 (m, 4H), 1.07 (s,
9H), 0.94 (d, J = 6.8 Hz, 3H).

13C NMR (126 MHz, CDCl3) 6 199.2, 135.7, 134.2, 129.7, 127.7,64.1, 51.5, 32.9, 31.0, 30.0, 27.0,
23.4,19.6, 19.3, 14.9.

HRMS (ESI-TOF) m/z calculated for C2sH360.SSiNa*™ (M+Na)* 451.2103, found 451.2104.
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orves o

S-Ethyl (R)-6-hydroxy-3-methylhexanethioate (3-85):

To a solution of thioester 3-84 (30 mg, 0.070 mmol, 1.0 equiv) in THF (0.35 mL) was added TBAF

(2.0 M in THF; 0.14 mL, 0.14 mmol, 2.0 equiv). The solution was stirred for 1.5 h at rt and then

concentrated in vacuo and subjected to flash chromatography (0 - 50% EtOAc in hex) to obtain

alcohol 3-85 (11 mg, 85%).

IH NMR (500 MHz, CDCls) & 3.63 (t, J = 6.6 Hz, 2H), 2.87 (q, J = 7.4 Hz, 2H), 2.53 (dd, J = 14.6,

6.3 Hz, 1H), 2.38 (dd, J = 14.6, 7.8 Hz, 1H), 2.10 — 1.99 (m 1H), 1.67 — 1.58 (m, 1H), 1.57 — 1.50

(m, 1H), 1.41 (ddd, J = 13.4, 8.0, 4.0 Hz, 1H), 1.30 — 1.19 (m, 4H), 0.95 (d, J = 6.7 Hz, 3H).

13C NMR (126 MHz, CDCls) 8 199.4, 63.1, 51.4, 32.7, 30.9, 30.1, 23.5, 19.6, 14.9.

HRMS (ESI-TOF) m/z calculated for CoH1502.SNa* (M+Na)* 213.0925, found 213.0928.

o o

\ /\
s CuBr-DMS, s

MeMgBr, MTBE

OTBDPS OTBDPS

383 35
S-Ethyl 6-((tert-butyldiphenylsilyl)oxy)-3-methylhexanethioate (3-S5):

To a slurry of CuBr-DMS (53 mg, 0.257 mmol, 1.0 equiv) in MTBE (2.2 mL) at —78 °C was added
MeMgBr (2.7 M in Et,0, 0.19 mL, 0.514 mmol, 2.0 equiv) followed by a dropwise addition of
thioester 3-83 (106 mg, 0.257 mmol, 1.0 equiv) in MTBE (0.4 mL). The reaction was stirred at —
70 °C for 20 h and then additional MeMgBr (2.7 M in Et,O, 0.2 mL, 0.514 mmol, 2.0 equiv) was
added. The reaction continued to stir at —70 °C for 17 h and was then quenched with MeOH. The
solution was partitioned between saturated NH.Cl solution and Et,O and additional extractions

were performed with EtO. The combined organic phase was washed with brine, dried with
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MgSOQs,, filtered, and concentrated in vacuo. The resulting residue was subjected to flash
chromatography (0 = 5% EtOAc in hex) to obtain thioester 3-S5 (26 mg, 24%).

IH NMR (500 MHz, CDCls) & 7.66 (dd, J = 7.8, 1.4 Hz, 4H), 7.45 — 7.35 (m, 6H), 3.64 (t, J = 6.4
Hz, 2H), 2.87 (g, J = 7.4 Hz, 2H), 2.51 (dd, J = 14.4, 6.0 Hz, 1H), 2.34 (dd, J = 14.4, 8.1 Hz, 1H),
2.02 (dd, J = 13.4, 6.8 Hz, 1H), 1.64 — 1.48 (m, 2H), 1.41 (ddd, J = 10.7, 7.8, 5.4 Hz, 1H), 1.29 —
1.19 (m, 4H), 1.05 (s, 9H), 0.92 (d, J = 6.7 Hz, 3H).

13C NMR (126 MHz, CDCl3) 5 199.3, 135.7, 134.2, 129.7, 127.7,64.1, 51.5, 32.9, 31.1, 30.0, 27.0,
23.4,19.6,19.4, 14.9.

HRMS (ESI-TOF) m/z calculated for C2sHzs02SSiNa* (M+Na)* 451.2103, found 451.2082.

TBAF
s s\

OTBDPS OH
3-S5 3-S6

S-Ethyl 6-hydroxy-3-methylhexanethioate (3-S6):

To a solution of thioester 3-S5 (26 mg, 0.0606 mmol, 1.0 equiv) in THF (0.30 mL) was added
TBAF (1.0 M in THF; 0.12 mL, 0.121 mmol, 2.0 equiv). The solution was stirred for 1.5 h at rt and
then concentrated in vacuo and subjected to flash chromatography (0 > 50% EtOAc in hex) to
obtain alcohol 3-S6 (6 mg, 55%).

'H NMR (500 MHz, CDCls) & 3.64 (t, J = 6.6 Hz, 2H), 2.88 (q, J = 7.4 Hz, 2H), 2.54 (dd, J = 14.6,
6.3 Hz, 1H), 2.38 (dd, J = 14.6, 7.8 Hz, 1H), 2.05 (dd, J = 13.4, 6.8 Hz, 1H), 1.68 — 1.49 (m, 2H),
1.46 — 1.38 (m, 2H), 1.31 — 1.20 (m, 4H), 0.96 (d, J = 6.7 Hz, 1H).

13C NMR (126 MHz, CDCl3) d 199.4, 63.1, 51.4, 32.7, 30.9, 30.2, 23.5, 19.7, 14.9.
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o 0
s7 N\ 10% Pd/C

Et;SiH, CH,Cl,

OTBDPS OTBDPS
3-84 3-86

(R)-6-((tert-Butyldiphenylsilyl)oxy)-3-methylhexanal (3-86):

To a solution of thioester 3-84 (140 mg, 0.327 mmol, 1.0 equiv) and EtsSiH (0.16) in CH.Cl> (1.0
mL) at rt, open to air, was added 10% Pd/C (500 mg). The slurry was stirred for 1 h and then
additional Et3SiH (0.15 mL) and 10% Pd/C (~100 mg) was added. The slurry was stirred for 15
min and then filtered over celite and the cake was rinsed thoroughly with CH>Cl,. The filtrated was
concentrated in vacuo to obtain aldehyde 3-86 (108 mg, 90%) which was subjected to the next
reaction without further purification.

Optical rotation: [a]??p = +6.2 (¢ = 10.0, CHCI5).

IH NMR (500 MHz, CDCls): 8 9.74 (s, 1H), 7.68 (d, J = 6.8 Hz, 4 H), 7.46 — 7.37 (m, 6H), 3.67 (t,
J=6.4Hz, 2H), 2.38 (dd, J = 16.1, 5.5 Hz, 1H), 2.22 (ddd, J = 16.1, 8.0, 2.4 Hz, 1H), 2.10 — 2.00
(m, 1H), 1.66 — 1.50 (m, 2H), 1.46 — 1.36 (m, 1H), 1.36 — 1.25 (m, 1H), 1.07 (s, 9H), 0.96 (d, J =
6.7 Hz, 3H).

13C NMR (126 MHz, CDCls): & 203.1, 135.7, 134.1, 129.7, 127.8, 64.0, 51.1, 33.1, 30.0, 28.0,
27.0,20.1, 19.3.

HRMS (ESI-TOF) m/z calculated for C23H320,SiNa+ (M+Na)* 391.2069, found 391.2072.

OH LAH, THF OH
[EEE—

(R)-Citronellol:
To a solution of (R)-(+)-citronellic acid (2.0 mL, 10.9 mmol, 1.0 equiv) in THF (36 mL) at 0 °C was
added lithium aluminum hydride (454 mg, 12.0 mmol, 1.1 equiv) portionwise. When the bubbling

ceased, the reaction was warmed to rt and stirred at rt for 3 h after which an additional portion of
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lithium aluminum hydride was added (~300 mg). The slurry was then stirred at rt overnight. The
reaction was slowly quenched with 1 M HCI, and then diluted with H,O and EtOAc. The slurry
was vacuum filtered over filter paper. The slurry was extracted with EtOAc (3 X). The combined
organic phase was washed with H-O, then brine, dried with Na,SO., filtered, and concentrated in
vacuo to obtain (R)-citronellal which was subjected to the next reaction without further purification.
IH NMR (500 MHz, CDCls) 8 4.98 (t, J = 7.1 Hz, 1H), 3.60 — 3.47 (m, 2H), 1.90 — 1.79 (m, 2H),
1.56 (s, 3H), 1.52 — 1.42 (m, 5H), 1.30 — 1.19 (m, 2H), 1.10 — 1.00 (m, 1H), 0.79 (d, J = 6.9 Hz,

3H).

(R)-Citronellal:

To a solution of (R)-citronellol in CH.CI; at rt was added PCC (3.31 g, 15.4 mmol, 1.4 equiv). The
slurry was stirred for 2 h at rt and then filtered through a pad a silica. The cake was thoroughly
washed with CH2Cl, after which the filtrate was concentrated in vacuo to obtain (R)-citronellal
(876 mg, 53% over 2 steps).

H NMR (500 MHz, CDCl3) 8 9.72 (s, 1H), 5.05 (t, J = 6.5 Hz, 1H), 2.37 (dd, J = 16.0, 5.4 Hz, 1H),
2.19 (dd, J = 16.1, 7.9 Hz, 1H), 2.10 — 1.91 (m, 3H), 1.65 (s, 3H), 1.57 (s, 3H), 1.38 — 1.29 (m,

1H), 1.29 — 1.19 (m, 1H), 0.94 (d, J = 7.0 Hz, 3H).

1. PCls, THF NJ<

H N
N 2. t-butyl azide |L|
( ) — QN’ | =N
3.A N
Q BTPP

tert-Butylimino-tri(pyrrolidino)phosphorane (BTPP):

BTPP was prepared according to a known literature procedure:'?®
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To a solution of pyrrolidine (20 mL, 241 mmol, 8.4 equiv) in THF (80 mL) at —78 °C was added
PCl; (2.5 mL, 28.6 mmol, 1.0 equiv) dropwise. The solution was allowed to warm to rt and stirred
at rt for 20 h. The reaction was then cooled to 0 °C and t-butyl azide (3.68 g, 37.3 mmol, 1.3 equiv)
was added after which it was allowed to warm to rt and stirred at rt overnight. Next, the solution
was poured into a separatory funnel containing cold H.O (60 mL), hex (63 mL), toluene (32 mL),
and NEts (5 mL). The organic layer was extracted and additional extractions were performed with
hex. The combined organic phase was dried over KOH pellets with stirring for 2 h and then placed
in the freezer for 3 h. The solvent was decanted and concentrated in vacuo to obtain the
phosphazide as a light-yellow solid, which was kept on the high-vac for a few hours. The neat
solid was then heated under argon while stirring at 150 °C for 3 days to obtain BTPP as a cloudy

viscous oil, which was used without further purification.

G
7

NIF, DMF |
387

(R)-3,7-Dimethyloct-6-en-1-yne (3-87):

To a solution of (R)-citronellal (1.0 g, 6.48 mmol, 1.0 equiv) and NfF (1.4 mL, 7.78 mmol, 1.2

equiv) in DMF (13 mL) at —10 °C was added BTPP (4.79 g, 15.3 mmol, 2.4 equiv). The solution

was allowed to warm to rt and was stirred at rt overnight. The reaction solution was directly

subjected to flash chromatography (100% hex) to obtain terminal alkyne 3-87, which was

subjected to the next reaction without further purification.
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P(OPh);, Bry, Br Br
—_—

NEt;, CH,Cl,
388 389

(R)-8,8-Dibromo-2,6-dimethyloct-2-ene (3-88):

Dibromide 3-88 was synthesized according to a modified literature procedure:?®

To a solution of triphenyl phosphite (0.51 mL, 1.94 mmol, 1.5 equiv) in CH2Cl, (10 mL) at —78 °C

was added Br, (0.09 mL, 1.69 mmol, 1.3 equiv) followed by NEts (0.54 mL, 3.90 mmol, 3.0 equiv)

dropwise. When the foggy vapor disappeared from the head space, a solution of (R)-citronellal

(200 mg, 1.30 mmol, 1.0 equiv) in CH2Cl> (3 mL) was added dropwise. The reaction was warmed

to rt and stirred for 2.5 h. The reaction solution was concentrated in vacuo and subjected to flash

column chromatography (100% hex) to obtain 3-88 and 3-89 as mixture of geminal dibromo

alkane, and cis and trans vinyl bromide diastereomers (10 : 0.5 : 1.0) and some P(OPh)s (3 % by

'H NMR) (208 mg). This mixture was subjected to the next step without further purification.

Spectral data for dibromide 3-88 is in accordance with the reported literature.!?®

H NMR (500 MHz, CDCl3) 8 5.72 (dd, J = 8.5, 5.8 Hz, 1H), 5.09 (t, J = 7.1 Hz, 1H), 2.44 (ddd, J

= 14.3, 8.5, 5.5 Hz, 1H), 2.25 — 2.17 (m, 1H), 2.07 — 1.94 (m, 2H), 1.83 — 1.74 (m, 1H), 1.69 (s,

3H), 1.62 (s, 3H), 1.41 — 1.31 (m, 1H), 1.27 — 1.16 (m, 1H), 0.92 (d, J = 6.8 Hz, 3H).

13C NMR (126 MHz, CDCl3) 8 131.9, 124.2, 52.9, 45.0, 36.3, 32.3, 25.9, 25.3, 18.6, 17.9.

Diagnostic data for cis and trans vinyl bromide:

H NMR (500 MHz, CDCl3) 8 6.11 (d, J = 6.9 Hz, 1H, cis), 6.06 (dd, J = 13.5, 8.1 Hz, 1H, trans),

5.87 (d, J = 13.6 Hz, 1H, trans), 5.87 (dd, J = 9.2, 7.0 Hz, 1H, cis).
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Br KOt-Bu, 18-c-6,

4

hex

388 387
(R)-3,7-Dimethyloct-6-en-1-yne (3-87):

Terminal alkyne 3-87 was synthesized according to a modified literature procedure:!?®

To a solution of the crude dibromide (200 mg, 0.671, 1.0 equiv) in hex (1.6 mL) was added KOt-
Bu (271 mg, 2.42 mmol, 3.6 equiv) followed by 18-crown-6 (9 mg, 0.034 mmol, 0.05 equiv). This
slurry was heated to reflux in a microwave vial for 15 h. After cooling to rt, the slurry was washed
with H,O and the aqueous phase was back extracted with hex (3 X). The combined organic phase
was dried with Na,SOs, filtered, and concentrated in vacuo. The resulting residue was subjected
to the next step without further purification. Spectral data is in accordance with the reported
literature.'

IH NMR (500 MHz, CDCl3) & 5.10 (t, J = 7.2 Hz, 1H), 2.48 — 2.40 (m, 1H), 2.18 — 2.08 (m, 2H),
2.04 (d, J = 2.4 Hz, 1H), 1.69 (s, 3H), 1.63 (s, 3H), 1.54 — 1.42 (m, 2H), 1.18 (d, J = 7.0 Hz, 3H).

13C NMR (126 MHz, CDCl3) d 132.3, 124.0, 89.3, 68.3, 37.0, 25.9, 25.9, 25.4, 21.1, 17.8.

% 03, CH,Cly, H)\
then NaBH,
| OH
3-87 3-87
(R)-4-Methylhex-5-yn-1-ol (3-S7):
A solution of the crude alkyne 3-87 (91 mg, 1.0 equiv) in CHxCl, (3.3 mL) at —78 °C was treated
Os until the solution turned blue in color (~5 min). The flask was purged with O until the blue color
dissipated, and then NaBHs (252 mg, 6.71 mmol, 10.0 equiv) was added. The solution was

allowed to slowly warm to rt overnight before it was slowly quenched with H>O. The slurry was

diluted with brine and the organic phase was extracted, dried with Na,SO., filtered, and
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concentrated in vacuo. The resulting residue was subjected to the next step without further

purification.

3 TBDPSCI, 3
imid., CH,Cl,

OH OTBDPS
3-87 3-79

(R)-tert-Butyl((4-methylhex-5-yn-1-yl)oxy)diphenylsilane (3-79):

To a solution of the crude alcohol 3-S7 (75 mg, 1.0 equiv) in CH2Cl; (3.3 mL) at rt was added
imidazole (136 mg, 2.00 mmol, 3.0 equiv) followed by TBDPSCI (0.21 mL, 0.802 mmol, 1.2 equiv).
The reaction was stirred at rt overnight and then diluted with H,O. The organic layer was extracted
and additional extractions were performed with CH,Cl, (2 X). The combined organic phase was
dried with MgSQy, filtered, and concentrated in vacuo. The resulting residue was purified via flash
chromatography (100% hex) to afford X as a clear oil (39 mg, 9% over 4 steps). The spectral data

matches the data reported vide supre.

