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ABSTRACT

The synthesis of small molecule natural products has long captivated the attention of
chemists and has generally proceeded via custom solutions to specific molecules. We propose to
instead utilize a human guided algorithm to analyze a building block approach to natural products
and identify key methodologies. Additionally, the stereochemical make up around each coupling
can be used to help guide the creation of a substrate table. Herein we report the use of an algorithm
to systematically fragment all linear natural product, conduct an optimization to choose the
smallest set of blocks required to cover >75% of natural product chemical space, and establish a
list of impactful couplings. We then selected one of the couplings and used a data driven substrate

scope to guide methodological development that covered the predetermined substrates.
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CHAPTER 1

INTRODUCTION

Big, complex, multi-dimensional problems are hard for humans to solve. We generally
have to break large problems down into smaller pieces and work through the pieces sequentially,
applying and modifying our solutions where we can or creating new ones where we can’t.
Computers on the other hand, excel at handling massive amounts of data at a time, but still fall
short of human creativity and innovation. This has resulted in many examples of computer science
being used for discovering solutions for very targeted problems, but not for identifying what
narrowly focused problems within a larger complex problem are worth solving. We believe that
computer science can be used to help humans understand the full scope of these kinds of multi-
dimensional problems and identify the specific areas of research for which the combination of
solutions would provide a solution to the multi-dimensional problem.

The field of genomics is a powerful example of this approach being used time and again
beginning with the Human Genome Project, where algorithms and compute power were essential
for bringing together genes already discovered as well as filling in the gaps.t This interface of
computer and human abilities has continued to enable more rapid understanding of both individual
genes and complex multi-gene phenomena. For example, the BLAST algorithm can now be used
to rapidly characterize a gene of unknown function, and genome-wide association studies
performed on thousands of individuals first established links between collections of genetic
variants and increased risk of complex psychiatric disorders.® The advantages of systematic

science have similarly been leveraged in understanding RNA, proteins,® and human gut microbes.’



1-1 AUTOMATION AND MODULARITY: POWERFUL APPROACHES TO
SYNTHESIS

Computers are not the only machines that have greatly enabled human innovation.
Machinery enabling automation was a significant contributor to the industrial revolution, with
inventions like the “spinning jenny”® and Fourdrinier machine® greatly increasing the output and
consistency of quality of yarn and paper, respectively. Today, so many of the things we utilize are
made in an automated fashion that ‘hand-made’ is frequently a notable quality of an object.
Automation has also made its way into the world of chemistry with development of fully or
partially automated processes for key chemicals of interest, whether to help with the speed of
synthesis, the scale of synthesis, or the handling of dangerous and/or sensitive materials.'® Eli Lily
utilized automation to synthesize 24kg of prexasertib monolactate monohydrate for clinical trials,**
while automation of the synthesis of radio labels for PET scans enables on site and on demand
synthesis of the correct dose of radioactive compounds with short half-lives.*?

In addition to automation, modularity is another concept that has been drastically beneficial
to production on both the macro and micro scale. Henry Ford’s assembly line is perhaps the most
famous example of the power of modular building-block based construction'* and modular
construction is as ubiquitous as automation in the products of today.'* Chemists and biochemists
have also exploited modular construction in the synthesis of macromolecules: peptides are
composed of 20 amino acids, DNA and RNA are composed of 5 nucleotides, and even sugar
chemistry—though more complex due to the large number of sugar monomers and the ability to
introduce branching—is still enabled by the modular construct of oligosaccharides. By adding
blocks one at a time any desired sequence can be made. For the sequential addition of one block

at a time to occur without side products, a bifunctional building block with reversible protection



of one terminus is required. After coupling of the first two blocks occurs a deprotection reveals a
new active terminus to couple with the next (Figure 1-1). For amino acids that breakthrough came

in 1932 with Bergman’s and Zervas’ creation of the carbobenzoxy (Z) protecting group for the N-
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Figure 1-1 Iterative synthetic platforms for peptides, oligonucleotides, and oligosaccharides

terminus.® Its harsh conditions for deprotection limited its use, and 20 years later Carpino’s
development of the acid labile tert-butyloxycarbonyl (Boc) group®® all but replaced it. Carpino
also contributed the base labile 9-fluorenylmethoxycarbonyl (Fmoc) group®’ in 1970, which was
then popularized by Sheppard’s'® and Meienhofer’s!® independent reports of its use. Due to their
mild and orthogonal deprotection conditions Boc and Fmoc continue to see wide use and further
development today.?%?! Both oligonucleotide and oligosaccharide synthesis have applied similar
strategies to enable the growth of monomers into oligomers in a controlled and precise fashion.?>%3

Many types of small molecules, particularly aromatic compounds, have also been made
through this modular and iterative approach. Functionalized naphthalenes have seen a wide variety
of uses as pharmaceuticals, liquid crystals, organic dyes, and plastic additives.?>° In 2015, Kwon
and coworkers described a phosphine-mediated multicomponent cascade reaction with a 1,2-
dialdehyde and an ethyl allenoate, where a subsequent oxidation reveals another dialdehyde

allowing for iteration.?® Polyacenes have great value as semiconductors but become increasingly



difficult to access synthetically as they get larger. Utilizing iterative Diels-Alder to build a
precursor of the desired size followed by aromatization and oxidations reactions allowed the
Bettinger group to synthesize and study octacene and nonacene.?’

Rather than identifying monomers that could be iteratively assembled to make useful
substances, one could consider which chemical reactions would be well suited to iteration. The
rapidly expanding scope and stereospecificity of cross-coupling reactions for the synthesis of
carbon-carbon and carbon-heteroatom bonds makes such couplings attractive candidates for
iterative assembly.?® The Suzuki-Miyaura and Buchwald-Hartwig couplings in particular can
employ non-toxic and shelf-stable building blocks, be highly efficient and stereospecific, and
proceed under mild reaction conditions with high levels of functional group tolerance. Importantly,
the ability of the N-methyliminodiacetic acid (MIDA) ligand to reversibly attenuate the reactivity
of boronic acids allows iterative cycles of coupling and deprotection to sequentially assemble
bifunctional MIDA boronates while preventing undesired oligomerization (Figure 1-2 left).?°

With this iterative cross coupling (ICC) approach, all of the functional groups, oxidation states,
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Figure 1-2 Left Iterative cross coupling platform utilizing MIDA boronates Right Examples of molecules made
with ICC



and stereochemistry required for natural product assembly are pre-installed in the blocks (Figure

1-2 right).

1-2 NATURAL PRODUCTS IMPORTANCE TO SOCIETY AND THE HISTORY OF

THEIR SYNTHETIC DEVELOPMENT

Of small molecules, natural wr” g
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inspired more than half of all human

medicines, a third of all crop protectants,

linoleic acid apigenin
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probes (Figure 1-3). For example,
Figure 1-3 Natural products serve a wide array of purposes

artemisinin  helps nearly 400 million in both research and everyday life
people survive or prevent infections with malaria each year,*® abamectin helps protect more than
a billion tons of food each year,%! and trapoxin enabled the discovery of human histone deacetylase
enzymes, which helped launch the field of epigenetics.®> Natural products also make the world
more wonderful to see, smell, taste, and feel by serving as many of the most popular colorants,
perfumes, seasonings, and lotions used in everyday life around the globe.

Because of their capacity for function and the frequent difficulty of isolating them from
producing organisms, the synthesis of small molecule natural products has long captivated the

attention of chemists. Total syntheses of natural products have historically been highly customized

to each target—a slow and specialist-dependent process—resulting in an ad hoc selection of



methodological problems. Impactful methodologies certainly have arisen from the design of
customized synthetic routes including the Corey-Bakshi-Shibata reduction, which was developed
for the synthesis of PGF20,3* and carbodiimide-based reactions for the formation of peptide bonds,
which was first utilized in the synthesis of penicillin.®® Additionally, the discovery of interesting
reactivity and its optimization for broad application has led to many impactful methods such as
olefin metathesis. While methods such as these have turn out to be broadly useful, the majority
remain more narrowly applicable.

Thinking back to the success of a modular approach to the synthesis of other biomolecules,
one must wonder why this approach has yet to be widely adopted for small molecule natural
products. There has certainly been success in iterative approaches to specific subclasses of or
motifs within natural products. Chiral auxiliaries in combination with iterative aldol reactions have

been widely used in polypropionate synthesis,¢3°

while the allylboration work of Brown and
coworkers has provided access to the 1,3-polyol motif of polyketides.*>*? More recently the
Aggarwal group has very successfully leveraged iterative chain extension of boronic esters to

create challenging
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to synthesis a variety of natural products from carotenoids**’, to chromophores®, to lignans,*



even leveraging the modularity to easily create derivatives® (Figure 1-4). While all impressive
advances in iterative and modular synthesis of natural products and similar to the humble
beginnings of solid phase synthesis, the current power of iterative peptide or oligonucleotide

synthesis hint at the still untapped potential within natural products.

1-3 PROMISING EVIDENCE FOR A NEW APPROACH FOR GENERALIZED
NATURAL PRODUCT SYNTHESIS

| believe the limitations of humans to consider the full scope of the problem due to the
significant increase in complexity of natural products comparted to other biomolecules have
prevented natural product synthesis from keeping pace with said biomolecules. But if the power
of computers to process immense amounts of data can be brought in to assist chemists, | believe
more general and impactful methodologies can be identified and worked on. There are several
promising lines of evidence that point to the possibility of a modular and iterative synthetic
approach that could be applied widely across natural products.

First, most natural products are derived from one or more of four biosynthetic pathways,
each of which employs common coupling chemistry to iteratively assemble a small number of
highly versatile bifunctional building blocks: polyterpenes from isopentenyl and dimethylallyl
pyrophosphate, polyketides from malonyl coenzyme A (CoA) and methylmalonyl CoA,
polyphenylpropanoids from 4-coumaroyl-CoA and malonyl CoA, and fatty acids from malonyl
CoA (Figure 1-5). This building block-based biosynthesis leads to significant structural
similarities within and between these four major biosynthetic classes. For example, fatty acids,
polyketides, and polyphenylpropanoids all utilize malonyl CoA in their iterative assembly,

suggesting that these three biosynthetic classes have evolutionarily homologous enzymes that
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Figure 1-5 The four classes of small molecule natural products made through iterative carbon-carbon bond
formation can be biosynthetically tracked back to a small set of blocks.

underwent divergent evolution.>*>® Even the most topologically complex macrocyclic and/or
polycyclic natural products are typically biosynthesized via the same iterative building block
assembly processes to make linear precursors which are then (poly)cyclized. Additionally, similar
to the conservation of functional protein domains, many functional domains in natural products

have been reused and repurposed throughout evolution, leading to the conservation of many



Polyene motifs
OZErXe —_ITOTMMUOUOT®>

structural subunits.>” As most natural products bind proteins, the limited number of common

protein folds suggests reciprocated evolutionary constraints on the structures of proteins and

natural products.

An investigation into the possibility of identifying common building blocks and the

chemistry required for their assembly was undertaken by former group member Eric Woerly with

a small subset of natural products called polyenes. Polyenes are defined by their long section of

conjugated double bonds and are present in all four classes of small molecule natural products and

can be made through a variety of biosynthetic pathways. Considering just the polyene section, 15

motifs were identified that covered greater than 75% of all 2,839 polyene natural products.

Breaking the motifs down into bifunctional MIDA boronates revealed that theoretically only five

blocks and one coupling would be required for their assembly. However, due to the realities of

organic synthesis, it was determined and then demonstrated that 12 blocks and one coupling

reaction were sufficient to cover most of the polyene chemical space®® (Figure 1-6).
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Figure 1-6 Manual analysis of 2839 polyene natural products reveals a collection of motifs A-O which cover 75%
polyene space which can be covered with only 12 building blocks.

One of the most powerful reasons for pursuing a modular approach is its easy adaption to

automation. Because a modular approach with its limited building blocks and reactions is a



polypeptides oligonucleotides oligosaccharides bounded space, the number of
functions a machine must be able to
accomplish to replace a synthetic
chemist is drastically reduced. The
success of this combination of
automation and modularity into an

automated synthesizer are evident in

peptides and oligonucleotides, and

increasingly in oligosaccharides

Figure 1-7 Automated synthesizers for polypetides,
oligonucleotides, and oligosaccharides

(Figure 1-7). For peptides and
oligonucleotides, great strides in their automation have been made since the pioneering work of
Merrifield®® and Caruthers®® respectively. Automated bench top synthesizers accessible to non-
specialists and on-demand synthesis and shipping are available for both peptides and
oligonucleotides, which has accelerated and democratized the discovery of new molecular
functions in those spaces. Seeberger has made great strides in development of automated
oligosaccharides synthesis, which requires substantially more building blocks than either peptides
or oligosaccharides.5:52

Our group has pioneered an automated synthetic machine to complement our MIDA
boronate platform. One of the most challenging parts of automating natural products is that the
blocks don’t all have a common handle like the larger biomolecules do. Such a common handle is
vital for the creation of a common purification step, and in most cases is utilized to attach to a solid
support allowing for easy washing away of all waste products. Fortuitously for us, MIDA

boronates have a uniform binary elution property on silica where a low percentage methanol in

10
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Figure 1-8 Automated synthesizer developed in our lab to perform ICC with MIDA
hand, automation of a Poronates

purification strategy in

deprotect, couple, purify cycle was achieved (Figure 1-8). The automated synthesizer was used to
make a collection of small molecules, both natural products and other targets, and even several
linear precursors of natural products which were then cyclized manually.®*

With such a collection of promising evidence for the ability to create a modular and
automatable platform for generalized small molecule natural product synthesis, we decided to
tackle just such a problem. Knowing that the scope of this problem was too large for us—or any
human—to handle alone, we needed to bring in power of computers. We needed an algorithm that
brought the full power of computer science, but still allowed for input and direction from human
chemical expertise, something not common in many of the current powerful black box chemistry

algorithms.
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CHAPTER 2
HUMAN GUIDED ALGORITHMIC APPROACH TO IDENTIFYING IMPACTFUL

UNSOLVED METHODOLOGIES IN NATURAL PRODUCT CHEMICAL SPACE

ABSTRACT

Organic chemistry methods development has proceeded largely through an ad hoc
approach driven by custom synthesis for individual targets. We propose to instead utilize a human
guided algorithm to analyze a building block approach to natural products and identify key
methodologies. Additionally, the stereochemical make up around each coupling can be used to
help guide the creation of a substrate table. Herein we report the use of an algorithm to
systematically fragment all linear natural product, conduct an optimization to choose the smallest
set of blocks required to cover >75% of natural product chemical space, and establish a list of
impactful couplings. A data driven substrate scope can be prospectively identified for each
coupling to guide methodology development to hopefully create a maximally generalized solution
(Figure 2-1). Nathan Russell of the Peng group was responsible for all code writing, while

intellectual development was a collaboration between me, Russell, and Andrea Palazzolo Ray.
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2-1 BUILDING A STEREOCHEMICALLY DEFINED DATABASE

To undertake such a project, we began by building a database of stereochemically defined
small molecule natural products. The Dictionary of Natural Products (DNP) is the current gold
standard for natural product databases, but the stereochemical information cannot be extracted
from the entries. Many stereochemically encoded databases exist but are not limited to only natural
products. To rectify this problem, we constructed a new database called the Natural Productome
Database (NPDB). For each entry in the DNP, we collected a nonstereochemically defined IUPAC
International Chemical Identifier (InChl) string, a unique character string identifier for a molecule.
The simplified molecular-input line-entry system (SMILES) strings from stereochemically
encoded databases PubChem and Supernatural Il and were also collected. As it is possible to write
multiple SMILES strings for a single molecule, these SMILES were canonicalized to ensure that

identical molecules would have identical SMILES strings. These SMILES were then stripped of
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Figure 2-2 Construction of the stereochemically defined Natural Productome

Database deposited in the NPDB.