OH TMSCHN, o
RS

Et,0, MeOH

358
Methyl (R)-3,7-dimethyloct-6-enoate (3-S8):

To a solution of (R)-(+)-citronellic acid (3.4 mL, 18.4 mmol, 1.0 equiv) in Et2O (150 mL) and MeOH
(30 mL) at 0 °C was added (trimethylsilyl)diazomethane (2.0 M in Et,O; 18 mL, 36.9 mmol, 2.0
equiv). The reaction was allowed to warm to rt over 6 h after which it was quenched with AcOH
(20 mL). When the yellow color dissipated and the bubbling stopped, the solution was
concentrated in vacuo. The resulting residue was diluted with H,O (100 mL) and extracted with

pentanes (3 x 100 mL). The combined organic phase was washed with brine, dried with MgSQy,,
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filtered, and concentrated in vacuo to obtain ester 3-S8. The resulting oil was subject to the next

step without further purification.

on  KeCOs Mel, -
—»

358
Methyl (R)-3,7-dimethyloct-6-enoate (3-S8):

To a solution of (R)-(+)-citronellic acid (4.0 mL, 21.7 mmol, 1.0 equiv) in DMF (43 mL) at rt was
added K>COs3 (9.62 g, 69.9 mmol, 3.2 equiv), followed by iodomethane (4.7 mL, 76.1 mmol, 3.5
equiv). After stirring at rt for 16 h, the solution was diluted with H,O (100 mL), and extracted with
Et.O (5 x 100 mL). The combined organic phase was washed with brine, dried with MgSOa.,
filtered, and concentrated in vacuo to obtain ester 3-S8. The resulting clear oil was subject to the
next step without further purification. The spectral data is in accordance with the reported
literature.*>2

H NMR (500 MHz, CDCls): & 5.03 (t, J = 6.4 Hz, 1H), 3.60 (s, 3H), 2.26 (dd, J = 14.8, 5.9 Hz,
1H), 2.06 (ddd, J = 14.7, 8.3, 1.6 Hz, 1H), 2.01 — 1.85 (m, 3H), 1.34 — 1.24 (m, 1H), 1.22 — 1.11
(m, 1H), 0.88 (d, J = 6.9 Hz, 3H).

13C NMR (126 MHz, CDCl3) 8 173.7, 131.5, 124.3, 51.3, 41.6, 36.8, 30.0, 25.7, 25.4, 19.6, 17.6.

o]
0~ 04, CH,Clp, MeOH o~
_——
then NaBH,

OH
3-S8 3-S9

[o]

Methyl (R)-6-hydroxy-3-methylhexanoate (3-S9):
A solution of alkene 3-S8 (4.0 g, 21.7 mmol, 1.0 equiv) in CH.ClI; (80 mL) and MeOH (20 mL) at
—78 °C was treated with O3 until the solution turned blue in color. The flask was purged with O

until the blue color dissipated, and then NaBH4 (2.46 g, 65.1 mmol, 3.0 equiv) was added. The
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solution was allowed to slowly warm to rt overnight before it was slowly quenched with H,O (100
mL). The slurry was extracted with CH->Cl, (4 x 50 mL) and the combined organic phase was
washed with brine, dried with MgSQO., filtered, and concentrated in vacuo to obtain 3-S9. The
resulting clear oil was subject to the next step without further purification.

H NMR (500 MHz, CDCls) 6 3.63 (s, 3H), 3.59 (t, J = 6.5 Hz, 2H), 2.28 (dd, J = 14.9, 6.3 Hz, 1H),
2.12 (dd, J = 14.9, 7.8 Hz, 1H), 1.99 — 1.89 (m, 1H), 1.88 (s, br, 1H), 1.63 — 1.55 (m, 1H), 1.55 —
1.46 (m, 1H), 1.42 — 1.33 (m, 1H), 1.26 — 1.19 (m, 1H), 0.92 (d, J = 6.8 Hz, 3H).

13C NMR (126 MHz, CDCls) 6 173.8, 53.5, 51.5, 41.6, 32.7, 30.1, 30.1, 19.8.

o o
TBDPSCI,
O/ imidazole, 0/
—_——
CH,Cl,

OH 3.9 OTBDPS 3-90

Methyl (R)-6-((tert-butyldiphenylsilyl)oxy)-3-methylhexanoate (3-90):

To a solution of alcohol 3-S9 (3.45 g, 21.7 mmol, 1.0 equiv) in CH2Cl> (100 mL) at rt was added
imidazole (4.43 g, 65.1 mmol, 3.0 equiv) followed by TBDPSCI (8.5 mL, 32.6 mmol, 1.5 equiv).
The reaction was stirred at rt for 18 h and then diluted with H,O (100 mL). The organic layer was
extracted and additional extractions were performed with CH2Cl; (2 x 50 mL). The combined
organic phase was washed with brine, dried with MgSO., filtered, and concentrated in vacuo. The
resulting residue was purified via flash chromatography (2% EtOAc in hex) to obtain ester 3-90
as a clear oil (7.22 g, 83% yield over 3 steps). The spectral data is in accordance with the reported
literature.*>3

Optical rotation: [a]?’p = +4.7 (c = 10.0, CHCIs)

'H NMR (500 MHz, CDClg): 8 7.67 (d, J = 7.3 Hz, 4H), 7.46 — 7.36 (m, 6H), 3.70 — 3.62 (m, 5H),
2.30(dd, J =14.7,5.9 Hz, 1H), 2.12 (dd, J = 14.7, 8.2 Hz, 1H), 2.01 — 1.91 (m, 1H), 1.65 — 1.50
(m, 2H), 1.40 (ddd, J = 16.1, 11.3, 5.5 Hz, 1H), 1.26 (ddd, J = 18.6, 10.4, 6.9 Hz, 1H), 1.06 (s,

9H), 0.93 (d, J = 6.6 Hz, 3H).
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13C NMR (126 MHz, CDCls): d 173.8, 135.7, 134.2, 129.7, 127.7, 64.2, 51.5, 41.8, 33.0, 30.3,
30.1, 27.0, 19.8, 19.4.

HRMS (ESI-TOF) m/z calculated for C24H3503Si* (M+H)* 399.2355, found 399.2353.

o

o~ LAH,THF OH
——

OTBDPS OTBDPS
3.90 3-510

(R)-6-((tert-Butyldiphenylsilyl)oxy)-3-methylhexan-1-ol (3-S10):

To a solution of ester 3-90 (7.22 g, 18.8 mmol, 1.0 equiv) in THF at rt (60 mL) was added lithium
aluminum hydride solution (1.0 M in THF; 22 mL, 22.6 mmol, 1.2 equiv). The reaction was stirred
for 15 h at rt and then slowly quenched with H,O (100 mL). The slurry was extracted with Et,O (4
X 100 mL) and the combined organic phase was washed with brine, dried with MgSOQy, filtered,
and concentrated in vacuo to yield alcohol 3-S10 as a clear oil (6.40 g, 95%). The spectral data
is in accordance with the reported literature.*®

Optical rotation: [a]??p = +3.3 (c = 10.0, CHCI5).

'H NMR (500 MHz, CDCls): & 7.68 (d, J = 7.8 Hz, 4H), 7.46 — 7.34 (m, 6H), 3.72 — 3.60 (m, 4H),
1.67 — 1.50 (m, 4H), 1.43 — 1.34 (m, 2H), 1.25 — 1.20, (m, 1H), 1.06 (s, 9H), 0.89 (d, J = 6.6 Hz,
3H).

13C NMR (126 MHz, CDCls): 5 135.7, 134.3, 129.7, 127.7, 64.3, 61.3, 40.0, 33.2, 30.1, 29.4, 27.0,
19.8, 19.4.

HRMS (ESI-TOF) m/z calculated for C23H3402SiNa* (M+Na)* 393.2226, found 393.2216.
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OH PCC, CH,Cl, o
_—

OTBDPS OTBDPS
3-S10 3-86

(R)-6-((tert-Butyldiphenylsilyl)oxy)-3-methylhexanal (3-86):

To a solution of alcohol 3-S10 (6.40 g, 17.3 mmol, 1.0 equiv) in CH2Cl, (80 mL) at rt was added
PCC (6.70 g, 31.1 mmol, 1.8 equiv). The reaction was stirred at rt for 2 h, then it was filtered
through a silica plug. The cake was washed with additional CH2Cl, (300 mL) and the filtrate was
concentrated in vacuo to yield aldehyde 3-86 as a clear oil (5.74 g, 90%). The spectral data

matches the data reported vide supre.

Br
o P(OPh)s, B, Br F
NEtz, CH,Cl,
OTBDPS OTBDPS OTBDPS

3-86 3-91 3-92

(R)-tert-Butyl((6,6-dibromo-4-methylhexyl)oxy)diphenylsilane (3-91):
To a solution of triphenyl phosphite (6.1 mL, 23.4 mmol, 1.5 equiv) in CH2Cl, (100 mL) at —78 °C
was added Br; (1.0 mL, 20.3 mmol, 1.3 equiv) followed by NEt; (6.5 mL, 46.8 mmol, 3.0 equiv)
dropwise. When the foggy vapor disappeared from the head space, a solution of aldehyde 3-86
(5.74 g, 15.6 mmol, 1.0 equiv) in CH2Cl, (50 mL) was added via cannula transfer. The reaction
was stirred for 2 h at —78 °C, then warmed to rt and stirred for an additional 2 h. The reaction
solution was concentrated in vacuo and subjected to flash column chromatography (1% EtOAc in
hex) to obtain 3-91 and 3-92 as an inconsequential and inseparable mixture of geminal dibromo
alkane, and cis and trans vinyl bromide diastereomers (10 : 0.8 : 1.3). (6.32 g, 79%). To remove
excess P(OPh)s, for a simpler purification, the crude oil was stirred with 30% aq. H.O, in THF for
20 min. The solution was diluted with brine and extracted with Et,O. The combined organic phase

was washed with brine, dried with MgSO., filtered, and concentrated in vacuo. The resulting

residue was purified via silica plug (10% EtOAc in hex) to obtain 3-91 and 3-92 as an
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inconsequential and inseparable mixture of geminal dibromo alkane, and cis and trans vinyl
bromide diastereomers (10: 0.8 : 1.3).

Dibromide 3-91:

IH NMR (500 MHz, CDCls): & 7.68 (dd, J = 7.9, 1.4 Hz, 4H), 7.46 — 7.36 (m, 6H), 5.70 (dd, J =
8.4,5.9 Hz, 1H), 3.67 (t, J = 6.3 Hz, 2H), 2.41 (ddd, J = 14.3, 8.4, 5.6 Hz, 1H), 2.21 (ddd, J = 15.0,
8.0, 5.5 Hz, 1H), 1.76 (dd, J = 13.0, 6.3 Hz, 1H), 1.64 — 1.51 (m, 2H), 1.45 — 1.36 (m, 1H), 1.29 —
1.20 (m, 1H), 1.07 (s, 9H), 0.90 (d, J = 6.7 Hz, 3H).

13C NMR (125 MHz, CDCls) 5 135.7, 134.2, 129.7, 127.8, 64.0, 52.9, 45.0, 32.4, 32.2, 29.7, 27.0,
19.4, 18.7.

HRMS (CI-TOF) m/z calculated for C23Hz2Br.OSiH* (M+H)* 513.0649, found 513.0637.
Diagnostic data for cis and trans vinyl bromides (3-92):

IH NMR (500 MHz, CDCls) 8 6.09 (d, J = 6.9 Hz, 1H, cis), 6.04 (dd, J = 13.5, 8.1 Hz, 1H, trans),
5.96 (d, J = 13.6 Hz, 1H, trans), 5.85 (dd, J = 9.2, 7.0 Hz, 1H, cis), 1.12 (d, J = 6.0 Hz, 3H, cis),
1.00 (d, J = 6.7 Hz, 3H, trans).

HRMS (CI-TOF) m/z calculated for C1oH2,BrOSi* (M—t-butyl)* 373.0623, found 373.0634.

Br

G
Br Br  KOt-Bu, 18-c-6, A .
[E—.
hex

OTBDPS OTBDPS OTBDPS OTBDPS
3-91 3-92 3-79 3.93

(R)-tert-Butyl((4-methylhex-5-yn-1-yl)oxy)diphenylsilane (3-79) and tert-Butyl((4-
methylhexa-4,5-dien-1-yl)oxy)diphenylsilane (3-93):

To a solution of bromides 3-91 and 3-92 (2.95 g, 5.75, 1.0 equiv) in hex (15 mL) was added KOt-
Bu (2.32 g, 20.7 mmol, 3.6 equiv) followed by 18-crown-6 (152 mg, 0.575 mmol, 0.10 equiv). This
slurry was heated to reflux for 14 h. After cooling to rt, the slurry was washed with H.O (3 X) and
the agueous phase was back extracted with hex (3 X). The combined organic phase was dried
with Na;SO., filtered, and concentrated in vacuo. The resulting residue was subjected to flash
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chromatography (100% hex) to obtain allene 3-93 (1.59g, 79%) and alkyne 3-79 (163 mg, 8%).
The spectral data for terminal alkyne 3-79 matches the data reported vide supre.

Allene 3-93:

IH NMR (500 MHz, CDCls) 8 7.71 (dd, J = 8.0, 1.6 Hz, 4H), 7.47 — 7.38 (m, 6H), 4.58 (dd, J = 6.4,
3.2 Hz, 2H), 3.73 (t, J = 6.4 Hz, 2H), 2.11 — 2.01 (m, 2H), 1.80 — 1.72 (m, 2H), 1.70 (t, J = 3.1 Hz,
3H), 1.09 (s, 9H).

13C NMR (126 MHz, CDCl3) 5 206.2, 135.7, 134.3, 129.7, 127.7, 98.3, 74.3, 63.6, 30.6, 29.8, 27.0,
19.4, 19.0.

HRMS (CI-TOF) m/z calculated for CosHz02SiH* (M+H)* 351.2144, found 351.2157.

/
Br ., Br  HNi-Pry, n-Buli, x
—_—
THF

OTBDPS OTBDPS OTBDPS
3-91 3-92 3-79

(R)-tert-Butyl((4-methylhex-5-yn-1-yl)oxy)diphenylsilane (3-79):

To a solution of HNi-Prz (7.0 mL, 49.3 mmol, 4.0 equiv) in THF (20 mL) at —78 °C was added n-
BuLi (2.5Min hex.; 17.0 mL, 43.2 mmol, 3.5 equiv). The solution was warmed to 0 °C then cooled
back to —78 °C after which a solution of bromides 3-91 and 3-92 (6.32 g, 12.3 mmol, 1.0 equiv) in
THF (20 mL) was added. The reaction was stirred for 2 h at —78 °C, then warmed to rt and stirred
for an additional 3 h, after which it was quenched with saturated NH4Cl solution (100 mL). The
mixture was extracted with Et,O (3 X 40 mL), and the combined organic phase was washed with
brine, dried with MgSOQ, filtered, and concentrated in vacuo. The oil was taken on to the next step
without further purification. For characterization, an aliquot of the resulting residue was purified
through a silica plug (10% EtOAc in hex) to obtain terminal alkyne 3-79. The spectral data for
terminal alkyne 3-79 matches the data reported vide supre.

Optical rotation: [a]*p =-10.81 (c = 10.0, CHCls).
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HNi-Pr,, n-Buli,
— X
Mel, THF

OTBDPS OTBDPS
3-79 3-94

(R)-tert-butyl((4-methylhept-5-yn-1-yl)oxy)diphenylsilane (3-94):

To a solution of HNi-Pr, (5.2 mL, 49.3 mmol, 3.0 equiv) in THF (20 mL) at —78 °C was added n-
BuLi (2.5 M in hex.; 12.0 mL, 30.8 mmol, 2.5 equiv). The solution was warmed to O °C then cooled
back to —78 °C after which a solution of terminal alkyne 3-79 (4.31 g, 12.3 mmol, 1.0 equiv) in
THF (40 mL) was added. The solution was warmed to rt and stirred for 1 h before it was cooled
to —78 °C and iodomethane (5.3 mL, 86.1 mmol, 7.0 equiv) was added. The reaction was allowed
to warm to rt over 14 h and then guenched with saturated NH,4Cl solution (100 mL). The mixture
was extracted with Et,O (3 X 40 mL), and the combined organic phase was washed with brine,
dried with MgSQ., filtered, and concentrated in vacuo. The resulting residue was purified through
a plug of silica gel (10% EtOAc in hex) to obtain internal alkyne 3-94 as a clear oil (4.36 g, 97%
over 2 steps).