In this way we ensured all entries in our database have the same two-dimensional connectivity as
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a natural product in the DNP. While we cannot guarantee that our database contains every natural
stereoisomer or only natural stereoisomers, we feel it gives us a good representation of known
natural products. The NPDB has 282,487 entries and covers 75% of the DNP (Figure 2-2).

The NPDB was then bifurcated into linear and cyclic (Figure 2-3). Linear natural products
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Figure 2-3 Bifurcation of NPDB into linear and cyclic natural products

are all molecules that can be synthesized through iterative assembly of building blocks, although
those blocks may include rings <8 atoms or fused bicycles. Cyclic natural products are molecules

that post assembly of a linear precursor require a cyclization event and possibly oxidation state
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modifications. Cyclic natural products include both macrocyclic and polycyclic compounds. While
we know that such transformations are possible in nature, there is not currently enough
biosynthetic understanding or chemical cyclization methodology to undertake a systematic
deconstruction of these cyclic natural products back to their linear precursors. For this reason, we
decided to work with only the linear natural products, recognizing the future challenge of
connecting cyclic natural products to their linear precursors. We also limited ourselves to linear
products that had <14 breakable bonds due to computations cost of larger molecules. With our set

of linear natural products in hand, we turned our attention to their systematic deconstruction.

2-2 DEFINING GUIDING PRINCIPLES OF OUR ALGORITHM

Driven by the hypothesis that Cross Couplings

only a few types of bond-forming i XE' I:_I:l

reactions would be sufficient for oM El - > D_El

building block assembly, we chose to IE XEI E_:l

limit our potential reactions to cross-

Heteroatom Acylations

couplings, heteroatom acylations, and [Ox1on % — > E—%
T~ T

glycosylations (Figure 2-4).

Heteroatom acylations and .
Glycosylations

(o]
glycosylations have already proven U o] — (OJQ

amenable to generalized automated

conditions, and the rapidly expanding ~ F19ure 2-4 Allowed reaction types

scope of cross-coupling reactions suggests their potential to do the same. Within the field of cross-

coupling, we believe the combination of Suzuki-Miyara, Buckwald-Hartwig, and Chan-Lam
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couplings is best suited to cover all of the required C-C and C-N/O space. The numerous ligands

for boron provide great flexibility for a broadly applicable iterative synthetic platform as reaction

attenuating protecting groups such as 1,8-naphthalenediaminatoboryl (Bdan) and MIDA, provide

multiple options for protection and deprotection conditions, while the large number of reactive

boronic acid/ester options and the
relative ease of switching between
different boron ligands enables more
options for coupling condition
development. All such reaction types
can employ non-toxic and shelf-

stable building blocks, be highly

efficient and stereospecific, and
proceed under mild reaction
conditions with high levels of

functional group tolerance. Thus, in

theory, the functional groups,

oxidation states, and stereochemistry
required for natural product assembly
can be pre-installed into building
blocks. Importantly, the
fragmentation was not restricted to
within  these

known  couplings
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reaction types, thus allowing the analysis to prospectively identify couplings with maximized
potential impact for generalized natural product synthesis regardless of current feasibility.
2-3 DEVELOPMENT OF RULES FOR FRAGMENTATION

With these choices consciously made upfront, we began to create rules to guide the
fragmentation of the linear natural products. In accordance with our choice of reaction types,
breakable bonds—bonds the algorithm was allowed to consider—were limited to single rotatable
bonds. We also identified a set of R groups, where the bond to said group was defined as
unbreakable. This allowed us to not only prevent the need to repeatedly install extremely common
and small functional groups, but to also track the frequency of said functional groups to later help
guide methodology development (Figure 2-5). A few specific instances of bonds were also defined
as unbreakable to capitalize on the existing sugar chemistry, specifically the C—O bond adjacent
to a glycosidic bond, and the C—C bond between C5 and C6 of a hexose, or to prevent unrealistic

reactivity expectations such as peroxide bonds or alpha to an epoxide (Figure 2-6).
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Figure 2-6 Some examples of bonds defined as unbreakable
As we began to break bonds, we needed ways to categorize and discuss the resulting pieces.
Attachment points were defined as the nonhydrogen atom to which a new bond would form, and
termini were defined as the functional group used to perform the reaction. Our choices for bond
forming reactions required four terminus types: metal (M), (pseudo)halide (X), hydrogen (H), and
hydroxyl (OH). Cross coupling can utilize M—X, M—H, or X—H pairings, while heteroatom
acylations use H-OH and glycosylations use X—H (Figure 2-7). For us it was also important to

be able to define a metric to measure how useful a block or set of blocks could be for natural
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product synthesis. We settled on coverage of natural product chemical space for a block being the
number of nonhydrogen atoms in the block times the number of times that block appears in natural
products. Considering total percentage of non-hydrogen atoms covered also gave us a consistent

way to compare the utility of different sets of blocks.

In addition to defining what [ Jwm [} [} [ For
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nonhydrogen atoms. Fragments were e 70 \
allowed to have up to three termini, as  Figure 2-7 Termini and example blocks
the existence of trifunctional blocks was integral to handling branched natural products, but
selective couplings among three termini still felt chemically possible. Finally, attachment points
were limited to two termini, as 1,1-disubstituted couplings are both an important deconstruction
motif and such reactivity is precedented (Figure 2-5).

With this set of rules in hand we were able to begin fragmentation. First all breakable bonds
in a natural product are identified. Then a tree diagram is constructed where each breakable bond
is represented as a node, and edges are placed between nodes that are directly connected to each
other without another node in between (Figure 2-8). For example, nodes 8 and 9 share an edge
because there are directly connected to each, but nodes 7 and 9 do not share an edge as node 8 is

between them. This tree diagram is utilized to prevent the formation of multifunctionals of four or

higher from occurring. For any node with a degree >4, all other nodes that share an edge with it
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are identified and assigned to
separate categories. The
nodes that do not share an
edge are then classified into
the category that contains the

node between them and the

original node. Looking at

IF 1/2/3, 4, and 6/7/8/9 are broken THEN 5 cannot be broken
node 3 as an example, nodes

IF1/2/3, 5, and 6/7/8/9 are broken THEN 4 cannot be broken
2,4,5, and 6 become category

IF 1/2/3, 4, and 5 are broken THEN 6, 7, 8, and 9 cannot be broken
IF 4,5, and 6/7/8/9 are broken THEN 1, 2, and 3 cannot be broken heads, and nodes 1 and 2 are
Figure 2-8 Tree diagram to prevent creation of multifunctional fragments placed in category 3, while

nodes 7,8, and 9 are placed in category 6. Once these categories have been filled, a series of IF,
THEN statements can be constructed that prevent simultaneous breakage of bonds in more than
three of the categories, preventing the formation of multifunctionals. Similar IF, THEN statements
are also created for atoms that have three or more breakable bonds, to prevent more than two
termini on an attachment point, and for atoms where all bonds to nonhydrogen atoms are breakable,
as breaking all bonds would create a single nonhydrogen atom fragment.