Optical rotation: [a]?’p = —9.11 (c = 10.0, CHCIs).

'H NMR (500 MHz, CDCls): & 7.70 (d, J = 6.9 Hz, 4H), 7.47 — 7.36 (m, 6H), 3.71 (t, J = 6.4 Hz,
2H), 2.43 — 2.34 (m, 1H), 1.80 (d, J = 2.2 Hz, 3H), 1.78 — 1.72 (m, 1H), 1.71 — 1.62 (m, 1H), 1.52
(ddd, J = 15.4, 11.9, 5.6 Hz, 1H), 1.46 (ddd, J = 13.1, 8.8, 5.1 Hz, 1H), 1.15 (d, J = 6.9 Hz, 3H),
1.08 (s, 9H).

13C NMR (126 MHz, CDCls): 5 135.7, 134.3, 129.6, 127.7, 83.9, 75.8, 64.0, 33.7, 30.6, 27.0, 25.8,
21.6, 19.4, 3.64.

HRMS (CI-TOF) m/z calculated for C24H3:2OSiH" (M+H)* 365.2301, found 365.2305.
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[ Cp,ZrHCI, PhH 7y
then 5, CH,Cl,

OTBDPS OTBDPS
3-94 3-95

(R,E)-tert-Butyl((6-iodo-4-methylhept-5-en-1-yl)oxy)diphenylsilane (3-95):

A Schlenk flask containing Cp2ZrHCI (6.16 g, 24.0 mmol, 2.0 equiv) was removed from the glove
box, and a solution of internal alkyne 3-94 (4.36 g, 12.0 mmol, 1.0 equiv) in benzene (120 mL)
was added at rt. After stirring for 17 h at rt, a saturated solution of I, in CH,Cl, was added to the
cloudy yellow mixture until the purple color persisted in the solution. A saturated Na,S»03 solution
was added and the mixture was vigorously stirred until purple color dissipated. The slurry was
diluted with brine and extracted with CH>Cl, (4 X 200 mL). The combined organic phase was dried
with NazSO., filtered, and concentrated in vacuo. The resulting residue was purified via flash
chromatography (0% - 15% EtOAc in hex) to obtain vinyl iodide 3-95 as a yellow/orange oil (4.92
g, 83%).

Optical rotation: [a]??p = —24.80 (c = 1.0, CHCIs).

H NMR (500 MHz, CDCls): 6 7.66 (d, J = 6.6 Hz, 4H), 7.45 — 7.36 (m, 6H), 5.92 (dd, J =9.9, 1.2
Hz, 1H), 3.63 (t, J = 6.4 Hz, 2H), 2.39 — 2.33 (m, 1H), 2.32 (d, J = 1.3 Hz, 3H), 1.58 — 1.44 (m,
2H), 1.38 (dd, J = 15.8, 9.3, 5.5 Hz, 1H), 1.27 (dd, J = 18.7, 9.1, 4.4 Hz, 1H), 1.05 (s, 9H), 0.94
(d, J = 6.7 Hz, 3H).

13C NMR (126 MHz, CDCls): & 147.5, 135.7, 134.2, 129.7, 127.8, 92.8, 63.9, 35.6, 33.2, 30.5,
27.9, 27.0, 20.6, 19.4.

HRMS (CI-TOF) m/z calculated for C24H330ISiH* (M+H)* 493.1424, found 493.1447.

o o
PPhj3, imidazole,
o -
HO o I, MeCN, Et,0 ! o

3-96
Methyl (R)-3-iodo-2-methylpropanoate (3-96):
lodide 3-96 was prepared according to a modified literature procedure:>®
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To a solution of PPh; (2.78 g, 10.6 mmol, 1.25 equiv) and imidazole (749 mg, 11.0 mmol, 1.3
equiv) in MeCN (8.5 mL) and Et,O (25 mL) at rt was added iodide (2.79 g, 11.0 mmol, 1.3 equiv)
portionwise followed by methyl (S)-3-hydroxy-2-methyl propanoate (0.93 mL, 8.47 mmol, 1.0
equiv). The slurry was stirred for 2 h at rt and then concentrated in vacuo. The resulting residue
was purified via flash chromatography (10% EtOAc in hex) to obtain ester 3-96 as a light green
volatile oil (1.52 g, 79%). The spectral data is in accordance with the literature reported.>®

IH NMR (500 MHz, CDCls) & 3.67 (s, 3H), 3.36 — 3.30 (m, 1H), 3.24 — 3.19 (m, 1H), 2.79 — 2.70

(m, 1H), 1.22 (d, J = 7.2 Hz, 3H).

OTBDPS

H/‘\)\, | /\Hj\o/ Zn, 1, DMF
R Pa(dba)s, SPos N o

397
Methyl (2S,6R,E)-9-((tert-butyldiphenylsilyl)oxy)-2,4,6-trimethylnon-4-enoate (3-97):
A Schlenk flask containing Zn dust (<10 micron; 2.60 g, 40.0 mmol, 4.0 equiv) was heated with a
heat gun under vacuum for 10 min. The flask was purged with Ar and was allowed to cool to rt.
To the flask containing the Zn dust, DMF (Sparged with Ar for 1 h, 10 mL) and I, (380 mg) was
added at rt and was stirred until the purple color dissipated. To this slurry, ester 3-96 (2.96 g, 13.0
mmol, 1.3 equiv) in DMF (15 mL) was added followed by an additional portion of I, (380 mg). The
slurry was stirred for 30 min, then Pdx(dba)s (916 mg, 1.0 mmol, 0.10 equiv) and SPhos (821 mg,
2.0 mmol, 0.20 equiv) was added followed by vinyl iodide 3-95 (4.92 g, 10.0 mmol, 1.0 equiv) in
DMF (35 mL). The reaction was heated to 57 °C in an oil bath for 14 h. After cooling to rt, the
slurry was diluted with EtOAc (100 mL) and then filtered through a pad of celite and the cake
washed with additional EtOAc. The filtrate was washed with brine (4 X 100 mL) and the combined
organic phase was dried with Na>SO., filtered, and concentrated in vacuo. The resulting residue
was purified via flash chromatography (5% EtOAc in hex) to obtain ester 3-97 (4.28 g), which was

isolated with an unknown impurity and subjected to the next step without further purification.
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IH NMR (500 MHz, CDCls): & 7.70 (d, J = 7.9 Hz, 4H), 7.47 — 7.38 (m, 6H), 4.95 (d, J = 9.4 Hz,
1H), 3.69 — 3.65 (m, 5H), 2.70 — 2.60 (m, 1H), 2.41 — 2.28 (m, 2H), 2.05 (dd, J = 13.5, 7.8 Hz,
1H), 1.59 (s, 3H), 1.57 — 1.47 (m, 2H), 1.44 — 1.37 (m, 1H), 1.28 — 1.24 (m, 1H), 1.13 (d, J = 7.0
Hz, 3H), 1.08 (s, 9H), 0.92 (d, J = 6.7 Hz, 3H).

13C NMR (126 MHz, CDCls):  177.1, 135.7, 134.3, 134.1, 130.7, 129.6, 127.7, 64.2, 51.5, 44.3,
38.1, 33.8, 32.3, 30.7, 27.0, 21.4, 19.3, 16.7, 16.0.

HRMS (ESI-TOF) m/z calculated for C29H4203SiH* (M+H)* 467.2982, found 467.2978.

OTBDPS OH

HF, MeCN

397 3511
Methyl (2S,6R,E)-9-hydroxy-2,4,6-trimethylnon-4-enoate (3-S11):

To a plastic bottle containing ester 3-97 (4.28 g, 9.17 mmol, 1.0 equiv) in MeCN (37 mL) was
added HF (50% ag. soln; 1.0 mL). After stirring for 1 h, an additional portion of HF (2 mL) was
added. After stirring for 3 h, an additional portion of HF (5 mL) was added. After stirring for 4.5 h,
an additional portion of HF (2 mL) was added. After stirring for 5 h total, the reaction was slowly
guenched with saturated NaHCOj3 solution and extracted with ether (3 X 50 mL). The combined
organic phase was washed with brine, dried with MgSOQ., filtered, and concentrated in vacuo. The
resulting residue was purified through a silica plug (30% EtOAc in hex then 100% EtOACc) to obtain
alcohol 3-S11 (1.51 g, 72% over 2 steps) as a clear oil.

Optical rotation: [a]*?p = —6.25 (¢ = 10.0, CHCIs).

'H NMR (500 MHz, CDCls): 8 4.83 (d, J = 9.5 Hz, 1H), 3.56 (s, 3H), 3.50 (t, J = 6.7 Hz, 2H), 2.60
—2.50 (m, 1H), 2.34 (s, br, 1H), 2.28 — 2.19 (m, 2H), 1.95 (dd, J = 13.6, 7.4 Hz, 1H), 1.51 (s, 3H),
1.47 — 1.36 (m, 2H), 1.28 (ddd, J = 16.0, 9.2, 5.5 Hz, 1H), 1.13 (ddd, J = 13.4, 8.7, 5.1 Hz, 1H),
1.03 (d, J = 7.1, 3H), 0.83 (d, J = 6.9, 3H).
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13C NMR (126 MHz, CDCls): 6 177.1, 133.7, 130.8, 62.9, 51.4, 44.1, 38.0, 33.7, 32.2, 30.8, 21.2,
16.6, 15.9.

HRMS (ESI-TOF) m/z calculated for C13H240sNa* (M+Na)* 251.1623, found 251.1624.

OH

3511 398
Methyl (2S,6R,E)-2,4,6-trimethyl-9-oxonon-4-enoate (3-98):

To a solution of alcohol 3-S11 (300 mg, 1.31 mmol, 1.0 equiv) in CH.ClI, (6.6 mL) at rt was added
PCC (510 mg, 2.37 mmol, 1.8 equiv). The reaction was stirred at rt for 1 h, then it was filtered
through a silica plug. The cake was washed with additional CH>Cl> (30 mL) and the filtrate was
concentrated in vacuo to yield aldehyde 3-98 as a clear oil (217 mg, 73%).

Optical rotation: [a]*?p = —4.5 (c = 10.0, CHCIs).

'H NMR (500 MHz, CDCls): 8 9.72 (s, 1H), 4.86 (d, J = 9.6 Hz, 1H), 3.63 (s, 3H), 2.66 — 2.57 (m,
1H), 2.40 — 2.28 (m, 4H), 2.02, (dd, J = 13.6, 7.3 Hz, 1H), 1.71 — 1.62 (m, 1H), 1.56 (s, 3H), 1.50
—1.40 (m, 1H), 1.10 (d, J = 7.0 Hz, 1H), 0.92 (d, J = 6.7 Hz, 1H).

13C NMR (126 MHz, CDCls): 8 202.8, 177.0, 132.5, 132.3, 51.5, 44.2, 42.3, 38.1, 32.1, 29.7, 21.3,
16.9, 16.2.

HRMS (ESI-TOF) m/z calculated for C13H220sNa* (M+Na)* 249.1467, found 249.1477.
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398 3512
Methyl (2S,6R,E)-9-hydroxy-2,4,6-trimethyldodec-4-en-10-ynoate (3-S12):

To a solution of 1-propynyl magnesium bromide (0.5 M in THF; 22 mL, 11.2 mmol, 1.7 equiv) in
THF (18 mL) at —78 °C was added aldehyde 3-98 (1.49 g, 6.57 mmol, 1.0 equiv) in THF (15 mL)
and was stirred at this temperature for 45 min. After warming to rt, the reaction was quenched
with saturated NH4Cl solution and extracted with Et,O (2 X 50 mL). The combined organic phase
was washed with H>O (50 mL) then brine, dried with MgSO, filtered, and concentrated in vacuo
to obtain alcohol 3-S12 as a mixture of diastereomers (1.56 g, 89%). Diastereomers were
indistinguishable in the *H NMR.

IH NMR (500 MHz, CDCls): 8 4.89 (d, J = 9.4 Hz, 1H), 4.29 — 4.21 (m, 1H), 3.61 (s, 3H), 2.60 (dd,
J=14.6, 7.4 Hz, 1H), 2.30 (dd, J = 13.5, 7.7 Hz, 2H), 2.05 (s, br, 1H), 2.00 (dd, J = 13.6, 7.4 Hz,
1H), 1.81 (d, J = 2.2 Hz, 3H), 1.64 — 1.51 (m, 5H), 1.42 (ddd, J = 13.5, 10.0, 4.4 Hz, 1H), 1.32 —
1.21 (m, 1H), 1.08 (d, J = 7.0 Hz, 3H), 0.89 (d, J = 6.8 Hz, 3H).

13C NMR B-face alcohol diastereomer reported: (126 MHz, CDCls): & 171.2, 133.6, 131.1, 80.8,
80.6, 62.8, 51.5, 44.2, 38.1, 36.3, 33.1, 32.3, 21.4, 16.8, 16.1, 3.6.

HRMS (ESI-TOF) m/z calculated for C16H2603sNa* (M+Na)* 289.1780, found 289.1786.
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(COCl),, DMSO,

NEt,, CH,Cl,

3512 3100
Methyl (2S,6R,E)-2,4,6-trimethyl-9-oxododec-4-en-10-ynoate (3-100):

To a solution of oxalyl chloride (0.630 mL, 7.03 mmol, 1.2 equiv) in CH2Cl> (15 mL) at —78 °C was
added DMSO (1.0 mL, 14.1 mmol, 2.4 equiv). The mixture was stirred at this temperature for 5
min. after which alcohol 3-S12 (1.56 g, 5.86 mmol, 1.0 equiv) in CHxCl, (15 mL) was added
followed by NEt; (4.1 mL, 29.3 mmol, 5.0 equiv). The solution was warmed to rt, stirred for 10 min,
then quenched with saturated NH4Cl solution. The slurry was extracted with CH2Cl, (3 X 40 mL),
and the combined organic phase was washed with brine, dried with Na.SO,, filtered, and
concentrated in vacuo to obtain ynone 3-100 as a clear oil (1.24 g, 80%).

IH NMR (500 MHz, CDCls): & 4.88 (d, J = 8.7 Hz, 1H), 3.64 (s, 3H), 2.67 — 2.58 (m, 1H), 2.48 —
2.42 (m, 2H), 2.37 — 2.30 (m, 2H), 2.06 — 2.02 (m, 1H), 2.01 (s, 3H), 1.74 — 1.65 (m, 1H), 1.58 (d,
J=1.2 Hz, 1H), 1.53 — 1.43 (m, 1H), 1.12 (d, J = 6.9 Hz, 3H), 0.92 (d, J = 6.6 Hz, 3H).

13C NMR (126 MHz, CDCls): 5 188.5, 177.1, 132.8, 132.2, 89.9, 80.4, 51.6, 44.7, 43.7, 38.1, 32.0,
31.7,21.3, 16.9, 16.1, 4.2.

HRMS (ESI-TOF) m/z calculated for C16H2403H* (M+H)* 265.1804, found 265.1806.

Ts

Ts
oy [RuCly(p-cymene)], ~ Ph N’\ N
—_— N ]
\[ KOH, CH,Cl, \[ SR,
Pt NH, ph N

Ph

Noyori ruthenium catalyst was prepared according to a known literature procedure:**® To a
solution of [RuClx(p-cymene)]z (83 mg, 0.136 mmol, 1.0 equiv) in CH.Cl; (2.0 mL) was added
(1R,2R)-(-)-N-(4-toluenesulfonyl)-1,2-diphenylethylenediamine (100 mg, 0.273 mmol, 2.0 equiv)

and KOH (114 mg, 2.04 mmol, 15 equiv). The solution was stirred for 5 min then washed with
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H.O. The purple organic phase was dried with CaHy, filtered, and concentrated in vacuo to obtain

Noyori ruthenium catalyst.

3100 3101 3513
Methyl (2S,6R,9R,E)-9-hydroxy-2,4,6-trimethyldodec-4-en-10-ynoate (3-101):

To a solution of ynone 3-101 (1.20 g, 4.54 mmol, 1.0 equiv) in isopropanol (45 mL) was added
Ru. cat. (177 mg, 0.294 mmol, 0.06 equiv). The solution was stirred for 2 h at rt and then
concentrated in vacuo. The residue was purified via flash chromatography (0 - 30% EtOAc in
hex) to obtain alcohol 3-101 as a clear oil (752 mg, 62%) and ketone 3-S13 (184 mg, 15%).
Ynone 3-101:

IH NMR (500 MHz, CDCls): 8 4.91 (d, J = 9.5 Hz, 1H), 4.32 —4.25 (m, 1H), 3.64 (s, 3H), 2.67 —
2.56 (m, 1H), 2.38 — 2.25 (m, 2H), 2.02 (dd, J = 13.5, 7.4 Hz, 1H), 1.83 (d, J = 2.0 Hz, 3H), 1.78
(s, br, 1H), 1.62 — 1.57 (m , 5H), 1.45 (ddd, J = 13.4, 10.5, 5.5 Hz, 1H), 1.27 (ddd, J = 15.9, 13.3,
8.6 Hz, 1H), 1.10 (d, J = 7.0 Hz, 3H), 0.91 (d, J = 6.7 Hz, 1H).

13C NMR (126 MHz, CDCls): 5 177.2, 133.6, 131.2, 81.1, 80.6, 63.0, 51.5, 44.2, 38.2, 36.3, 33.1,
32.3,21.4,16.8, 16.1, 3.7.

HRMS (ESI-TOF) m/z calculated for C16H2603H* (M+H)* 267.1960, found 267.1953.

Ketone 3-S13:

IH NMR (500 MHz, CDCls): & 4.84 (d, J = 9.5 Hz, 1H), 3.60 (s, 3H), 2.65 — 2.54 (m, 1H), 2.39 —
2.21 (m, 6H), 2.00 (d, J = 13.6, 7.4 Hz, 1H), 1.66 — 1.46 (m, 6H), 1.42 — 1.29 (m, 1H), 1.07 (d, J

= 7.1 Hz, 3H), 0.93 — 0.76 (m, 6H).
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13C NMR (126 MHz, CDCls): 6 211.5, 177.0, 133.1, 131.8, 51.5, 44.8, 44.1, 40.9, 38.1, 32.0, 31.4,
21.2,17.4,16.8, 16.1, 13.8.

HRMS (ESI-TOF) m/z calculated for C16H250sH" (M+H)* 269.2117, found 269.2127.

TBSCI, imid.

CH,Cl,

3-101 3-s14
Methyl (2S,6R,9R,E)-9-((tert-butyldimethylsilyl)oxy)-2,4,6-trimethyldodec-4-en-10-ynoate
(3-S14):
To a solution of alcohol 3-101 (500 mg, 1.88 mmol, 1.0 equiv) in CH2Cl; (9.4 mL) at rt was added
imidazole (384 mg, 5.64 mmol, 3.0 equiv) followed by TBSCI (424 mg, 2.82 mmol, 1.5 equiv). The
solution was stirred for 13 h at rt and then washed with H,O (2 X 10 mL), then brine. The organic
phase was dried with Na SO, filtered, and concentrated in vacuo to obtain alkyne 3-S14 as a
clear oil (674 mg, 94%).
!H NMR (500 MHz, CDCls): & 4.91 (d, J = 9.4 Hz, 1H), 4.26 (ddd, J = 8.4, 4.4, 2.0, 1H), 3.64 (s,
3H), 2.66 — 2.57 (m, 1H), 2.36 — 2.24 (m, 2H), 2.01 (dd, J = 13.4, 7.6 Hz, 1H), 1.81 (d, J = 2.0 Hz,
3H), 1.58 (s, 3H), 1.57 — 1.50 (m, 2H), 1.48 — 1.39 (m, 1H), 1.29 — 1.20 (m, 1H), 1.10 (d, J = 6.9
Hz, 3H), 0.89 (m, 12 H), 0.10 (s, 3H), 0.08 (s, 3H).
13C NMR (126 MHz, CDCls): 8 177.2, 134.0, 130.9, 81.2, 80.0, 63.5, 51.5, 44.4, 38.1, 37.1, 33.3,
32.3, 26.0, 21.4, 18.4, 16.8, 16.0, 3.7, -4.4, -4.9.

HRMS (CI-TOF) m/z calculated for C22H4003Si* (M) 380.2747, found 380.2746.
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LiOH, THF,

—
MeOH, H,0 ™

OH

3514 3102
(2S,6R,9R,E)-9-((tert-Butyldimethylsilyl)oxy)-2,4,6-trimethyldodec-4-en-10-ynoic acid (3-
102):

To a solution of ester 3-S14 (100 mg, 0.263 mmol, 1.0 equiv) in THF (0.75 mL), MeOH (0.50 mL),
and H»0O (0.25 mL) was added LiOH-H,0 (44 mg, 1.05 mmol, 4.0 equiv). The solution was stirred
for 24 h and then diluted with EtOAc (5 mL). The slurry was washed with saturated NH4Cl solution
(5 mL), then brine. The combined aqueous phase was extracted with EtOAc (5 mL). The
combined organic phase was dried with Na>SO,, filtered, and concentrated in vacuo to obtain
carboxylic acid 3-102 as a clear oil, which was taken on to the next step without further purification.
'H NMR (600 MHz, CDCls) 8 4.96 (d, J = 9.4 Hz, 1H), 4.30 — 4.23 (m, 1H), 2.62 (dd, J = 14.4, 7.1
Hz, 1H), 2.38 (dd, J = 13.4, 6.9 Hz, 1H), 2.33 (dd, J = 13.6, 7.5 Hz, 1H), 2.04 (dd, J = 13.4, 8.2
Hz, 1H), 1.81 (d, J = 1.4 Hz, 3H), 1.59 (s, 3H), 1.58 — 1.52 (m, 2H), 1.48 — 1.40 (m, 1H), 1.28 (d,
J =9.6 Hz, 1H), 1.13 (d, J = 6.9 Hz, 3H), 0.89 (s, 12H), 0.10 (s, 3H), 0.08 (s, 3H).

13C NMR (151 MHz, CDCls) & 182.3, 134.5, 130.5, 81.2, 80.0, 63.5, 44.0, 37.9, 37.1, 33.3, 32.4,
26.0,21.4,18.4,16.4,15.9, 3.7, -4.3, -4.9.

HRMS (ESI-TOF) m/z calculated for C1HssOsSiNa* (M+Na)* 389.2488, found 389.2490.

CH,Cl,

3-815

S-Ethyl (S,E)-5,9-dimethyldeca-2,8-dienethioate (3-S15):
A solution of (S)-citronellal (0.50 mL, 2.77 mmol, 1.0 equiv) and Wittig reagent 3-103 (1.31 g, 3.60

mmol, 1.3 equiv) in CH.Cl> was heated to reflux for 17.5 h. The solution was cooled to rt and
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concentrated in vacuo. The resulting residue was purified via flash chromatography (0 2> 5%
EtOAc in hex) to obtain thioester 3-S15 (499 mg, 75%).

Optical rotation: [a]*?p = +3.8 (¢ = 10.0, CHCIy).

IH NMR (500 MHz, CDCls) & 6.84 (dt, J = 15.2, 7.5 Hz, 1H), 6.07 (dd, J = 15.5, 1.2 Hz, 1H), 5.06
(td, J=7.1, 1.2 Hz, 1H), 2.91 (dd, J = 14.9, 7.4 Hz, 2H), 2.18 (ddd, J = 12.9, 7.0, 5.8 Hz, 1H),
2.04 — 1.89 (m, 3H), 1.65 (s, 3H), 1.64 — 1.59 (m, 1H), 1.57 (s, 3H), 1.38 — 1.29 (m, 1H), 1.25 (t,
J=7.5Hz, 3H), 1.22 — 1.12 (m, 1H), 0.88 (d, J = 6.9 Hz, 3H).

13C NMR (126 MHz, CDCl3) 5 190.0, 144.1, 131., 129.89, 124.4, 39.7, 36.8, 32.2, 25.8, 25.6, 23.1,
19.6,17.7, 14.9.

HRMS (CI-TOF) m/z calculated for C14H240SH* (M+H)* 241.1626, found 241.1620.

CuBr-DMS,
s7N MeMgBr, MTBE
—_—

(R,S)-Josiphos

3-815

S-Ethyl (3R,5S)-3,5,9-trimethyldec-8-enethioate (3-104):

A solution of CuBr-DMS (4 mg, 0.0187 mmol, 0.03 equiv) and (R,S)-Josiphos (16 mg, 0.0250
mmol, 0.04 equiv) in MTBE (5.2 mL) was stirred at rt for 30 min and then cooled to—78 °C. To the
cooled solution was added MeMgBr (3.0 M in Et,O, 0.31 mL, 0.936 mmol, 1.5 equiv) followed by
a slow addition of thioester 3-S15 (150 mg, 0.624 mmol, 1.0 equiv) in MTBE (1.0 mL) via syringe
pump over 2 h (0.5 mL/ hr). The reaction was stirred at —70 °C for 17.5 h and then quenched with
MeOH. The solution was partitioned between saturated NH4ClI solution and Et,O and additional
extractions were performed with Et,O. The combined organic phase was washed with brine, dried
with MgSO., filtered, and concentrated in vacuo. The resulting residue was purified via flash
chromatography (100% hex) to obtain thioester 3-104 along with a small amount of starting

material (9 mol% by *H NMR; 10% mass frac) (53 mg total, 48 mg of pdt, 30%).
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Optical rotation: [a]??p = +22.3 (¢ = 10.0, CHCly).

*an analytical sample prepared by Jess Pazienza was used for optical rotation

H NMR (500 MHz, CDCls) 8 5.08 (t, J = 6.4 Hz, 1H), 2.86 (g, J = 7.4 Hz, 2H), 2.47 (dd, J = 14.4,
6.1 Hz, 1H), 2.34 (dd, J = 14.4, 7.9 Hz, 1H), 2.10 (dd, J = 13.9, 6.8 Hz, 1H), 2.01 — 1.91 (m, 2H),
1.67 (s, 3H), 1.59 (s, 3H), 1.47 (dd, J = 13.4, 6.8 Hz, 1H), 1.28 (dd, J = 11.5, 4.2 Hz, 1H), 1.24 {(t,
J=7.5Hz, 3H), 1.18 — 1.05 (m, 3H), 0.89 (d, J = 6.6 Hz, 3H), 0.85 (d, J = 6.6 Hz, 3H).

13C NMR (126 MHz, CDCls) 8 199.3, 131.2, 125.0, 52.3, 44.2, 37.8, 29.8, 28.8, 25.8, 25.6, 23.4,
19.4,19.4, 17.8, 15.0.

HRMS (CI-TOF) m/z calculated for CisHs0SH* (M+H)* 257.1939, found 257.1940.

s7N 03, CH,Cly,
3, CH,Cl, N

then NaBH,

3104 OH 3516
S-Ethyl (3R,5S)-8-hydroxy-3,5-dimethyloctanethioate (3-S16):

A solution of the alkene 3-104 (45 mg, 0.176 mmol, 1.0 equiv) in CH.CI, (0.70 mL) and MeOH
(0.30 mL) at —78 °C was treated O3 until the solution turned blue in color (~5 min). The flask was
purged with O, until the blue color dissipated, and then NaBH4 (20 mg, 0.528 mmol, 3.0 equiv)
was added. The solution was allowed to slowly warm to rt overnight before it was slowly quenched
with H,O. The slurry was diluted with brine and the organic phase was extracted, dried with
Na»SOs, filtered, and concentrated in vacuo. The resulting residue was purified via flash
chromatography (0 > 35% EtOAc in hex) to obtain alcohol 3-S16 as a clear oil (23 mg, 56% over
2 steps)

Optical rotation: [a]??p = +13.9 (¢ = 1.0, CHCls).

'H NMR (500 MHz, CDCls) 8 3.61 (t, J = 6.4 Hz, 2H), 2.86 (g, J = 7.3 Hz, 2H), 2.47 (dd, J = 14.5,

6.2 Hz, 1H), 2.35 (dd, J = 14.3, 7.7 Hz, 1H), 2.11 (dq, J = 13.4, 6.8 Hz, 1H), 1.63 — 1.46 (m, 3H),
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1.37 — 1.28 (m, 1H), 1.24 (t, J = 7.1 Hz, 3H), 1.20 — 1.08 (m, 3H), 0.90 (d, J = 6.6 Hz, 3H), 0.86
(d, J = 6.4 Hz, 3H).

13C NMR (126 MHz, CDCls) 5 199.5, 63.4, 52.2, 44.3, 33.6, 30.4, 30.0, 28.7, 23.4, 19.5, 19.4,
14.9.

HRMS (ESI-TOF) m/z calculated for C12H2202SNa* (M+Na)* 255.1395, found 255.1391.

H 8 TBDPSCI, H e
2 imid., X
s/\ e o S/\
CH,Cl,

OH OTBDPS
3-105

S-Ethyl (3R,5S)-8-((tert-butyldiphenylsilyl)oxy)-3,5-dimethyloctanethioate (3-105):

To a solution of alcohol 3-S16 (23 mg, 0.0990 mmol, 1.2 equiv) in CH2Cl> (0.50 mL) at rt was
added imidazole (11 mg, 0.165 mmol, 2.0 equiv) followed by TBDPSCI (0.02 mL, 0.0825 mmaol,
1.0 equiv). The reaction was stirred at rt for 17.5 h and then diluted with CH.Cl,. The organic
phase was washed with brine, dried with MgSQ,, filtered, and concentrated in vacuo. The
resulting residue was purified via flash chromatography (100% hex) to obtain thioester 3-105 as
a clear oil (34 mg, 72%).

Optical rotation: [a]?’p = +8.9 (c = 10.0, CHCls).

'H NMR (500 MHz, CDCl3) & 7.67 (d, J = 7.8 Hz, 4H), 7.45 — 7.34 (m, 6H), 3.64 (t, J = 6.6 Hz,
2H), 2.87 (q, J = 7.4 Hz, 2H), 2.47 (dd, J = 14.4, 6.2 Hz, 1H), 2.35 (dd, J = 14.4, 7.9 Hz, 1H), 2.14
—2.05 (m, 1H), 1.62 — 1.51 (m, 2H), 1.49 — 1.41 (m, 1H), 1.34 — 1.27 (m, 1H), 1.25 (t, J = 7.4 Hz,
3H), 1.21 — 1.15 (m, 1H), 1.13 — 1.08 (m, 2H), 1.05 (s, 9H), 0.88 (d, J = 6.6 Hz, 3H), 0.83 (d, J =
6.6 Hz, 3H).

13C NMR (126 MHz, CDCl3) 5 199.4, 135.7, 134.3, 129.6, 127.7,64.4, 52.3, 44.2, 33.8, 30.1, 29.9,
28.7, 27.0, 23.4, 19.4 (2X), 19.3, 15.0.

HRMS (ESI-TOF) m/z calculated for C2gH420,SSiNa*™ (M+Na)* 493.2573, found 493.2565.
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o - o
s 10% Pd/C,
Et,SiH, CH,Cl,

OTBDPS
3105 oTBDPS

(3R,5S)-8-((tert-Butyldiphenylsilyl)oxy)-3,5-dimethyloctanal (3-106):

To a solution of thioester 3-105 (150 mg, 0.319 mmol, 1.0 equiv) and Et;SiH (0.15 mL, 0.956
mmol, 3.0 equiv) in CH2Cl, open to air was added 10% Pd/C (25 mg) portionwise. The slurry was
stirred for 20 min after which it was filtered over celite and the cake was thoroughly washed with
CH.Cl,. The filtrate was concentrated in vacuo and the resulting residue was purified via flash
chromatography (100% hex) to obtain aldehyde 3-106 (102 mg, 78%).

Optical rotation: [a]??p = +15.6 (¢ = 10.0, CHCly).

H NMR (500 MHz, CDCls) & 9.75 (t, J = 2.2 Hz, 1H), 7.68 (d, J = 6.6 Hz, 4H), 7.46 — 7.36 (m,
6H), 3.66 (t, J = 6.5 Hz, 2H), 2.35 (ddd, J = 15.9, 5.8, 1.9 Hz, 1H), 2.24 (ddd, J = 15.9, 7.6, 2.5
Hz, 1H), 2.19 — 2.11 (m, 1H), 1.63 — 1.46 (m, 3H), 1.38 — 1.29 (m, 1H), 1.24 — 1.16 (m, 2H), 1.13
—1.09 (m, 1H), 1.07 (s, 9H), 0.93 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.6 Hz, 3H).

13C NMR (126 MHz, CDCl3) 5 203.1, 135.7, 134.3, 129.7, 127.7, 64.3, 51.9, 44.6, 33.7, 30.1, 29.9,
27.0, 25.7,19.8, 19.43, 19.35.

HRMS (CI-TOF) m/z calculated for Co6H3g02SiH* (M+H)* 411.2719, found 411.2729.

o = Br
P(OPh)s, By, Br X =
—_
NEts, CH,Cl,

OTBDPS OTBDPS OTBDPS
3-106 3-517 3-518

tert-Butyl(((4S,6R)-8,8-dibromo-4,6-dimethyloctyl)oxy)diphenylsilane (3-S17):

To a solution of triphenyl phosphite (0.09 mL, 0.329 mmol, 1.5 equiv) in CH.Cl, (1.0 mL) at —78
°C was added Br; (0.02 mL, 0.285 mmol, 1.3 equiv) followed by NEt; (0.09 mL, 0.657 mmol, 3.0
equiv) dropwise. When the foggy vapor disappeared from the head space, a solution of aldehyde

3-106 (90 mg, 0.219 mmol, 1.0 equiv) in CH.Cl; (1.2 mL) was added dropwise. The reaction was
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stirred for 2 h at —78 °C, then warmed to rt and stirred for an additional 2 h. The reaction solution
was concentrated in vacuo and subjected to flash column chromatography (100% hex) to obtain
bromides 3-S17 and 3-S18 as an inconsequential and inseparable mixture of geminal dibromo
alkane, and cis and trans vinyl bromide diastereomers (10 : 1.0 : 1.3) (107 mg, 88%).