Taking any and all IF, THEN statements generated for a molecule into consideration, the
maximum number of simultaneously breakable bonds is calculated and called k. To generate all
possible fragments that are contained in a natural product scales with 2 and to run an optimization
for maximal percent coverage of natural product chemical space for a set as large as ours would
require prohibitively large time and data storage space. For this reason, we moved away from a

complete enumeration of fragmentations to focus on a targeted generation of fragmentations that
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would encompass the blocks most likely to be selected in the optimization. Intuitively we realized
the inverse correlation between size and frequency of a fragment, and knew we needed to focus
on the fragmentations that gave us access to the smaller but highly redundant fragments. Knowing
that breaking k bonds for each natural product would give us the most redundant fragments, a small
test set was used to investigate breaking how many bonds less than k continued to give us blocks
likely to be selected. The test revealed that enumerating fragmentations for k and k-1 bonds for

each natural product gave us the best results for computational time (Figure 2-9).
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Figure 2-9 All valid fragmentations at k and k-1 where k equals 7

2-4 CONVERTING FRAGMENTS INTO BLOCKS

As molecules are fragmented all attachment points are assigned a terminus. The vast

majority of attachment points are assigned a placeholder terminus that will later be converted to X
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or M. In some cases, like Me

glycosylations and heteroatom NHQ(::LO’ N i Me
A 3L (s}
. - Me” ™7 274 Me
acylations, the termini can be e

assigned immediately as there is 1.2.3,4.56,7.8,9,10 fragmentation

only one choice for these
Me

reactions. Likewise, for oxygen ﬁj\)
. Q__Me
and nitrogen atoms there is only ' i O\/\O% %fb o

Me/\o OM/J\O % = Me

. . Me
one  applicable  terminus _ _ _ o _
Figure 2-10 Installation of final termini for any unambiguous cases and of

regardless of the reaction type placeholder termini (represented by the green ball) everywhere else.

and so H is automatically assigned (Figure 2-10). To handle sulfur and phosphorus, a search of
Scifinder was conducted to understand the types of chemistry available to these two atoms. 4
Based on oxidation state and what it is attached to, some termini can be placed immediately while
others are given a special placeholder terminus that can later be converted to X or OH (Figure 2-
11). While only current chemistry was taken into consideration for sulfur and phosphorus at this
time, the flexible nature of termini assignment would allow for easy incorporation of any new
methodological developments.

Post fragmentation, blockization is conducted by converting all place holder termini on all
fragmentations. A last-in first-out (LIFO) stack recursion is utilized to carry out these conversions.
The algorithm locates one mono-functional fragment as a starting point, preferring those with
placeholder terminus over one assigned during fragmentation. From here all possible blockizations
are generated. For each placeholder terminus encountered the string is cloned and the X and M
termini are each placed on one of the clones (or OH and X in the case of sulfur and phosphorus)

and both of these strings are placed back in the stack. The last string is then removed and if the
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Figure 2-11 Termini for sulfur and phosphorus

next fragment’s terminus was not preassigned,
the coupling partner of the assigned
monofunctional is used. So, for the M
monofunctional the next fragment is assigned an
X and for the X monofunctional the next
fragment is assigned an M. The algorithm is
prevented from creating blocks with two of the
same termini, so the other end of the bifunctional
fragment is then assigned without the need for
cloning. The blockization continues down the
chain, cloning whenever necessary, until it is
finished (Figure 2-12). Then, following the

LIFO principles this process repeats until the

stack is empty. If at any point there is no valid termini to assign, the blockization is marked as

invalid and discarded. Because the X and OH termini can be utilized in so many coupling types,

the coupling partner of the terminus is stored to be used later in the synthetic planning step. This

gives us the subclasses HX, HM, H°H H" and OHX, OHM, OH".

2-5 DEFINING ORDER OF COUPLINGS TO CREATE A SYNTHETIC PLAN

The order of couplings is then determined in the synthetic planning step. All blockizations

are first placed into one of two categories: linear or branched based on the absence or presence of

any trifunctional blocks, respectively. For the linear examples synthetic planning is fairly straight

forward. The algorithm identifies all monofunctional blocks—in this case two—and uses a LIFO
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Figure 2-12 Blockization for a linear molecule

stack to check for a valid synthetic order. Preference is given to monofunctional M blocks as those
are most likely to result in valid syntheses. The algorithm begins at the chosen monofunctional
and checks if a valid coupling reaction can occur between these two blocks to create a new
monofunctional block, which we dubbed a superblock. For a coupling to be valid the two active
termini must be compatible and there must be another terminus not involved in the coupling
through which turnover can occur, with M, HX, H°H HH OHX, and OH" being the turnover
permitting termini. The other option for valid couplings is for there to be no additional termini
present indicating the final reaction. In the case of our MIDA based platform, turnover indicates
the ability to purify the resulting superblock with a catch-and-release method before it is carried

on to the deprotection to begin the next round of coupling. The turnover approved termini were
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selected based on the desire to keep couplings
flowing in one direction, which is also why Q\O
bifunctional blocks with two of the same

termini were prevented. While there are not

e e

currently protecting groups to satisfy these

Figure 2-13 MIDA boronate containing protecting
turnover requirements for the H and OH  9roups to allow for purification and turnover
termini, it is easy to envision how they could be achieved by appending a MIDA boronated onto
an existing protecting group (Figure 2-13). Once the synthetic plan is complete or an invalid

coupling is encountered, the blockization is stored or discarded respectively, and the algorithm

moves on to the next in the stack until the stack is empty. While there are theoretically 0-2 synthetic
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Figure 2-14 Synthetic planning determines order of couplings for given blockization

plans possible for every linear blockization in the vast majority of cases there will be only one, or
occasionally zero, valid synthetic orderings (Figure 2-14).
In the case of trifunctionals, we run into the possibility of having duplicate termini on a

superblock. To handles these cases, we believe an orthogonal protection strategy is simpler and
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more favorable than trying to do selective couplings. For this reason, we introduced protected
versions of each terminus, MP, X?, HP, and OHP. All subclasses of H and OH are combined when
considering protection status as the terminus is not actually chemically different, and thus would
have the same protecting group. We also introduced the deprotected metal classification, MP, to
designate the metal that is part of the coupling as separate from the M terminus of the next block.
For these trifunctional cases we had to expand our list of requirements for valid couplings to
include no more than one of any type of terminus, where protected (or deprotected) termini are
considered a different type from their standard counterpart. Because multiple trifunctionals can
exist in one molecule we also included the rule that there can be no more than 5 termini at time of
coupling including the two in the active coupling, thus preventing the creation of a quadfunctional
superblock. This is particularly important for synthetic plans with three or more trifunctionals.
Branching also complicates the ordering of a synthetic plan, so we utilized the terms “IN”
and “OUT” to describe directionality around the trifunctionals. Imagine in a linear synthesis a
bifunctional block of interest (A) in the middle of the chain. The superblock that has been created
prior to reaching the block A is said to be coupling “IN” to A and the coupling that follows is said
to be “OUT”. In a valid synthetic plan all trifunctionals will ultimately end up with either 2 “IN”’s
and 1 “OUT” or 1 “IN” and 2 “OUT"”’s. To improve synthetic tractability and limit the amount of
computational time required to process synthetic plans, we decided to discard all blockizations that
"OUT" "IN" "EITHER" contained a trifunctional without a M terminus, as this would
M X assure the ability to turn over. Also, at this time the variety and
orthogonality of protecting groups for boron are most well
OHX OHM OHRH developed. If at a later time protecting group options of the other

Figure 2-15 Termini directionality  termini become abundant this requirement could be
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reconsidered. In general, for branched synthesis, we want to assemble all “IN” superblocks, couple

them onto the trifunctional, and then proceed down all “OUT” branches. For some branches we

can tell the directionality simply from the termini on the trifunctional. All X, H™, and OHM

represent an “IN” branch while all M, HX, and OHX represent an “OUT” branch. This leaves H",

HOH and OH" as termini that could be attached to either “IN” or “OUT” branches depending on

what is going on further down the branch (Figure2-15).
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Mo &~ NW\NMNH, Blockization Me X
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— j
Me._ X__N__M M
O = M Tr — x/\va/\H, X7 % NH

Me
"0

Figure 2-16 Example synthetic plan containing a 2 “IN” 1 “OUT” trifunctional where the X that is coupled

second is converted to an X"

M
X

2
]

H,N

HO. 7\
ME‘O = NWH/V\NHZ

Q

To begin the synthesis, the algorithm once again identifies all monofunctionals as starting

points and places them in the stack starting with a preference for M monofunctionals. Couplings
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occurs down the chain checking for validity of coupling at each step, until a trifunctional is
reached. The next monofunctional is them checked until they have either all been turned into
superblocks or determined to not be a valid place to start. This creates exclusively “IN”
superblocks. If a trifunctional has 2 completed “IN” superblocks, the synthetic plan is cloned with
one of the superblocks being coupled in first and then the other (Figure 2-16). If the algorithm
encounters a terminus of the same type as the one in the active coupling, it places the protection
status to make sure all termini are of different types. Still following the LIFO stack recursion, the
top synthetic plan is picked up and coupling is continued down the out chain until either the end
of the synthesis is reached or another trifunctional is encountered.