IH NMR (500 MHz, CDCls) 8 7.68 (d, J = 6.8 Hz, 4H), 7.45 — 7.35 (m, 6H), 5.72 (dd, J = 8.0, 6.3
Hz, 1H), 3.66 (t, J = 6.5 Hz, 2H), 2.37 (ddd, J = 14.2, 8.1, 5.9 Hz, 1H), 2.27 — 2.19 (m, 1H), 1.83
(dd, J = 14.0, 7.1 Hz, 1H), 1.64 — 1.46 (m, 4H), 1.38 — 1.30 (m, 1H), 1.21 (ddd, J = 13.2, 9.0, 4.6
Hz, 1H), 1.15 — 1.09 (m, 1H), 1.07 (s, 9H), 0.87 (d, J = 6.6 Hz, 3H), 0.85 (d, J = 6.5 Hz, 3H).

13C NMR (126 MHz, CDCls) 8 135.7, 134.3, 129.7, 127.7, 64.4, 53.7, 45.1, 43.7, 33.8, 30.2, 30.1,
29.8,27.1,19.47, 19.37, 18.6.

HRMS (CI-TOF) m/z calculated for Cz6HssBr.OSiH* (M+H)* 553.1137, found 553.1163.
Diagnostic data for cis and trans vinyl bromides (3-S18):

'H NMR (500 MHz, CDCls) 5 5.97 (d, J = 13.6 Hz, 1H, trans), 5.85 (dd, J = 9.1, 7.0 Hz, 1H, cis).

HRMS (CI-TOF) m/z calculated for C26H3BrOSiH* (M+H)* 473.1875, found 473.1878.

Br

Br ~ F . .
Br HNi-Pi -BulLi
. i-Pr,, n-BuLi, %
——
THF

OTBDPS OTBDPS OTBDPS
3817 3-518 3-519

tert-Butyl(((4S,6R)-4,6-dimethyloct-7-yn-1-yl)oxy)diphenylsilane (3-S19):

To a solution of HNi-Pr, (1.6 mL, 11.4 mmol, 4.5 equiv) in THF (3.0 mL) at —78 °C was added n-
BuLi (2.5 M in hex.; 4.0 mL, 10.0 mmol, 4.0 equiv). The solution was removed from cooling bath
for a couple min. and then cooled back to —78 °C after which bromides 3-S17 and 3-S18 (1.30 g,
2.54 mmol, 1.0 equiv) in THF (5.5 mL) was added. The reaction was allowed to slowly warm to rt
over 3 h and then stirred at rt for an additional 1.5 h, after which it was quenched with saturated
NH4CI solution (100 mL). The mixture was extracted with Et,O (2 X), and the combined organic

phase was washed with brine, dried with MgSOy,, filtered, and concentrated in vacuo to obtain
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terminal alkyne 3-S19. The oil was taken on to the next step without further purification. An aliquot
was removed and purified for characterization.

Optical rotation: [a]??p = —21.6 (c = 1.0, CHCI5).

IH NMR (500 MHz, CDCls) & 7.67 (d, J = 6.5 Hz, 4H), 7.45 — 7.35 (m, 6H), 3.65 (t, J = 6.5 Hz,
2H), 2.52 — 2.42 (m, 1H), 2.00 (d, J = 2.2 Hz, 1H), 1.68 — 1.56 (m, 2H), 1.54 — 1.47 (m, 1H), 1.45
—1.27 (m, 3H), 1.19 — 1.10 (m, 4H), 1.05 (s, 9H), 0.87 (d, J = 6.7 Hz, 3H).

13C NMR (126 MHz, CDCls) 5 135.7, 134.3, 129.6, 127.7, 89.7, 68.0, 64.4, 44.4, 32.3, 30.5, 29.9,
27.0, 23.5, 21.2, 20.0, 19.4.

HRMS (CI-TOF) m/z calculated for CosHasOSiH* (M+H)* 393.2614, found 393.2624.

% HNi-Pry, n-Buli, : %

Mel, THF

OTBDPS 3.519 OTBDPS 3-107

tert-Butyl(((4S,6R)-4,6-dimethylnon-7-yn-1-yl)oxy)diphenylsilane (3-107):

To a solution of HNi-Prz (1.4 mL, 9.76 mmol, 4.0 equiv) in THF (4.0 mL) at —78 °C was added n-
BuLi (2.5 M in hex.; 2.9 mL, 7.31 mmol, 3.0 equiv). The solution was removed from cooling bath
and while warming to rt, terminal alkyne 3-S19 (957 mg, 2.44 mmol, 1.0 equiv) in THF (8.0 mL)
was added. The solution was stirred at rt for 1 h and then cooled back to —78 °C and iodomethane
(0.91 mL, 14.6 mmol, 6.0 equiv) was added. The reaction was allowed to warm to rt over 15.5 h
after which it was quenched with saturated NH4ClI solution. The mixture was extracted with Et,O
(3 X), and the combined organic phase was washed with brine, dried with MgSOQ., filtered, and
concentrated in vacuo. The resulting residue was purified via flash chromatography (100% hex)
to obtain internal alkyne 3-107 (770 mg, 78% over 2 steps).

Optical rotation: [a]?’p =—10.1 (c = 1.0, CHCIls).

'H NMR (500 MHz, CDCls) 8 7.73 (dd, J = 8.0, 1.7 Hz, 4H), 7.48 — 7.40 (m, 6H), 3.71 (t, J = 6.7

Hz, 2H), 2.52 — 2.43 (m, 1H), 1.80 (d, J = 2.6 Hz, 3H), 1.70 — 1.62 (m, 2H), 1.58 (ddd, J = 12.9,
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10.8, 6.4 Hz, 1H), 1.47 — 1.43 (m, 1H), 1.40 — 1.35 (m, 2H), 1.22 — 1.18 (m, 1H), 1.15 (d, J = 6.9
Hz, 3H), 1.11 (s, 9H), 0.92 (d, J = 6.8 Hz, 3H).

13C NMR (126 MHz, CDCls) & 135.7, 134.3, 129.6, 127.7, 84.3, 75.3, 64.5, 45.0, 32.4, 30.5, 29.9,
29.9, 27.0, 23.7, 21.6, 20.0, 19.4, 3.6.

HRMS (CI-TOF) m/z calculated for C27H3sOSiH* (M+H)* 407.2770, found 407.2785.

D X
MeCN

OTBDPS OH
3-107 3-S20

(4S,6R,E)-8-lodo-4,6-dimethylnon-7-en-1-ol (3-S20):

To a plastic bottle containing internal alkyne 3-107 (770 mg, 1.89 mmol, 1.0 equiv) in MeCN (7.6
mL) was added HF (50% ag. soln; 0.13 mL). After stirring for 30 min, an additional portion of HF
(0.5 mL) was added. After stirring for 1.5 h, an additional portion of HF (0.25 mL) was added. After
stirring for 15 min, the reaction was slowly gquenched with saturated NaHCO3 solution and
extracted with EtOAc (3 X). The combined organic phase was washed with brine, dried with
MgSOQ., filtered, and concentrated in vacuo. The resulting residue was purified via flash
chromatography (0 = 100% EtOAc in hex) to obtain alcohol 3-S20 (264 mg, 83%).

H NMR (500 MHz, CDCls) & 3.56 (t, J = 6.8 Hz, 2H), 2.45 — 2.34 (m, 1H), 2.07 (s, br, 1H), 1.73
(d, J=2.9 Hz, 3H), 1.63 — 1.51 (m, 2H), 1.51 — 1.42 (m, 1H), 1.41 — 1.33 (m, 1H), 1.31 - 1.19 (m,
2H), 1.13 — 1.07 (m, 1H), 1.05 (d, J = 7.4 Hz, 3H), 0.85 (d, J = 7.4 Hz, 3H).

13C NMR (126 MHz, CDCIls) 8 84.2, 75.4, 63.2, 44.8, 32.1, 30.4, 30.0, 23.6, 21.5, 19.9, 3.5.

HRMS (CI-TOF) m/z calculated for C11H200NH4* (M+NH,4)* 186.1858, found 186.1856.
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3520 3108
(4S,6R,E)-8-lodo-4,6-dimethylnon-7-enal (3-108):

To a solution of alcohol 3-S20 (189 mg, 1.12 mmol, 1.0 equiv) in CHxClI, (5.6 mL) at rt was added
PCC (435 mg, 2.02 mmol, 1.8 equiv). The slurry was stirred for 2 h at rt and then filtered through
a pad a silica. The cake was thoroughly washed with CH,Cl, after which the filtrated was
concentrated in vacuo to obtain aldehyde 3-108 (148 mg, 80%).

IH NMR (500 MHz, CDCls) § 9.71 (s, 1H), 2.44 — 2.31 (m, 3H), 1.70 (d, J = 2.7 Hz, 3H), 1.67 —
1.55 (m, 2H), 1.38 — 1.15 (m, 3H), 1.04 (d, J = 7.0 Hz, 3H), 0.84 (d, J = 6.9 Hz, 3H).

13C NMR (126 MHz, CDCl3) 8 202.9, 83.8, 75.7, 44.5, 41.6, 30.4, 28.2, 23.6, 21.6, 19.8, 3.5.

HRMS (CI-TOF) m/z calculated for C11H1s0* (M)* 166.1358, found 166.1356.

U R S W §
I :

3-10

©

(R)-4-benzyl-3-propionyloxazolidin-2-one (3-109):

To a solution of (R)-4-benzyloxazolidin-2-one (500 mg, 2.82 mmol, 1.0 equiv) in THF (3.0 mL)
was added propionic anhydride (0.72 mL, 5.64 mmol, 2.0 equiv), NEt; (0.43 mL, 3.10 mmol, 1.1
equiv), and DMAP (17 mg, 0.141 mmol, 0.05 equiv). The solution was stirred for 14 h and then
concentrated in vacuo. The resulting residue was dissolved in CH»Cl, and then washed with 1 M
NaOH solution then saturated NaHCO; solution. The combined aqueous phase was back
extracted with CH-Cl, (2 X). The combined organic phase was dried with Na,SOu, filtered, and
concentrated in vacuo. The resulting residue was purified via flash chromatography (0 - 25%
EtOAc in hex) to obtain oxazolidinone 3-109 as a white solid (650 mg, 99%). Spectral data is in

accordance with the reported literature.*®’
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F . \)LN/KO Bu,BOTY,
)J NEts, CH,Cl,
l Bn
o

. H o
3108 3-109 : /\\/

3821 B
(R)-4-Benzyl-3-((2R,3S,6S,8R)-3-hydroxy-2,6,8-trimethylundec-9-ynoyl)oxazolidin-2-one
(3-S21):

To a solution of oxazolidinone 3-109 (64 mg, 0.273 mmol, 1.0 equiv) in CH2Cl, (0.75 mL) at 0 °C
was added freshly distilled Bu,BOTf (0.10 mL, 0.328 mmol, 1.2 equiv) followed by NEt; (0.05 mL,
0.355 mmol, 1.3 equiv). The solution was cooled to —78 °C and aldehyde X (50 mg, 0.301 mmol,
1.0 equiv) in CH2Cl, (0.1 mL) was added. The reaction was stirred at —78 °C for 30 min and then
warmed to 0 °C and stirred for 2.75 h. To quench the reaction, a solution of pH 7 phosphate buffer
(0.5 mL) and MeOH (1.5 mL) was added followed by a solution of 30% aqg. H.O- (1.0 mL) and
MeOH (0.5 mL). The slurry was vigorously stirred for 45 min and then extracted with Et,0 (3 X).
The combined organic phase was washed with brine, dried with MgSO4, filtered, and
concentrated in vacuo. The resulting residue was purified via flash chromatography (0 2> 25%
EtOACc in hex.) to obtain alcohol 3-S21 (75 mg, 69%).

H NMR (500 MHz, CDCl3) 8 7.33 (t, J = 7.3 Hz, 2H), 7.29 — 7.25 (m, 1H), 7.20 (d, J = 7.5 Hz,
2H), 4.70 (t, J = 8.4 Hz, 1H), 4.27 — 4.14 (m, 2H), 3.97 — 3.88 (m, 1H), 3.83 — 3.73 (m, 1H), 3.24
(d, J = 13.4 Hz, 1H), 2.84 — 2.74 (m, 1H), 2.48 — 2.40 (t, J = 16.4 Hz, 1H), 1.77 (s, 3H), 1.68 —
1.61 (m, 1H), 1.59 — 1.53 (m, 1H), 1.44 — 1.35 (m, 2H), 1.33 — 1.28 (m, 2H), 1.28 — 1.21 (m, 4H),
1.10 (d, J = 6.9 Hz, 3H), 0.89 (d, J = 6.8 Hz, 3H).

13C NMR (126 MHz, CDCls) & 177.7, 153.2, 135.2, 129.6, 129.1, 127.6, 84.3, 75.5, 71.9, 66.3,
55.2,44.8, 42.3, 37.9, 32.5, 31.2, 30.6, 23.7, 21.6, 20.0, 10.6, 3.6.

HRMS (ESI-TOF) m/z calculated for C24H3sNOsNa*™ (M+Na)* 422.2307, found 422.2323.
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LIOH-H,0, H,0,,

THF, H,0

3521 3522
(2R,3S,6S,8R)-3-Hydroxy-2,6,8-trimethylundec-9-ynoic acid (3-S22):

To a solution of oxazolidinone 3-S21 (75 mg, 0.188 mmol, 1.0 equiv) in THF (1.4 mL) and H»O
(0.5 mL) was added LiOH-H-O (16 mg, 0.375 mmol, 2.0 equiv) followed by 30% aqg. H-O, (0.19
mL). The reaction was stirred for 1 h and then quenched with saturated Na»S>O3 solution. The
volatiles were removed in vacuo. The resulting solution was acidified to pH 1 with 3 M HCI and
then extracted with EtOAc (6 X). The combined organic phase was dried with Na,SO., filtered,
and concentrated in vacuo to obtain carboxylic acid 3-S22. The resulting residue was taken on to

the next step without further purification.

TMSCHN,,
[
CH,Cl,, MeOH

3-822 ) 3.74
Methyl (2R,3S,6S,8R)-3-hydroxy-2,6,8-trimethylundec-9-ynoate (3-74):
To a solution of carboxylic acid 3-S22 (45 mg, 0.188 mmol, 1.0 equiv) in Et,O (1.3 mL) and MeOH
(0.6 mL) at rt was added TMSCHN: (2.0 M in hex.; 0.21 mL, 0.414 mmol, 2.2 equiv) dropwise.
The reaction was stirred for 2.5 h at rt and then slowly quenched with AcOH until the yellow color
dissipated in the solution. The slurry was diluted with H.O and then extracted with Et,O (2 X). The
combined organic phase was washed with brine, dried with MgSO., filtered, and concentrated in

vacuo to obtain ester 3-74 (27 mg, 56% over 2 steps).
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IH NMR (500 MHz, CDCls) & 3.88 (dd, J = 8.2, 4.0 Hz, 1H), 3.71 (s, 3H), 2.55 (qd, J = 7.2, 3.7
Hz, 1H), 2.50 — 2.40 (m, 2H), 1.78 (d, J = 2.4 Hz, 3H), 1.64 (dd, J = 11.6, 7.2 Hz, 1H), 1.52 — 1.48
(m, 1H), 1.42 — 1.34 (m, 2H), 1.33 — 1.23 (m, 3H), 1.19 (d, J = 7.2 Hz, 3H), 1.10 (d, J = 6.8 Hz,
3H), 0.88 (d, J = 6.7 Hz, 3H).

13C NMR (126 MHz, CDCls) & 176.7, 84.2, 75.6, 72.1, 51.9, 44.8, 44.4, 32.3, 31.1, 30.6, 23.7,
21.6, 20.0, 10.9, 3.6.

HRMS (ESI-TOF) m/z calculated for C1sH2sONa* (M+Na)*™ 277.1780, found 277.1783.

X
n, TCBC, NEts,
—_—
X ° DMAP, tol. 71%
OH
3-102 3-74 3-110
(2R,3S,6S,8R)-1-Methoxy-2,6,8-trimethyl-1-oxoundec-9-yn-3-yl (2S,6R,9R,E)-9-((tert-

butyldimethyl silyl)oxy)-2,4,6-trimethyldodec-4-en-10-ynoate (3-110): To a solution of
carboxylic acid 3-102 (16 mg, 0.0433 mmol, 1.1 equiv) in toluene (0.25 mL) at rt was added 2,4,6-
trichlorobenzoyl chloride (10 L, 0.0591 mmol, 1.5 equiv) followed by NEt; (10 uL, 0.0591 mmol,
1.5 equiv). The reaction was stirred for 30 min at rt then DMAP (5 mg, 0.034 mmol, 1.0 equiv)
and alcohol 3-74 was added. The reaction was stirred for 18 h at rt then DMAP (10 mg, 0.0788
mmol, 2.0 equiv) was added and stirred for an additional 2 h. The reaction was quenched with
citric acid solution and extracted with EtOAc (2 X 3 mL). The combined organic phase was dried
with Na,SOy, filtered, and concentrated in vacuo to obtain diyne 3-110 as a clear oil (17 mg, 71%).
'H NMR (500 MHz, CDCls) 8 5.12 — 5.08 (m, 1H), 4.95 (d, J = 9.4 Hz, 1H), 4.29 — 4.23 (m, 1H),
3.67 (s, 3H), 2.72 — 2.65 (m, 1H), 2.57 (dd, J = 14.5, 7.0 Hz, 1H), 2.44 — 2.37 (m, 2H), 2.35 — 2.29

(m, 1H), 1.97 (dd, J = 13.3, 9.2 Hz, 1H), 1.81 (s, 3H), 1.77 (s, 3H), 1.67 — 1.50 (m, 9H), 1.47 —
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1.41 (m, 1H), 1.36 — 1.23 (m, 4H), 1.15 (d, J = 7.0 Hz, 3H), 1.11 — 1.06 (m, 6H), 0.91 (d, J = 6.6
Hz, 3H), 0.89 (s, 9H), 0.87 (d, J = 6.7 Hz, 3H), 0.10 (s, 3H), 0.08 (s, 3H).

13C NMR (126 MHz, CDCls) & 176.0, 174.5, 134.3, 130.7, 81.2, 80.0, 75.6, 74.1, 63.5, 51.9, 44.8,
43.9,43.1, 38.1, 37.1, 33.3, 32.4, 31.8, 30.6, 29.2, 26.0, 23.6, 21.6, 21.4, 19.8, 18.4, 16.5, 15.9,
12.1, 3.7, 3.6, -4.3, -4.9.

HRMS (ESI-TOF) m/z calculated for C3sHs20sSiNa* (M+Na)* 625.4265, found 625.4265.

OTBDPS OTBDPS
LiOH-H,0
—»
A o  THF. MeOH X °
e

O

3-97 3114

(2S,6R,E)-9-((tert-butyldiphenylsilyl)oxy)-2,4,6-trimethylnon-4-enoic acid (3-114):

To a solution of ester 3-97 (100 mg, 0.214 mmol, 1.0 equiv) in THF (0.6 mL), MeOH (0.4 mL),
H20 (0.2 mL) at rt was added LiOH-H-0 (45 mg, 1.07 mmol, 5.0 equiv). The slurry was stirred at
rt overnight and then acidified to pH 3 with 3 M HCI. The solution was extracted with EtOAc (5 X)
and the combined organic phase was washed with brine, dried with Na.SO,, filtered, and
concentrated in vacuo to obtain 3-114. The resulting residue was subjected to the next step

without further purification.

HZN/\/\NH2

Ho/\/\/\/ 1. n-BuLi, KOt-Bu, THF HO/\/\//

2. KOt-Bu, DMSO
3-115

Non-7-yn-1-ol (3-115):
To a solution of 1,3-diaminopropane (1.4 mL, 16.8 mmol, 5.4 equiv) in THF (5 mL) at 0 C was
added n-BulLi (6.7 mL, 16.8 mmol, 5.4 equiv) dropwise. The solution was stirred for 20 min then

KOt-Bu (1.47 g, 13.1 mmol, 4.2 equiv) in THF (13 mL) was added followed by non-2-yn-1-ol (0.5
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mL, 3.11 mmol, 1.0 equiv). The solution was warmed to rt and stirred for 2 h. The solution was
diluted with saturated NH4CI solution and then extracted with EtOAc (3 X). The combined organic
phase was washed with 1 M HCI solution, saturated NaHCO3 solution, then brine and then dried
with Na,SOy, filtered, and concentrated in vacuo. The resulting residue was dissolved in DMSO
and KOt-Bu was added at rt. The solution was stirred overnight and then diluted with 1 M HCI,
which was then extracted with Et,O (3 X). The combined organic phase was washed with H>O (3
X), then brine, dried with MgSOQOs., filtered, and concentrated in vacuo to obtain alcohol 3-115. The
spectral data is in accordance with the reported literature.°®

IH NMR (500 MHz, CDCls) 8 3.63 (t, J = 6.6 Hz, 2H), 2.14 — 2.09 (m, 2H), 1.77 (t, J = 2.4 Hz, 3H),

1.60 — 1.53 (m, 2H), 1.51 — 1.44 (m, 2H), 1.43 — 1.33 (m, 4H).

OTBDPS TBDPSO
S N\
‘n,, . TCBC, NEt3, 2
™ o DMAP, tol. ™ o
OH HO o

3114 315 a2
Non-7-yn-1-yl (2S,6R,E)-9-((tert-butyldiphenylsilyl)oxy)-2,4,6-trimethylnon-4-enoate (3-
S23):

To a solution of carboxylic acid 3-114 (97 mg, 0.214 mmol, 1.0 equiv) in toluene (1.0 mL) was
added 2,4,6-trichlorobenzoyl chloride (50 uL, 0.321 mmol, 1.5 equiv) followed by NEt; (40 L,
0.321 mmol, 1.5 equiv). The solution was stirred for 30 min then alcohol 3-115 (30 mg, 0.214
mmol, 1.0 equiv) in toluene (1.1 mL) was added followed by DMAP (131 mg, 1.07 mmol, 5.0
equiv). After stirring for 1.5 h at rt, the reaction was quenched with 1 M HCI and then extracted
with Et2O (2 X). The combined organic phase was washed with brine, dried with MgSOy, filtered,
and concentrated in vacuo to obtain ester 3-S23. The resulting residue was subjected to the next

step without further purification.
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TBDPSO \ HO \
HF, MeCN 7,
—»
31% (3 steps)
X o N [o]
(¢) O

3523 3120
Non-7-yn-1-yl (2S,6R,E)-9-hydroxy-2,4,6-trimethylnon-4-enoate (3-120):

To a solution of ester 3-S23 (123 mg, 0.214 mmol, 1.0 equiv) in MeCN (1.1 mL) at rt was added
HF (0.5 mL). The solution was stirred at rt for 1.5 h and then slowly quenched with a saturated
NaHCOs; solution. Once bubbling ceased, the solution was extracted with Et.O (2 X). The
combined organic phase was washed with brine, dried with MgSOQ., filtered, and concentrated in
vacuo. The resulting residue was purified via flash chromatography (0 - 80% EtOAc) to obtain
alcohol 3-120 as a clear oil (22 mg, 31% over 3 steps).

IH NMR (500 MHz, CDCls) 8 4.92 (dd, J = 9.5, 1.0 Hz, 1H), 4.03 (td, J = 6.7, 3.7 Hz, 2H), 3.61 (t,
J = 6.6 Hz, 2H), 2.60 (dd, J = 14.4, 7.3 Hz, 1H), 2.34 (dd, J = 13.9, 7.0 Hz, 2H), 2.12 (ddt, J = 9.5,
7.1, 2.3 Hz, 2H), 2.06 (s, br, 1H), 2.02 (dd, J = 13.6, 7.7 Hz, 1H), 1.77 (t, J = 2.5 Hz, 3H), 1.63
(dd, J = 14.3, 7.1 Hz, 2H), 1.59 (d, J = 1.2 Hz, 3H), 1.54 — 1.45 (m, 4H), 1.43 — 1.32 (m, 5H), 1.21
(ddd, J = 9.8, 8.7, 3.9 Hz, 1H), 1.09 (d, J = 6.9 Hz, 3H), 0.91 (d, J = 6.7 Hz, 3H).

13C NMR (126 MHz, CDCl3) 5 176.8, 133.7, 131.1, 793, 75.7, 64.4, 63.3, 44.1, 38.3, 33.8, 32.4,
331.0, 29.1, 28.7, 28.6, 25.7, 21.4, 18.8, 16.8, 16.1, 3.6.

HRMS (ESI-TOF) m/z calculated for Co1HzsOsNa* (M+Na)*™ 359.2562, found 359.2556.

238



, (COCI),, NEts,
DMSO, CH ,Cl,
—>
N o

3120 3118
Non-7-yn-1-yl (2S,6R,E)-2,4,6-trimethyl-9-oxonon-4-enoate (3-118):

To a solution of oxalyl chloride (10 pL, 0.0785 mmol, 1.2 equiv) in CH2Cl> (0.2 mL) at —78 °C was
added DMSO (10 uL, 0.157 mmol, 2.4 equiv) followed by alcohol 3-120 (22 mg, 0.654 mmol, 1.0
equiv) in CHxCl, (0.2 mL). The solution was stirred for 5 min at this temperature and then NEts;
(50 pL, 0.327 mmol, 5.0 equiv) was added. The reaction was warmed to rt and stirred for an
additional 30 min after which it was diluted CH2Cl.. The solution was washed with saturated NH4Cl
solution, and brine, and then it was dried with Na>SOs, filtered, and concentrated in vacuo to
obtain aldehyde 3-118 (14 mg, 64%).

H NMR (500 MHz, CDCl3) 8 9.73 (t, J = 1.7 Hz, 1H), 4.87 (dd, J = 9.6, 1.1 Hz, 1H), 4.06 — 3.97
(m, 2H), 2.60 (dd, J = 14.4, 7.2 Hz, 1H), 2.38 — 2.30 (m, 4H), 2.11 (ddd, J = 9.6, 4.8, 2.6 Hz, 2H),
2.02 (dd, J = 13.6, 7.5 Hz, 1H), 1.76 (t, J = 2.5 Hz, 3H), 1.70 — 1.58 (m, 4H), 1.57 (d, J = 1.3 Hz,
3H), 1.50 — 1.44 (m, 3H), 1.38 — 1.32 (m, 3H), 1.09 (d, J = 6.9 Hz, 3H), 0.93 (d, J = 6.6 Hz, 3H).
13C NMR (126 MHz, CDCls) 5 202.8, 176.6, 132.5, 132.4, 79.2, 75.6, 64.4, 44.1, 42.3, 38.2, 32.1,

29.8, 29.0, 28.7, 28.6, 25.7, 21.3, 18.8, 16.9, 16.2, 3.6.
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I X N
CpyZrHCI, CH,Cly “o,
—»
then Et,Zn, tol
A ° en EtyZn, tol A o
(o} (¢}

3118 3120
Non-7-yn-1-yl (2S,6R,E)-9-hydroxy-2,4,6-trimethylnon-4-enoate (3-120):

To a solution of aldehyde 3-118 (7 mg, 0.0209 mmol, 1.0 equiv) in CHxCl, (0.10 mL) at rt was
added Cp2ZrHCI (13 mg, 0.0523 mmol, 2.5 equiv). The slurry was stirred until the cloudiness
dissipated to a clear yellow solution (45 min) and the solution was concentrated in vacuo. The
residue was redissolved in toluene (0.50 mL) and added via syringe pump over 2 h to a cooled
solution of EtzZn (2.0 M in hex; 10 uL, 0.0209 mmol, 1.0 equiv) in toluene (0.5 mL) at —65 °C. The
reaction was allowed to warm to rt overnight and then concentrated in vacuo the next day. The
resulting residue was purified via flash chromatography (0 = 40% EtOAc in hex) to obtain alcohol

3-120. The spectral data matches the data reported vide supre.

I\ TN\
Redo”
N ° CH,Cl,, tol. X o
O (o]

3118 3120
Non-7-yn-1-yl (2S,6R,E)-9-hydroxy-2,4,6-trimethylnon-4-enoate (3-120):

To a solution of aldehyde 3-118 (8 mg, 0.0239 mmol, 1.0 equiv) and AgCIO4 (2 mg, 0.0119, 0.5
equiv) in toluene (0.2 mL) at rt was added Cp2ZrHCI (7 mg, 0.0263 mmol, 1.1 equiv) in CH2Cl;
(0.3 mL) via syringe pump over 1 h. The solution was stirred for an additional 3 h at rt and was
then filtered over celite. The cake was washed with additional CH>Cl, and the filtrate was
concentrated in vacuo to obtain alcohol 3-120. The spectral data matches the data reported vide

supre.
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TBDPSCI, imid.
/\/\// /\/\//
HO CH,Cly, TBDPSO

315 3123
tert-Butyl(non-7-yn-1-yloxy)diphenylsilane (3-123):

To a solution of alcohol 3-115 (100 mg, 0.713 mmol, 1.0 equiv) in CH2Cl; (3.6 mL) at rt was added
imidazole (146 mg, 2.14 mmol, 3.0 equiv) followed by TBDPSCI (0.28 mL, 1.07 mmol, 1.5 equiv).
The reaction was stirred at rt overnight and then washed with H,O (2 X) and brine. The organic
phase was dried with Na,SOs, filtered, and concentrated in vacuo. The resulting residue was
purified through a silica pad (100% hex) to obtain alkyne 3-123 as a clear oil.

'H NMR (500 MHz, CDCls) & 7.71 (dd, J = 7.7, 1.2 Hz, 4H), 7.47 — 7.38 (m, 6H), 3.70 (t, J = 6.5
Hz, 2H), 2.14 (ddd, J = 9.7, 4.8, 2.6 Hz, 2H), 1.80 (t, J = 2.5 Hz, 3H), 1.65 — 1.58 (m, 2H), 1.53 —
1.46 (m, 2H), 1.44 — 1.35 (m, 2H), 1.09 (s, 9H).

13C NMR (126 MHz, CDCl5) 5 135.7, 134.3, 129.6, 127.7, 79.5, 75.5, 64.0, 32.6, 29.2, 28.8, 27.0,
25.5,19.4, 18.8, 3.6.

HRMS (CI-TOF) m/z calculated for C21H2s0Si* (M—t-butyl)* 321.1675, found 321.1690.

OH

' D
Cp,ZrHCl,
+ CH,Cl,
X ° thentI?tZZn A o
0 TBDPSO O/

3-98 3-123 3-124 3-125 3-126
Methyl (2S,4E,6R,10E)-17-((tert-butyldiphenylsilyl)oxy)-9-hydroxy-2,4,6,10-
tetramethylheptadeca-4,10-dienoate (3-124), Methyl (2S,4E,6R,10E)-16-((tert-

butyldiphenylsilyl)oxy)-10-ethylidene-9-hydroxy-2,4,6-trimethylhexadec-4-enoate (3-125),
and Methyl (2S,6R,E)-9-hydroxy-2,4,6-trimethylundec-4-enoate (3-126):

To a Schlenk flask containing Cp2ZrHCI (15 mg, 0.0581 mmol, 1.1 equiv) at rt was added alkyne
3-123 (20 mg, 0.0528 mmol, 1.0 equiv) in CH>Cl, (0.20 mL) and the solution was stirred at rt for
2 h. The solution was concentrated in vacuo and then redissolved in toluene (0.20 mL) and cooled
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to —65 °C. A solution of Et,Zn (1.0 M in hex; 50 uL, 0.0528 mmol, 1.0 equiv) was added dropwise.
The reaction was then warmed to 0 °C and aldehyde 3-98 (12 mg, 0.0528 mmol, 1.0 equiv) was
added. The solution was allowed to warm to rt and then concentrated in vacuo. The resulting
residue was purified via flash chromatography (0 > 25% EtOAc in hex) to obtain alcohol 3-124,
alcohol 3-125, and alcohol 3-126.

Diagnostic *H NMR data for alcohol 3-124:

'H NMR (600 MHz, CDClz) 8 5.34 (t, J = 6.5 Hz, 1H), 4.91 (d, J = 7.2 Hz, 1H), 3.93 (t, J = 6.4 Hz,
1H), 1.59 (s, 3H).

Diagnostic *H NMR data for alcohol 3-125:

'H NMR (600 MHz, CDCls) 8 5.45 (q, J = 6.5 Hz, 1H), 4.90 (d, 9.2 Hz, 1H), 3.94 (t, J = 6.4 Hz,
1H) 1.61, (d, J = 6.7 Hz, 3H).

Diagnostic *H NMR data for alcohol 3-126:

IH NMR (600 MHz, CDCls)  4.91 (dd, J = 9.1, 5.3 Hz, 1H), 3.50 — 3.46 (m, 1H).