The same cloning procedure is utilized for trifunctionals with 2 “OUT”’s. The superblock
is constructed and coupled “IN”, and the plan is duplicated to give both possible orderings with
protection status assigned as necessary. Coupling occurs down the first branch until either it is
complete or a trifunctional is reached. The algorithm then returns to the trifunctional and couples
down the second branch (Figure 2-17). If at any point an invalid coupling is encountered, that plan
is thrown out and the next one is lifted from the stack. If no valid synthetic plan is found an error

is raised and the algorithm moves onto the next blockization.

2-6 DEFINING THE CHEMICAL ENVIRONMENT AROUND A COUPLING
At this point we also chose to extract and store information about the immediate
stereochemical environment around the coupling as well as the presence of distal functional

groups. With this information we can understand what these kinds of couplings actually look like
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OH
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in natural products and
begin to construct a data
driven substrate table.
This data can be used to
help guide methodology
development to  be
maximally effective and
avoid the typical ad hoc
construction of a
substrate table fill out
with other examples that
happen to work under the
conditions chosen from
the optimization on the
test reaction. We also
choose to do this step
before optimization on all
valid

synthetic  plans

rather than after
optimization on only an
optimal synthetic plan for
Even

each molecule.

though it requires greater
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compute time, we thought preemptively building in the ability to consider couplings in the
optimization was a worth while trade off. Given our goal of finding a maximally efficient set of
blocks to help illuminate new impactful methodologies, we chose not to place preferences on any
particular coupling(s) in the optimization. However, this does allow for future changes to either
prefer or limit any number of couplings as would be fitting for a different goal.

Coupling identities are created as the algorithm moves through a synthetic plan. At each
coupling, a breadth first search is conducted on the blocks on each side of the coupling. We chose
to use a breadth of two from the attachment point with the additional requirement that for any atom
within this range that is part of a ring, the complete ring will be stored. We felt this ring completion
requirement was important to accurately represent the chemistry as the steric and electronic
conditions of the ring can be very different from a similar but open structure.

To carry out the coupling extraction, a clone of the synthetic plan where all manipulations
are carried out is made, with the parent plan acting as a comparison to maintain stereochemistry.
Moving sequentially down the synthetic plan, at each coupling all atoms within depth two plus

ring completion are identified on the blocks on both sides of the coupling. The atoms outside of
(0]

J\}OH this depth are also scanned for R
w6 rwy groups and other termini present,
= [“)( ’,'
fm X X X X Me which are recorded as distal
HO OH
functional groups present at time of
i v P2 : ;
2 ~7 : ~ M / .
HO M Hi’}j;xm 1 j_\x ,XM coupling. These external atoms are
I‘M m then deleted, and the remaining
Depth 2+ Ring Completion Depth 2 Depth 1 Depth 0

internal atoms are checked against
Figure 2-18 Depth 2+ring completion down to depth 0 for the
highlighted coupling the parent to make sure the deletion
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of atoms did not accidentally remove any stereochemical information. A canonical SMILES of the
extracted coupling is created and stored. This process is repeated at depth 2, 1, and 0 (Figure 2-
18).

The algorithm returns to the parent synthetic plan and performs the coupling. This is carried
out by first joining the two attachment points, deleting the termini, and finally imposing the
stereochemistry of the parent on the newly created bond to accurately preserve stereochemistry
(Figure 2-19). This process is then repeated on the next coupling. At the end, the final product is
compared back to the parent natural product before it went through fragmentation to confirm a

perfect match.
o]
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.
: MX\/\M X\;/\MX\/\MXVME . M x%\M X\;/\Mx\/\m X._Me
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Figure 2-19 Algorithmic process for performing couplings during synthetic planning

2-71 OPTIMIZATION TO SELECT A SET OF BLOCKS

With this set of valid synthetic plans and their relevant coupling data, we could begin
optimization. We chose to target a minimum number of blocks required to obtain 75% coverage
of linear natural product chemical space. As our goal was to utilize data to reveal key unsolved
methodological problems, we felt it was important to target a percent coverage that would

represent most of natural product chemical space while remain obtainable. Knowing an
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approximation would need to be utilized for computational cost reasons, we began by looking at a
greedy approach, as the maximax set cover problem we are interested in is a submodular
maximization. We ultimately developed a new heuristic approach which we call a forward-
backward optimization. In this approach, blocks from all valid synthetic plans begin in an inactive
set. Blocks in the inactive set are ranked according to their maximum potential to provide coverage

(number of nonhydrogen atoms in block times number of times block appears). A best subset of
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Figure 2-20 Representation of the Forward-Backward algorithm

N fragments is then added to the active set. All blocks in the active set are then ranked, and the
small subset M that provide the least coverage are removed and placed back in the inactive set and
this process is repeated (Figure 2-20). However due to the size of our starting set of inactive blocks
being over 11 billion, creating such a rank ordering at every step would be ineffective.

Instead, a random sampling of 2-3 million blocks is taken, rank ordered, and the lowest
frequency score is recorded. The algorithm continues to sample blocks and only if they are above
the recorded minimum frequency are they added to the list. All others are set aside. Once this rank
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ordered list of ~10 million has be completed, only the top 1 million plus a random sampling from

the remaining 9 million are considered at each step of the optimization. The block frequencies

following a zipf distribution allows us to feel confident that we are only excluding blocks from the

long tail of the distribution that would be highly unlikely to ever be added to the active set.

100
20
80
70
60
50
40
30
20
10

0

Percent Coverage Linear NP
Chemical Space

100
20
80
70
60
50
40
30
20
10

Percent Coverage Linear NP
Chemical Space

0 s

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Number of Blocks

.o
PP S S L o S0 oo
P

el

>

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Number of Blocks

Figure 2-21 Top Forward and Backward steps taken during
optimization Bottom Complete steps taken reveals 1350 blocks
needed to cover 75% of NP chemical space

At the time of calculation of
frequency for each block, all natural
products that contain that block are
flagged. This way, when a block is
added to the active set the algorithm
only has to look at those natural
products to calculated coverage.
Additionally, the synthetic plan(s)
with the highest coverage at each
step are flagged and the natural
product is only checked if different

synthetic plan has the potential to

surpass the current best with

addition of the block in question. This is determined by checking if any other synthetic plans are

within X atoms of coverage away from the current best where X is the number of nonhydrogen

atoms in the block. If the gap in coverage between the synthetic plans is larger than the block could

possibly fill, then it cannot become the new best. This also applies when calculating coverage lost

during the backwards step. Thus, as every step the active set to grow by (N-M) blocks. In this way,

we counter the problem of a block’s actual contribution to coverage changing based on what other

37



blocks exist in the set at that time. Ultimately this resulted in the removal of blocks from the active
set that began to lose utility as other blocks were added. Furthermore, by not locking in one
blockization beforehand, we avoided potentially getting caught in a local minimum where perhaps
the second or third best synthetic plan for natural product in isolation, turns out to be the best
synthetic plan when considered in conjunction with all molecules in the set.

As we move through the optimization the size of N changes because the increase in percent
coverage for a set of blocks is much larger in the beginning than later on. Thus, once the curve
begins to first level off around 40% a best fit line is applied to predict the number of blocks needed
to gain 5% coverage. This prediction is used to calculate N and M and is redone after each step.
Resulting in the step size increases over time (Figure 2-21). Carrying out this optimization
procedure we concluded that 1350 blocks are required to cover 75% of linear natural product
chemical space. A small selection of blocks can be seen in Figure 2-22, while the entire set can
be found in the experimental section. The frequency of each block is determined by considering
the highest coverage synthetic plan(s) flagged at the 75% step. Any block not in our set remains
as part of the synthetic plan but is considered a specialty block—one that would have to be made
independently in order to complete that particular natural product. If there is only one synthetic
plan flagged, it is selected as the optimal synthetic plan, but in the case of multiple equivalently
covered synthetic plans a tie breaker is applied.