[ Cp,ZrHCI, PhH, |
then I, CH,Cl,

OTBDPS OTBDPS

3-107 3-130

tert-Butyl(((4S,6R,E)-8-iodo-4,6-dimethylnon-7-en-1-yl)oxy)diphenylsilane (3-130):

A Schlenk flask containing Cp2ZrHCI (95 mg, 0.369 mmol, 3.0 equiv) was removed from the glove
box, and a solution of internal alkyne 3-107 (50 mg, 0.123 mmol, 1.0 equiv) in benzene (1.2 mL)
at rt was added. After stirring for 17.5 h at rt, a saturated solution of |, in CH.Cl, was added to the
cloudy yellow mixture until the purple color persisted in the solution. A saturated Na,S,O3 solution
was added and the mixture was vigorously stirred until purple color dissipated. The slurry was
diluted with brine and extracted with CH>Cl, (3 X). The combined organic phase was dried with
Na,SO., filtered, and concentrated in vacuo. The resulting residue was purified via silica plug
(10% EtOAc in hex) to obtain vinyl iodide 3-130 (62 mg 94%).
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Optical rotation: [a]?’p = -20.2 (c = 10.0, CHCIs).

IH NMR (500 MHz, CDCl3) & 7.68 (d, J = 6.6 Hz, 4H), 7.46 — 7.36 (m, 6H), 5.94 (dd, J = 9.8, 0.9
Hz, 1H), 3.64 (t, J = 6.5 Hz, 2H), 2.45 (ddd, J = 14.1, 9.6, 7.0 Hz, 1H), 2.34 (d, J = 1.1 Hz, 3H),
1.62 — 1.55 (m, 1H), 1.52 — 1.45 (m, 1H), 1.42 — 1.31 (m, 2H), 1.18 (dd, J = 13.5, 6.7 Hz, 1H),
1.14 — 1.08 (m, 2H), 1.06 (s, 9H), 0.91 (d, J = 6.7 Hz, 3H), 0.84 (d, J = 6.5 Hz, 3H).

13C NMR (126 MHz, CDCls) 6 148.0, 135.7, 134.3, 129.7, 127.7,92.2, 64.5, 44.5, 33.4, 32.9, 30.3,
30.0, 27.8, 27.0, 20.4, 20.1, 19.4.

HRMS (ESI-CI) m/z calculated for C27H3OISIH* (M+H)* 535.1893, found 535.1875.

CrCly, NiCl,,
_—

DMSO

OTBDPS TBDPSO

398 3430 3433 3134 3524
Methyl (2S,4E,6R,10E,12R,14S)-17-((tert-butyldiphenylsilyl)oxy)-9-hydroxy-2,4,6,10,12,14-
hexamethylheptadeca-4,10-dienoate (3-133):

A Schlenk flask containing CrCl; (14 mg, 0.112 mmol, 1.0 equiv) and NiCl, (7 mg, 0.056 mmol,
0.5 equiv) was removed from the glovebox, and a solution of aldehyde 3-98 (25 mg, 0.112 mmol,
1.0 equiv) and iodide 3-123 (60 mg, 0.112 mmol, 1.0 equiv) in DMSO (1.1 mL) was added. The
slurry was stirred at rt for 21 h and then diluted with H>O. The slurry was extracted with Et.O (2
X); the combined organic phase was washed with H.O (3 X) and then brine, dried with MgSOQOa,
filtered, and concentrated in vacuo. The resulting residue was purified via flash chromatography
(0 > 10% EtOAc in hex) to obtain alcohol 3-124 (11 mg, 16%) and diene 3-134.

One diastereomer of the alcohol was characterized:

'H NMR (500 MHz, CDCls) 8 7.67 (d, J = 6.7 Hz, 4H), 7.45 — 7.34 (m, 6H), 5.11 (d, J = 9.3 Hz,

1H), 4.91 (d, J = 9.3 Hz, 1H), 3.90 (t, J = 6.0 Hz, 1H), 3.66 — 3.60 (s, 5H), 2.61 (dd, J = 14.3, 7.2
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Hz, 1H), 2.47 — 2.39 (m, 1H), 2.37 —2.28 (m, 2H), 2.02 (dd, J = 13.4, 7.7 Hz, 1H), 1.58 (s, 3H),
1.52 — 1.33 (m, 6H), 1.32 — 1.29 (m, 1H), 1.24 — 1.17 (m, 3H), 1.15 — 1.12 (m, 1H), 1.10 (d, J =
6.9 Hz, 3H), 1.05 (s, 9H), 0.90 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.6 Hz, 3H), 0.83 (d, J = 6.5 Hz,
3H).

13C NMR (126 MHz, CDCls) 8 135.7, 135.2, 134.3, 134.0, 133.8, 130.9, 129.6, 127.7, 78.2, 64.6,
51.5, 45.1, 44.3, 38.1, 33.7, 33.1, 32.9, 32.4, 30.4, 30.1, 29.6, 27.0, 21.3, 20.9, 20.1, 19.4, 16.7,
16.1, 11.5.

*missing carbonyl peak due to low concentration of sample

HRMS (ESI-TOF) m/z calculated for C4oHs204SiNa* (M+Na)* 657.4315, found 657.4323.

Diene 3-134 was indistinguishable via NMR from the proto-demetalated alkene 3-S24 and was
distinguished by HRMS.

HRMS (ESI-TOF) m/z calculated for CssH7802Si2Na*" (M+Na)* 838.5467, found 838.5559.

3-130 3-825

(4S,6R,E)-8-i0do-4,6-dimethylnon-7-en-1-ol (3-S25):

To a solution of vinyl iodide 3-130 (500 mg, 0.935 mmol, 1.0 equiv) in THF (4.7 mL) was added
TBAF (1.0 M in THF; 1.9 mL, 1.87 mmol, 2.0 equiv). The reaction was stirred for 1 h at rt and then
guenched with saturated NH4Cl solution. The solution was extracted with Et;O (2 X) and the
combined organic phase was washed with brine, dried with MgSQ., filtered, and concentrated in
vacuo. The resulting residue was purified via flash chromatography (0 - 35% EtOAc in hex) to
obtain alcohol 3-S25 as a clear oil (204 mg, 74%).

Optical rotation: [a]*?p = —47.7 (c = 1.0, CHCIs).
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IH NMR (500 MHz, CDCls) & 5.94 (d, J = 9.8 Hz, 1H), 3.62 (t, J = 6.2 Hz, 2H), 2.48 (ddd, J = 14.1,
9.4, 6.9 Hz, 1H), 2.38 (s, 3H), 1.65 — 1.55 (m, 1H), 1.55 — 1.46 (m, 1H), 1.43 (dd, J = 13.1, 6.8
Hz, 1H), 1.37 (ddd, J = 12.8, 10.9, 5.3 Hz, 1H), 1.21 (dd, J = 13.6, 6.8 Hz, 1H), 1.16 — 1.07 (m,
2H), 0.92 (d, J = 6.7 Hz, 3H), 0.87 (d, J = 6.6 Hz, 3H).

13C NMR (126 MHz, CDCls) & 147.9, 92.2, 63.5, 44.5, 33.4, 32.8, 30.4, 30.3, 27.8, 20.4, 20.0.

HRMS (ESI-TOF) m/z calculated for C11H21OINa* (M+Na)* 319.0535, found 319.0538.

(4S,6R,E)-8-iodo-4,6-dimethylnon-7-enal (3-S26):

To a solution of alcohol 3-S25 (5.2 mg, 0.0176 mmol, 1.0 equiv) in CHCl. (0.2 mL) was added
PCC (7 mg, 0.0316 mmol, 1.8 equiv). The reaction was stirred at rt for 30 min, then it was filtered
through a silica plug. The cake was washed with additional CH,Cl, and the filtrate was
concentrated in vacuo to yield aldehyde 3-S26 (4.8 mg, 92%).

Optical rotation: [a]*?p = —47.7 (c = 1.0, CHCIs).

H NMR (500 MHz, CDCl3) & 9.77 (t, J = 1.6 Hz, 1H), 5.94 (dd, J = 9.8, 1.3 Hz, 1H), 2.53 — 2.39
(m, 3H), 2.38 (d, J = 1.4 Hz, 3H), 1.72 — 1.63 (m, 1H), 1.46 (dd, J = 10.4, 4.1 Hz, 1H), 1.40 — 1.34
(m, 1H), 1.21 (dd, J = 13.6, 6.8 Hz, 1H), 1.18 — 1.11 (m, 1H), 0.93 (d, J = 6.6 Hz, 3H), 0.88 (d, J
= 6.5 Hz, 3H).

13C NMR (126 MHz, CDCls) 5 202.8, 147.6, 92.1, 44.2, 41.7, 33.3, 30.2, 28.7, 27.8, 20.3, 19.7.

HRMS (ESI-CI) m/z calculated for C11H1901™ (M)* 294.0481, found 294.0472.
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(4S,6R,E)-8-iodo-4,6-dimethylnon-7-enal (3-S26):

To a solution of alcohol 3-S25 (120 mg, 0.405 mmol, 1.0 equiv) in CH2Cl; (2.0 mL) was added
Martin’s reagent (258 mg, 0.608 mmol, 1.5 equiv) and NaHCO3 (102 mg, 1.22 mmol, 3.0 equiv).
After stirring for 1 h at rt, saturated Na,S»03 solution was added and the slurry was vigorously
stirred for an additional 1 h. The slurry was extracted with CH>Cl, (3 X) and the combined organic
phase was washed with brine, dried with Na,SQO., filtered, and concentrated in vacuo to obtain

aldehyde 3-S26. The resulting residue was subjected to the next step without further purification.

F o O
NS Bu,BOTf,
! + N —_—
! o] NEts, CH,Cl,
(l) Bn

(R)-4-benzyl-3-((2R,3S,6S,8R,E)-3-hydroxy-10-iodo-2,6,8-trimethylundec-9-
enoyl)oxazolidin-2-one (3-135):

To a solution of oxazolidinone 3-109 (84 mg, 0.359 mmol, 1.1 equiv) in CH2Cl, (0.50 mL) at 0 °C
was added freshly distilled Bu,BOTf (0.13 mL, 0.424 mmol, 1.3 equiv) followed by NEts (0.06 mL,
0.456 mmol, 1.4 equiv). The solution was cooled to —78 °C and aldehyde 3-S26 (96 mg, 0.326
mmol, 1.0 equiv) in CH2Cl; (0.60 mL) was added. The reaction was stirred at —78 °C for 30 min
and then warmed to 0 °C and stirred for 1.5 h. To quench the reaction, a solution of pH 7
phosphate buffer (1.0 mL) and MeOH (2.0 mL) was added followed by a solution of 30% ag. H20>
(2.0 mL) and MeOH (1.0 mL). The slurry was vigorously stirred for 45 min and then extracted with

Et,O (3 X). The combined organic phase was washed with brine, dried with MgSOy, filtered, and
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concentrated in vacuo. The resulting residue was purified via flash chromatography (10% > 35%
EtOACc in hex) to obtain 3-135 (84 mg, 49% over 2 steps).

Optical rotation: [a]*?p = —46.8 (c = 1.0, CHCls)

IH NMR (500 MHz, CDCls) & 7.33 (t, J = 7.4 Hz, 2H), 7.30 — 7.25 (m, 1H), 7.20 (d, J = 7.4 Hz,
2H), 5.93 (d, J = 9.8 Hz, 1H), 4.71 (dd, J = 13.9, 5.6 Hz, 1H), 4.27 — 4.16 (m, 2H), 3.93 — 3.87 (m,
1H), 3.75 (dd, J = 7.1, 2.0 Hz, 1H), 3.24 (dd, J = 13.4, 3.0 Hz, 1H), 2.79 (dd, J = 13.4, 9.4 Hz, 1H),
2.49 (dd, J = 9.3, 7.1 Hz, 1H), 2.38 (s, 3H), 1.70 (d, J = 7.1 Hz, 1H), 1.62 — 1.52 (m, 1H), 1.46 —
1.40 (m, 1H), 1.39 — 1.30 (m, 2H), 1.25 (d, J = 7.1 Hz,3), 1.23 — 1.18 (m, 1H), 1.12 (dd, J = 13.8,
7.0 Hz, 1H), 0.92 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.6 Hz, 3H).

13C NMR (126 MHz, CDCl3) & 177.7, 153.1, 147.8, 135.1, 129.5, 129.1, 127.6, 92.3, 71.8, 66.3,
55.2,44.4,42.2,37.9, 33.4, 32.8, 31.2, 30.4, 27.8, 20.4, 20.0, 10.5.

HRMS (ESI-TOF) m/z calculated for C2sHs4O4NINa* (M+Na)* 550.1430, found 550.1455.

LiOH-H,0, H,0,

THF, H,0

3-135 Bn 3-827

(2R,3S,6S,8R,E)-3-Hydroxy-10-iodo-2,6,8-trimethylundec-9-enoic acid (3-S27):

To a solution of alcohol 3-135 (mixture of diastereomers from aldol addition; 60 mg, 0.114 mmol,
1.0 equiv) in THF (0.8 mL) and H20O (0.3 mL) was added LiOH-H>O (10 mg, 0.228 mmol, 2.0
equiv) followed by 30% ag. H20O, (0.12 mL). The reaction was stirred overnight at rt and then
acidified to pH 5 with 3 M HCI. The aqueous phase was extracted with Et,O (2 X). The aqueous
phase was further acidified to pH 1 with 3 M HCI and then extracted with EtOAc (3 X). The
combined organic phase was washed with brine, dried with Na,SO., filtered, and concentrated in
vacuo to obtain carboxylic acid 3-S27. The resulting residue was taken on to the next step without

further purification.
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TMSCHN,

MeOH, Et,0

3527 3528
Methyl (2R,3S,6S,8R,E)-3-hydroxy-10-iodo-2,6,8-trimethylundec-9-enoate (3-S28):
To a solution of 3-S27 (42 mg, 0.114 mmol, 1.0 equiv) in Et2O (0.8 mL) and MeOH (0.4 mL) at O
°C was added TMSCHN: (2.0 M in hex.; 0.10 mL, 0.251 mmol, 2.0 equiv) dropwise. The reaction
was stirred for 1 h at 0 °C and then slowly quenched with AcOH until the yellow color dissipated
in the solution. The slurry was diluted with H,O and then extracted with Et,O (2 X). The combined
organic phase was washed with brine, dried with MgSQy, filtered, and concentrated in vacuo. The
resulting residue was purified via flash chromatography (0 > 25% EtOAc in hex) to obtain 3-S28
as a mixture of diastereomers (15 mg, 34% over 2 steps). One diastereomer is reported:
'H NMR (500 MHz, CDCls) 8 5.94 (d, J = 9.8 Hz, 1H), 3.89 — 3.81 (m, 1H), 3.71 (s, 3H), 2.58 —
2.51 (m, 1H), 2.50 — 2.44 (m, 1H), 2.38 (s, 3H), 1.56 —1.47 (m, 1H), 1.47 —1.35 (m, 3H), 1.30 —
1.23 (m, 1H), 1.22 —1.20 (m, 1H), 1.18 (d, J = 7.2 Hz, 3H), 1.16 — 1.08 (m, 1H), 0.91 (t, J = 5.1
Hz, 3H), 0.87 (d, J = 5.7 Hz, 3H).

HRMS (ESI-TOF) m/z calculated for C1sH270sINa* (M+Na)* 405.0903, found 405.0903.

Me3SnOH,

—»
\ CICH,CH,CI \

3-98 3-134
(2S,6R,E)-2,4,6-trimethyl-9-oxonon-4-enoic acid (3-134):
To a solution of ester 3-98 (270 mg, 1.19 mmol, 1.0 equiv) in dichloroethane (6.0 mL) was added
trimethyltin hydroxide (2.0 g, 11.1 mmol, 9.3 equiv) and the slurry was heated to 85 °C for 18.5 h.

The solution was cooled to rt, diluted with CH>Cl, (10 mL), and washed with 3 M HCI solution (3
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X 10 mL). The organic phase was dried with Na:SO., filtered, and concentrated in vacuo to obtain
carboxylic acid 3-134 (236 mg, 93%) which was taken on to the next step without further
purification.

Optical rotation: [a]?’p = —14.0 (c = 10.0, CHCIs).

H NMR (500 MHz, CDCl3): 8 9.73 (t, J = 1.6 Hz, 1H), 4.91 (d, J = 9.6 Hz, 1H), 2.64 — 2.60 (m,
1H), 2.40 — 2.32 (m, 4H), 2.06 (dd, J = 13.6, 7.6 Hz, 1H), 1.68 (ddd, J = 10.0, 7.7, 4.1 Hz, 1H),
1.59 (s, 3H), 1.48 (ddd, J = 11.2, 8.2, 6.1 Hz, 1H), 1.13 (d, J = 6.9 Hz, 3H), 0.93 (d, J = 6.7 Hz,
3H).