The first tie breaker selects the synthetic plan(s) with the fewest number of couplings as a
measure to increase synthetic tractability. Second, synthetic plans with the fewest number of
specialty blocks are selected to minimize the total number of blocks outside the set that would
have to be made. Finally, is there is still a tie, the algorithm determines the blocks that would be

added in the next step of the forward backward. Pretending those blocks are part of the set the first
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Figure 2-22 Example blocks from our set of 1350 with frequencies listed underneath

two tie breaking measures are again applied. Steps continue to be taken until the tie is broken. In
this way ties are broken with a priority to utilize the most useful specialty blocks. Such a preference
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could be included for the whole optimization, but we
determined for our purposes it was not worth the
additional cost.

This process ultimately results in the selection

of a single optimal synthetic plan for each natural

0

Percent Coverage of Individual Natural Products

Figure 2-23 Coverage of individual natural

20 40 60 80

products

product. While we know the coverage is 75% across

the whole set, we also wanted to see what coverage of

individual natural products looked like. Excitingly we found that 44% of natural products were

completely covered by the 1350 blocks in our set. In the violin plot in Figure 2-23 the area under

the curve indicates the number of natural products at each percent coverage, while the box and
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Figure 2-24 Number Specialty Blocks
required for linear natural product
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this solution very tractable.

2345678

whisker plot inside it shows us that the mean coverage is
80% and the lower quantile is at 50%. We also wanted to
know for the percent of a natural product not covered how
many specialty blocks would be required to access the
natural product. In addition to the 44% covered with zero
special blocks, 53% are covered with only one specialty

block (Figure 2-24). We feel that having 97% of natural

products covered with one or less specialty blocks makes

Looking at the number of blocks per natural product (Figure 2-25), we can see that even

though we only considered highly fragmented synthetic plans in the optimization the average

number of blocks is still relatively low at 4.9. We also checked to see if there was a correlation
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between the percent coverage and size of
the natural product. However, we see that
there is a wide distribution of percent
coverage at every size of natural product

(Figure 2-26).

2-8 EXAMINING COUPLINGS AND DETERMINING SUBSTRATE SCOPES

Next, the coupling data extracted
from all the optimal synthetic plans is
collected and identical SMILES at each
depth are clustered together. The number
of SMILES strings in each cluster gives
the frequency of that coupling. At this
point we also introduced a bond
classification clustering between depth 0

and 1, to more accurately represent the

way chemists think about methodologies.
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Figure 2-26 Percent coverage vs size of natural product

For example, we wanted to make sure that aryl rings with zero, one, or two ortho substituents were

all grouped together even thought at depth 1 they have different SMILES. Ultimately, we ended

up with bond classifications for sp® attachment points being congregated into primary, secondary,

tertiary; those for sp? attachment points into aryl, vinyl, and acyl; and sp attachment points

remaining as a single category.
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We utilized a sunburst plot
to show a rank ordering of the
couplings at all depths (Figure 2-
27). Looking at depth O reveals
that C-M to C-X bonds represent
the overwhelming majority of
couplings that occur in natural
products. Moving out to the bond
classifications depth, we see a
dramatic increase in the number of

categories. To us the numbers for

these categories represent the  Figure 2-27 Sunburst diagram representing extracted coupling information

ultimate goal of identifying impactful unsolved methodology. Looking at the top 20 coupling
categories, (Figure 2-28) we see a few methodologies that are well precedented, like the C9 aryl-
aryl, but many more that have little to no precedence. Unsurprisingly, primary-primary couplings
are the most common, with almost 37,000 examples. This top 20 list also highlights the
significance of sp® couplings, with 14 of them containing one or more sp® coupling partners.
Moving into individual bond classifications on the sunburst reveals the information that
can be used to construct a data driven substrate scope (Figure 2-29). The more categories at depth
1 and 2, the more diversity is represented within that coupling. Additionally, due to the immense
amount of data involved, all categories containing less than 50 examples at any given depth were
grouped together as miscellaneous and are represented by white space on the plot. Thus, more

white space also represents a more diverse substrate scope. Comparing something like C1 primary-
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primary to C9 secondary-
secondary we can see just how
much  more  diversity is
contained within a secondary-
secondary  coupling, which
makes sense.

We wanted to take our
overarching goal of using data to
identify impactful methodology
and test it in the hood. In

synthetic organic  chemistry

methodology development,

Figure 2-28 Top 20 couplings

typically once a target methodology has been identified a single set of test substrates are utilized
to optimize conditions. Once conditions have been finalized, a substrate scope is built largely
around trial and error of other similar substrates to see what also works. Demonstrating functional
group tolerance is frequently important, but there is no standard for what functional groups should
be tested.

Instead, we wanted to prospectively identify a substrate table based on the data for a
particular coupling and optimize methodology across multiple sets of two substrates to arrive at
generally applicable conditions. We personally chose to target the primary-vinyl coupling, the 5%
most common coupling (Figure 2-30). Looking at the data for this coupling we can see that both
cis and trans, as well a variety of methyl substitution patterns, are going to be important to consider

when developing our conditions which is reported in Chapter 3.
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Figure 2-29 Substrate scopes of top 20 couplings

2-9 FUTURE DIRECTIONS
Looking at our results, we noticed a few areas where further development could offer

benefits. First, we were surprised to see that amide and ester bonds were not being utilized in
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optimal synthetic plans
as much as we would
have expected, and that
instead that breakage of s6
the acyl bond on the
other side was more
prevalent than we me
desired. We attempted
to increase the

frequency of utilization 5

of the heteroatom

810 M
289 . x 44

acylations by adding M

S8
340

the neighboring acyl  Figure 2-30 Substrate scopes of C5 primary viny

bond to the list of forbidden bonds. While we thought this would push the algorithm to break more
amide and ester bonds, it instead most frequently encased the bonds on both sides of the carbonyl
with in blocks and choose breakage points at other parts of the molecule. We had a significant
reduction in the overall number of amide and ester couplings, so we removed this change.
Secondly looking to be able to include natural products with greater than 14 breakable
bonds, we know it would be important to include the number of blocks per natural product as a
factor during optimization. Both of these issues would benefit from a multi objective optimization
strategy. To tackle such a strategy, we need to rethink the way we fragment molecules, as during
optimization we need access to the larger blocks contained in fragmentations above the k-1 limit

that we have utilized here. As such, initial work has begun on implementation of a free tree
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structure that would allow us to traverse useful paths of breakage from full molecule down to its
most fragmented form, while abandoning branches that are unproductive before they are explored.
This would give us access to the larger blocks at time of optimization while avoiding an
exponential expansion of the number of fragmentations.

Then at time of optimization, instead of only considering number of blocks and percent
coverage, we would also look at average number of blocks per natural product, and preferences
for specific couplings. Knowing that we would still want to target 75% coverage, we could create
a pareto front for 75% coverage based on number of blocks, average number of blocks per natural
products, and a preference for the utilization of amide and ester bonds, and choose a point that we
felt most met our needs.

2-10 SUMMARY AND CONCLUSIONS

We have successfully constructed an algorithm to fragment natural products, run an
optimization on a large set of possible blocks, and ultimately reveal a set of blocks, proposed
synthetic plans, and list of impactful methodologies for natural product synthesis. Within each
coupling we can show the important structures and functional group tolerances to allow for a data
driven and preemptive substrate table selection. We have also incorporated many points of
flexibility where human input or preference can be implemented to tailor the results for a given
objective. To that end, this algorithm works for any collection of molecules, and we believe many
other classes of small molecules such as materials or pharmaceuticals could also benefit from this
kind of overarching analysis. Data driven identification of important methodologies and work
towards their solutions can only help advance the field of chemistry while the building block
approach with focus on the possibility to automate can help expand the ability to make designer

molecules to nonexperts and help advance related fields.
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CHAPTER 2
EXPERIMENTAL SECTION

GENERAL MATERIALS AND METHODS

The code was developed using Python 3.7 using a combination of RDKIT and Openbabel
are for molecular data manipulation. Cython 3.0.1 is utilized for speeding up in memory data
manipulations. The parallel works per process with shard disk. The delopment of the code was
carried out by Nathan Russell in Jian Pengs group.