13C NMR (126 MHz, CDCls): 8 203.0, 182.7 (br), 132.9, 132.1, 43.8, 42.3, 38.0, 32.2, 29.7, 21.3,
16.6, 16.2. Carboxylic acid carbon peak is very broad due to carboxylic acid dimer formation.

HRMS (ESI-TOF) m/z calculated for C12H1903 (M+Na) 211.1334, found 211.1335.

TCBC, NEt,,

,

o DMAP, tol.

3-134 3-135 pp

(2R,3S,6S,8R,E)-1-((R)-4-Benzyl-2-oxooxazolidin-3-yl)-10-iodo-2,6,8-trimethyl-1-oxoundec-
9-en-3-yl (2S,6R,E)-2,4,6-trimethyl-9-oxonon-4-enoate (S29):

To a solution of carboxylic acid 3-134 (24 mg, 0.112 mmol, 1.2 equiv) in toluene (0.5 mL) was
added 2,4,6-trichlorobenzoyl chloride (20 uL, 0.139 mmol, 1.5 equiv) followed by NEt; (20 L,
0.139 mmol, 1.5 equiv). The solution was stirred for 30 min then alcohol 3-135 (49 mg, 0.0929
mmol, 1.0 equiv) in toluene (0.5 mL) was added followed by DMAP (34 mg, 0.279 mmol, 3.0
equiv). After stirring for 20 min at rt, the reaction was quenched with saturated NH4Cl solution and

then extracted with Et,O (2 x 5 mL). The combined organic phase was washed with brine, dried

249



with MgSO., filtered, and concentrated in vacuo. The resulting residue was purified via flash
chromatography (0 - 35% EtOAc in hex) to obtain ester 3-S29 as a clear oil (26 mg, 39%).
Optical rotation: [a]??p = —-37.3 (c = 1.0, CHCIs).

'H NMR (500 MHz, CDCI3): 5 9.75 (s, 1H), 7.32 (t, J = 7.3 Hz, 2H), 7.29 — 7.26 (m, 1H), 7.19 (d,
J =7.3Hz, 2H), 5.93 (d, J = 9.8 Hz, 1H), 5.18 (dt, J = 8.4, 4.3 Hz, 1H), 4.92 (d, J = 9.5 Hz, 1H),
4.57 — 4.49 (m, 1H), 4.28 (t, J = 8.3 Hz, 1H), 4.15 (dd, J = 8.9, 2.0 Hz, 1H), 4.00 — 3.92 (m, 1H),
3.26 (dd, J = 13.4, 2.9 Hz, 1H), 2.77 (dd, J = 13.4, 9.7 Hz, 1H), 2.61 — 2.53 (m, 1H), 2.52 — 2.41
(m, 2H), 2.41 — 2.32 (m, 6H), 1.98 (dd, J = 13.6, 9.3 Hz, 1H), 1.73 — 1.62 (m, 2H), 1.60 — 1.55 (m,
4H), 1.56 — 1.46 (m, 2H), 1.45 — 1.36 (m, 1H), 1.29 (ddd, J = 12.8, 9.9, 3.3 Hz, 1H), 1.22 — 1.15
(m, 4H), 1.12 — 1.06 (m, 4H), 0.95 (d, J = 6.6 Hz, 3H), 0.91 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.6
Hz, 3H).

13C NMR (126 MHz, CDCl3) & 202.8, 176.3, 174.1, 153.8, 147.8, 135.6, 132.9, 132.1, 129.6,
129.1, 127.4,92.4, 73.4, 66.5, 56.0, 44.4, 43.8, 42.3, 41.5, 38.1, 38.0, 33.4, 32.7, 32.2, 30.4, 30.0,
29.8, 27.8, 21.3, 20.2, 19.8, 16.5, 16.0, 10.1.

HRMS (ESI-TOF) m/z calculated for CzsHs2NOgINa* [M+Na]* 744.2737, found 744.2716.
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CrCly, NiCl,

DMSO

3-S29 bh 3-137 Ph 3-136 Ph

(R)-4-benzyl-3-((R)-2-((2S,5S,7R,8E,10R,13R,14E,17S)-10-hydroxy-5,7,9,13,15,17-
hexamethyl-18-oxooxacyclooctadeca-8,14-dien-2-yl)propanoyl)oxazolidin-2-one  (3-137)
and (R)-4-benzyl-3-((R)-2-((2S,5S,7R,8E,10S,13R, 14E,17S)-10-hydroxy-5,7,9,13,15,17-
hexamethyl-18-oxooxacyclooctadeca-8,14-dien-2-yl)propanoyl)oxazolidin-2-one (3-136):
To a solution of aldehyde 3-S29 (32 mg, 0.0444 mmol, 1.0 equiv) in DMSO (4.4 mL), in a nitrogen
filled glovebox, was added CrCl, (109 mg, 0.888 mmol, 20 equiv) followed by NiCl, (1 mg, 0.00772
mmol, 0.17 equiv). The solution was stirred overnight at rt in the glovebox, and removed the next
morning. The black solution was diluted with H,O (15 mL) and extracted with EtOAc (5 x 5 mL).
The combined organic phase was washed with H,O (5 X 5 mL) and brine, dried with Na;SOsa,
filtered, and concentrated in vacuo. The resulting residue was purified via flash chromatography
(20% EtOAc in hex) to obtain the diastereomers as a mixture 1.1:1 dr of a: face alcohol (19 mg,
73%). The diastereomers were separated via a second flash column (20% - 30% EtOAc in hex;
500 wt% of silica to mixture mass) to obtain B-face alcohol 3-137 (6 mg, 23%) as a white
amorphous solid and a-face alcohol 3-136 (8 mg, 31%) white amorphous solid.

Alcohol 3-137:

Optical rotation: [a]?’p = -12.4 (c = 0.59, CHCIs).

Rr = 0.34 (7/3; hex/EtOAC)

'H NMR (600 MHz, CDCls): & 7.32 (t, J = 7.3 Hz, 2H), 7.29 — 7.26 (m, 1H), 7.20 (d, J = 7.0 Hz,
2H), 5.25 — 5.21 (m, 1H), 5.12 (d, J = 8.8 Hz, 1H), 4.71 (d, J = 8.8 Hz, 1H), 4.59 —4.54 (m, 1H),

4.26 (t, J = 8.3 Hz, 1H), 4.17 (dd, J = 9.0, 2.3 Hz, 1H), 4.03 — 3.98 (m, 1H), 3.86 — 3.82 (m, 1H),
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3.26 (dd, J = 13.4, 3.2 Hz, 1H), 2.77 (dd, J = 13.4, 9.7 Hz, 1H), 2.64 (ddd, J = 11.6, 7.0, 3.1 Hz,
1H), 2.52 (dt, J = 14.8, 7.4 Hz, 1H), 2.27 (dd, J = 14.3, 11.8 Hz, 1H), 2.23 — 2.17 (m, 1H), 2.02
(dd, J = 14.5, 2.4 Hz, 1H), 1.68 — 1.62 (m, 1H), 1.60 — 1.58 (m, 6H), 1.43 — 1.35 (m, 2H), 1.35 —
1.29 (m, 2H), 1.27 — 1.25 (m, 2H), 1.27 — 1.22 (m, 5H), 1.21 (d, J = 6.9 Hz, 3H), 1.11 — 1.03 (m,
1H), 0.95 (d, J = 6.7 Hz, 3H), 0.90 — 0.85 (m, 5H), 0.83 (d, J = 6.7 Hz, 3H).

13C NMR (151 MHz, CDCls) & 174.8, 174.2, 153.6, 135.6, 135.5, 134.8, 133.2, 132.1, 129.6,
129.1, 127.5,79.5, 73.3, 66.5, 55.9, 45.2, 43.8, 40.6, 38.0, 33.6, 32.7, 32.0, 30.5, 30.4, 29.9, 29.6,
294,218, 21.6,21.3,18.7,17.0, 11.4, 10.0.

HRMS (ESI-TOF) m/z calculated for CssHssNOsNa*™ [M+Na]* 618.3771, found 618.3763.
Alcohol 3-136:

Optical rotation: [a]??p =—19.8 (c = 1.0, CHCI5).

Rf = 0.40 (7/3; hex/EtOAc)

IH NMR (600 MHz, CDCls) 8 7.32 (t, J = 7.3 Hz, 2H), 7.27 (d, J = 7.3 Hz, 1H), 7.20 (d, J = 7.1 Hz,
2H), 5.28 — 5.25 (m, 2H), 4.70 (d, J = 8.9 Hz, 1H), 4.61 — 4.56 (m, 1H), 4.26 (t, J = 8.3 Hz, 1H),
4.17 (dd, J = 9.0, 2.2 Hz, 1H), 4.13 — 4.11 (m, 1H), 4.04 — 3.99 (m, 1H), 3.26 (dd, J = 13.4, 3.1
Hz, 1H), 2.77 (dd, J = 13.4, 9.7 Hz, 1H), 2.65 (ddd, J = 11.7, 7.0, 3.1 Hz, 1H), 2.60 — 2.53 (m,
1H), 2.28 — 2.22 (m, 1H), 2.21 — 2.14 (m, 1H), 2.02 (dd, J = 13.9, 2.2 Hz, 1H), 1.77 — 1.65 (m,
2H), 1.59 (s, 3H), 1.54 (s, 3H), 1.48 — 1.40 (m, 2H), 1.36 — 1.30 (M, 3H), 1.29 — 1.26 (m, 2H), 1.24
(d, J = 6.9 Hz, 3H), 1.21 (d, J = 6.9 Hz, 3H), 1.11 — 1.04 (m, 2H), 0.95 (d, J = 6.7 Hz, 3H), 0.86
(d, J=6.8 Hz, 3H), 0.84 (d, J = 6.7 Hz, 3H).

13C NMR (151 MHz, CDCl3) d 174.7, 174.3, 153.6, 135.5, 135.4, 133.6, 132.1, 129.8, 129.6,
129.1, 127.5,74.5,73.4, 66.5, 55.9, 45.5, 44.3, 40.8, 40.7, 38.0, 32.4, 30.5, 30.3, 30.3, 29.7, 29.5,
29.3, 22.0, 22.0, 21.3, 18.7, 16.8, 15.1, 11.8.

HRMS (ESI-TOF) m/z calculated for C3sHssNOsNa*™ [M+Na]* 618.3771, found 618.3780.
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3-136 Ph 3-138 Ph

(3S,5E,7R,11E,13R,15S,18S)-18-((R)-1-((R)-4-benzyl-2-oxooxazolidin-3-yl)-1-oxopropan-2-
y-3,5,7,11,13,15-hexamethyloxacyclooctadeca-5,11-diene-2,10-dione (3-136):

To a solution of alcohol 3-136 (4.9 mg, 0.008224 mmol, 1.0 equiv) in CH.Cl, (0.10 mL) at rt was
added Martin’s reagent (5 mg, 0.0126, 1.5 equiv) and the solution was stirred for 1.5 h at rt. The
slurry was concentrated in vacuo and to the resulting residue was added Et,O (3 mL). The solution
was stirred for 5 min and then filtered and concentrated in vacuo to obtain enone 3-138. The
resulting residue was taken on to the next step without further purification.

HRMS (ESI-TOF) m/z calculated for for CssHsiNOgNa* [M+Na]* 616.3614, found 616.3602.

LiOH-H,0
.
H,0,, THF, H,0

3-138 Ph

Strasseriolide A (3-1):

To a solution of ketone 3-138 (4.9 mg, 0.008224 mmol, 1.0 equiv) in THF (0.1 mL) and H.O (0.5
mL) was added LiOH-H-0O (2.0 mg) followed by 30% aq. H.O- solution (10 uL). The solution was
stirred for 40 min and then quenched with 3 M HCI. The solution was extracted with EtOAc (3 x 3
mL). The combined organic phase was washed with brine, dried with Na>SO., filtered, and

concentrated in vacuo. The resulting residue was purified via prep TLC (50/50/1
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EtOAc/hex/AcOH) to obtain strasseriolide A (2.3 mg, 64% over 2 steps) as a white amorphous
solid.

Optical rotation: [0]?*’p = +6.3 (¢ = 1.0, CH3sOH). Literature reported:’ [a]*®> = +8.0 (c = 0.45,
CH3OH).

'H NMR (600 MHz, CDsOD) & 6.60 (d, J = 9.2 Hz, 1H), 5.14 — 5.09 (m, 1H), 4.79 (d, J = 9.3 Hz,
1H), 2.99 (ddd, J = 15.5, 7.7, 4.5 Hz, 1H), 2.86 — 2.77 (m, 1H), 2.72 — 2.66 (m, 1H), 2.58 (ddd, J
=10.5,7.1, 3.2 Hz, 1H), 2.43 - 2.34 (m, 2H), 2.20 (dd, J = 14.2, 11.6 Hz, 1H), 2.00 (dd, J = 14.4,
2.7 Hz, 1H), 1.87 — 1.79 (m, 2H), 1.75 (s, 3H), 1.71 — 1.66 (m, 1H), 1.61 — 1.55 (m, 3H), 1.53 (s,
3H), 1.51 — 1.40 (m, 3H), 1.18 (d, J = 6.9 Hz, 3H), 1.13 — 1.07 (m, 4H), 1.03 (d, J = 6.8 Hz, 3H),
0.94 (d, J = 6.6 Hz, 3H), 0.90 (d, J = 6.8 Hz, 3H).

13C NMR (151 MHz, CDs0D)  205.5, 177.5 176.9, 150.8, 137.1, 134.2, 133.0, 75.5, 45.9, 44.6,
43.1,42.7, 36.9, 34.9, 33.1, 31.9, 31.7, 30.7, 30.3, 22.2, 21.3, 20.9, 19.2, 17.8, 13.8, 11.8.

13C NMR contains ~10 equiv of acetic acid-D4 to resolve carboxylic acid peak

HRMS (ESI-TOF) m/z calculated for CzsHa20sNa* [M+Na]* 457.2930, found 457.29109.

LiOH-H,0,

H,0,, THF, H,0

Ph
3-137 32

Strasseriolide B (3-2):

To a solution of alcohol 3-137 (2.6 mg, 0.00436 mmol, 1.0 equiv) in THF (0.10 mL) and H,O (0.05
mL) was added LiOH-H»O (1.0 mg, 0.0175 mmol, 4.0 equiv) followed by 30% ag. H-O- solution
(10 pL). The solution was stirred for 1 h and then quenched with 3 M HCI. The solution was
extracted with EtOAc (3 x 3 mL). The combined organic phase was washed with brine, dried with

Na»SOys, filtered, and concentrated in vacuo. The resulting residue was combined with 1.0 mg of
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crude material from a previous reaction and was purified via prep TLC (50/50/1 EtOAc/hex/AcOH)
to obtain strasseriolide B (1.3 mg, 45%) as a white amorphous solid.

Optical rotation: [a]*?p = +20.0 (c = 0.25, CH3OH). Literature reported: [a]*p = +32.6 (c = 0.25,
CH3OH)

'H NMR (600 MHz, CD30D) & 5.17 — 5.13 (m, 1H), 5.06 (d, J = 9.1 Hz, 1H), 4.73 (d, J = 8.8 Hz,
1H), 3.77 (dd, J = 10.2, 4.7 Hz, 1H), 2.75 — 2.69 (m, 1H), 2.65 — 2.55 (m, 2H), 2.28 — 2.20 (m,
2H), 2.09 (dd, J = 13.7, 2.8 Hz, 1H), 1.79 — 1.73 (m, 1H), 1.62 (d, J = 0.9 Hz, 3H), 1.59 (d, J = 1.2
Hz, 3H), 1.54 — 1.48 (m, 3H), 1.44 — 1.40 (m, 1H), 1.33 — 1.30 (m, 3H), 1.20 (d, J = 6.9 Hz, 4H),
1.13 (d, J = 6.9 Hz, 4H), 1.08 — 1.05 (m, 1H), 0.97 (d, J = 6.7 Hz, 3H), 0.92 — 0.90 (m, 1H), 0.89
(d, J=6.7 Hz, 3H), 0.85 (d, J = 6.7 Hz, 3H).

13C NMR (151 MHz, CDs0D) & 177.6, 176.6, 136.9, 135.9, 134.9, 133.7, 80.4, 75.5, 48.2, 45.2,
42.9,42.5, 35.0, 34.1, 33.3, 31.8, 30.8, 30.7, 30.4, 22.4, 22.3, 21.8, 18.9, 17.2, 14.1, 10.6.

HRMS (ESI-TOF) m/z calculated for CzsH420sNa* [M+Na]* 459.3087, found 459.3078.
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