While the code can be made freely available if requested, | did not participate in any of the
code writing itself. | was heavily involved in development of the concepts and troubleshooting

described in Chapter 2.

FINAL LIBRARY OF ACTIVE BLOCKS
All blocks in the set can be found in Appendix I. The set of blocks is rank ordered according to
the number of times the block is used across all optimal synthesis plans. This frequency and rank

are shown under each block.
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CHAPTER 3

METHODS DEVELOPMENT FOR GENERALIZED APPILCATIONTO A
COMPUTATIONALLY PREDETERMINED SUBSTRATE SCOPE FOR PRIMARY

CSP3 BORONATES AND VINYL HALIDES

ABSTRACT

Utilizing our human guided algorithm, we were successfully able to identify impactful
couplings for natural products synthesis. Furthermore, we were able to use data to help illuminate
their relevant substrate scopes. As an example, we undertook the challenge of developing
methodology for the fifth most common coupling, primary alkyl organometallic to vinyl halide.
By optimizing conditions on a set of substrates rather than a single example, we were able to
rationally develop a new phosphine ligand to accomplish this coupling with good yields and high
stereoselectivity.

This coupling methodology is amenable to modular and automatable synthesis. Hopefully
with the similar development of further identified but unsolved methodologies can lead to the
advancement of synthetic efforts toward natural products and natural product inspired small

molecules.
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3-1 LITERATURE PRECEDENT FOR UNACTIVATED PRIMARY-VINYL SUZUKI

COUPLINGS

In a demonstration of this new concept of methodology development for predetermined

targeted generality, we have undertaken the development of methodology identified as impactful

but lacking a general solution—specifically the fifth most common coupling, primary alkyl

organometallic to vinyl halide. As is most fitting with our platform we chose to target Suzuki

methodology as a solution. Looking in the literature there are numerous examples of 9-BBN based

primary-vinyl couplings'>, but unfortunately 9-BBN has several problems that prevent it from

working within our constraints. While 9-BBN has successfully been used in iterative synthesis,

the requirements of a terminal
olefin and a hydroboration
reaction would limit functional
group tolerance and the types of
blocks that could be made. The
additional reactions required to
create an iterative cycle make it
less efficient and more difficult
to  automate, with  the
hydroboration reaction having
the added complication of
regioselectivity. Even though
hydroboration generally has a

very high regioselectivity, any

General Scheme:

Pd(dppf)Cl, (10 mol %)

R _ Ag,0 (2.5 equiv); K,CO3 (3 equiv.) R
+ HO),B-Alkyl
2 X (HO),B~Alky THF 80°C; 6-10 h > Alky
2 equiv |
Me</_/_\_\j Me” > N\ 0TBDPS
OTBDPS
Halide | Yield (%) Halide | Yield (%)
| 90 | 38
Br 78
o 4
Me 4 MeO,C
Me OTBDPS
Halide |Yield (%) Halide | Yield (%)
I 84 | 90
Me
Me;Si
OTBDPS OTBDPS
Halide |Yield (%) Halide | Yield (%)

| 802 | 63

Figure 3-1 Silver mediated coupling of primary boronic acid to vinyl
halides
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stereoselectivity issue adds up over the course of multiple reactions creating difficult to separate

product mixtures and reduction of yields.

General Scheme:

With this in mind, focus
PdCI(C3H5)(dppb) (10 mol %)

Cs,CO3 (2 equiv) R .
Xylene 130°C or Toluene 100°C >Sakyl was turned  to  literature
20 h

Re~g, *+  (HORB-Alkyl

2 equiv

precedent  for  unactivated

Me Me Me
©/\/\/ WMe me primary-vinyl couplings
Me

65% yield® 64% yield 70% yield® utilizing boronic acids, boronic
esters, and trifluoroborate salts.
Me Me Me
€ e € In 2001, Falck reported on
67% yield? 64% yield? 68% yield?

anhydrous silver oxide

promoted couplings between

Me Me Me
= = =
Mew MQWMe MeW Me
Me

62% yield®P 63% yield®P? 71% yield®°

primary boronic acids and Csp?
halides (Figure 3-1). Both

Figure 3-2 Aqueous biphasic coupling of primary boronate to vinyl

halide bromides and iodides showed
good yields with the bidentate diphosphine ligand 1,1'-bis(diphenylphosphino)ferrocene (dppf),
however the vast majority of examples were cis halides, with only one trans halide being shown
to couple in a significantly lower yield.® Doucet has also published methodology using bidentate
diphosphine ligands, specifically 1,3-bis(diphenylphosphino)propane (dppb), but in this case
without a silver salt (Figure 3-2). Cis, symmetrically trisubstituted, and 1,1 disubstituted halides
were all shown to couple in moderate yields, but there were no examples of trans halides.” The
Molander group utilized dppf with trifluoroborates in an aqueous biphasic system to afford

coupling with a variety of cis, tri-, and tetrasubstituted halides (Figure 3-3). Again, trans halides

were noticeably absent from the substrate table.® In none of these reports, or the few papers that
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have one off examples of unactivated primary vinyl couplings,®® are E:Z ratios reported or

discussed.

3-2 EXPLORING CONDITIONS
FOR PRIMARY-VINYL SUZUKI
COUPLING

Due to MIDA’s incompatibility
with agueous biphasic conditions, and
previous successes in our lab with silver
mediated  conditions,'*  conditions
similar to those used by the Falck group
were targeted. However, attempts by my
former colleague Andrea Palazzolo Ray
to utilize anhydrous conditions for
primary boronic acids to vinyl halo-

MIDA boronates proved unsuccessful.

Significant decomposition issues were

General Scheme:

R2 PdCly(dppf)CH,Cl, (7 mol %)

Cs,CO;3 (3.0 equiv)

st\r R’ + KF3B \M;‘R

Br 1.2 equiv 80°C,2-24h
Substrate Scope:
halide boronic acid
2 o
i}Br KFsBAM:\OAPh
Me
! 1
Me/&rBr KF;8” X9, 07 “Ph
Me
TBDMSO i
X
\/\/\é KF:;BMO Ph
r
g !
X Br KF3B/\/\oAPh

oh /\(CHO o

Br KFSB/\/\o)k Ph

0
Ph
Y KF3B/\/\0A Ph

Br

Toluene:H 0 (3:1)

time

7.0h

3.0h

20h

50h

12.0h

3.0h

74

93

78

82

69

54

Figure 3-3 Aqueous biphasic coupling of primary BFz;K salts to

vinyl halide

encountered, and in a wide screen of ligands nothing gave better than 15% yield, while most gave

trace to no product. At the time that I joined the lab, work on a second generation MIDA,

specifically geared to withstand aqueous biphasic conditions, gave us the confidence to shift focus

away from exclusively anhydrous conditions.

These advances on a second generation MIDA ligand were enabled by an in-depth study

of what turned out to be the dual mechanism of MIDA deprotection. Depending on the conditions,
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MIDA deprotection can occur after water attack of the dative N->B bond in mild base conditions,
or hydroxide attack of the carbonyl in strong base conditions.* Given the desire to utilize this new

MIDA ligand for aqueous biphasic conditions where the N->B bond is the site of deprotection,

Me
Q O M‘*/N_K Me/\/\’N Me)\N M\,N
3 ’.B\—cko .B-&O _B-0\:J0 9,B-ON_O
ph/\/B\_o. &O LLLL o o .}L‘ Ko} o }L(. o o ‘777. ‘o o)
o~ "o 1 (MIDA) 2 3 4
1-8
K,COs (3 0q) 77 48 20 22 <5 <5 23 <5 <5 51 1 8
2003 (S eq M
. . \Me SMe o e Me
ng ;%8-?26Oh(01u0r-51) MeN—Me Me’N—\‘ Me MeN— ~"Me Me’N_yMe
, 1 [ & [% Me =Me
3B-0 Do %BOI0 %820 o %80 o
- @ 07" Yo 0~ "o ‘2 o Yo 0~ ~o
% remaining boronate (1-8)
5 6 7 8 (TIDA)
17h 3h 6h
>99 83 59 97 72 44 71 63 37 >99 >99 >99

Figure 3-4 Development of second generation MIDA ligand
substitution of the nitrogen and carbon backbone of MIDA were explored to see if steric or
electronic tuning of the MIDA cage could increase its hydrolytic stability (Figure 3-4). The
tetramethylated variant of N-methyliminodiacetic acid (TIDA), was found to be exceptionally
stable, hydrolyzing at least 50 times slower than MIDA. Study of x-ray crystal structures of TIDA
boronates suggested a significant increase in the covalent character of the N—B bond due to charge
redistribution, likely from hyperconjugation.

Now that E_,'“B’;;&Oo . x/“\\/O o X)) —— 0/%/0 o IQ/O

we had an idea of

Me

- . Me Me Me Me Me Me
the Iterative ME_Nif;_MMee Me ME_T"TJ;_MMEE 1 MeN—Y. Mﬁ TBSO. -~~~ Me
o\ Pl ; e—ivle [
Me. .~ B-OL 0 M.~ B-0(70 j g0\ =0 Me
0 =0 0~ =0 > g
platform that we
1526 Couplings 1479 Couplings 989 Couplings 730 Couplings
wanted to utilize
Me Me Me
MeN \ﬁ;‘.mhﬁe Me 1
we could turn the Mo B0 e N Mo~ oranes
I‘he “~~"0TBDPS
data about the
622 Couplings 515 Couplings 452 Couplings 232 Couplings

substrate  scope . -
P Figure 3-5 Finalized substrate scope
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from the analysis into concrete
imidazole; (1.4 equiv)
TBDSCI (1.2 equiv)

examples. Looking at the top = "o DMF (10M) 0°CtoRT 3n = >  OTBDPS

examples we first began by !

L. . . 1. CpoZrCl (1.1 equiv.)
combining categories of terminal DIBAI-H (1.1 equiiv.)

THF (0.32 M); 0°C to RT, 1 h
2. NBS (1.3 equiv.)

THF (0.32M); -78 °C to RT 2h

. Br X" 0oTBDPS
ethyl blocks with those of the

E-2

blocks that extend beyond depth Figure 3-6 Synthesis of trans halide
two if they were coupling to identical halides. For example, S4 and S7 were combined as well as
S2 and S8 (Figure 2-31). With this completed we discovered that ~50% of this substrate scope
could be covered with 8 example couplings. Blocks where the next terminus was visible were
created as bifunctional TIDA boronates. Blocks that did not contain a terminus within depth 2
were extended out and attached to a functional group that would allow for facile detection and
purification, in this case a tert-butyldiphenylsilyl (TBDPS) protected oxygen. This gave us the
target substrate scope in Figure 3-5.

Given our predetermined substrate scope we knew that it would be important to screen for
conditions utilizing both E and Z halides. Because of the low yield for the singular trans halide
example in the literature, we decided to first target trans olefin E-2 for our initial ligand screen to

make sure we found a starting point that could afforded the product for the trans. E-2 was

synthesized from 4-pentynol as shown in Figure 3-6. TBDPS protection of the free alcohol,

imidazole; (1.4 equiv) 1. nBulLi (1.1 equiv.)
TBDSCI (1.2 equiv) THF (0.63M); -78 °C to 0 °C, 30 min
= OH = OTBDPS .
//\/\ DMF (1.0 M), 0 °C to RT 2h //\/\ 2. Et;GeCl (1.0 equiv.)
THF (0.63M); -78 °C to RT, 16 h

1

1. CpoZrCl (1.1 equiv.)
DIBA-H (1.1 equiiv.)
/\/\OTBDPS THF (0.32M); 0°Cto RT, 1h  GeEts NBS (1.5 equiv.)  BF
Z _NBS (1.5equiv)
2.H,0 (1.5 M) WOTBDPS MeCN (0.5 M), 0°C, 1 h \/\/\OTBDPS
s THF (0.32M); 0 °C to RT 30 min . 7

Et;Ge

Figure 3-7 Synthesis of cis halide
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followed by hydrozirconation and in situ bromodezirconation gave the desired product with
excellent stereospecificity (99:1 E:Z). Across a wide screen of ligands including, trialkyl
phosphines, triaryl phosphines, bidentate diphosphines, and buckwald ligands, overall triaryl
phosphines performed the best. We decided to move forward with triaryl phosphines as the main
ligand class of focus and begin to screen against both cis and trans substrates.

To make the cis equivalent of our halide, the same OTBDPS protected 4-pentynol was
utilized. A triethyl germanium group was installed on the alkyne, before hydrozirconation and in
situ hydrodezirconation was used to afford the cis germanium alkene. Stereospecific
bromodegermination gave Z-2 in excellent sterospecificity (3:97 E:Z) (Figure 3-7). Cis and trans
products were independently synthesized utilizing a Negishi reaction and an HPLC method was
developed to track E:Z ratios. It was at this point that we noticed something odd. When
triphenylphosphine was used significant isomerization was observed for the E halide, while the Z

halide showed complete retention of stereochemistry (Figure 3-15 entry 1).

3-3 OLEFIN ISOMERIZATION ISSUES AND POTENTIAL MECHANISMS

While E:Z ratio has rarely been reported for primary-vinyl Suzuki couplings, studies by
the Lipshutz group indicate that olefin isomerization is highly ligand dependent in Stille!?,
Negishi®3, and Suzuki'* couplings. While no mechanistic studies were done to investigate the

means of isomerization,

R R R R
PhsP, PhsP PhsP, PhP,
,EdJ\\\l - &'d%%— - ,I\’d?k_/m - ,i’d&/m
PhyP™ Ar X Ar PhaP™ 3Py

a mechanism with a

zwitterionic-metal based

R R R R
Ph3P, Ph3P, Ph;P, Ph;P,
. . ,ﬁdj“\l - ﬁd%%+ _-— ,E’d’fk(m - ,Ed’k‘/m
carbene  intermediate PhPT % 4 PhP A PhyP Ty PhyP

Figure 3-8 Proposed mechanism for Zwitterionic-metal carbene mediated
was proposed. Even isomerization
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LoPd-H R Ry LPd-H R, when looking beyond cross

R4 ; -, R 3 =, R / K““I/H
%R; —_— Lde/zgy-\"‘.‘ e szd/%fH 2 e

H H R, coupling examples, olefin
R R y R isomerization mechanisms
R
X‘Pd'A —_—— X‘Pd”)kl b —— L /‘Pd!I — | | —_—— /‘Pdll
iy L oH Ho L - have not been rigorously

Figure 3-9 Proposed mechanism for palladium hydride mediated isomerization ~ studied. Proposals have

tended to fall into three main categories: zwitterionic-metal carbene mediated, palladium hydride

mediated, and phosphine mediated. In addition to cross couplings, Zwitterionic-metal carbene

intermediates have been proposed as the source of isomerization for carbopalladation,®

carbonylation,*® and migratory insertion.”*®* While there is some NMR data that supports this
€ o o

8 0
F OMe Z “OMe
M X
‘ Michael Addition N Rotation €0 ~ ’) Elimination MeO ‘
—_— —_— R
R p
Ph Ph
Me

Me
EP\:
Ph

Me
Figure 3-10 Proposed mechanism for phosphine mediated isomerization in the Wittig reaction

hypothesis, 1" overall the mechanism is not well understood (Figure 3-8). The Skyrdstrup group
has proposed palladium hydride mediated isomerization for both cis to trans?®®, and 1,1-
disubstituted to trans olefins® (Figure 3-9). Phosphine mediation isomerization of the product has
been proposed for the Wittig reaction,?? (Figure 3-10) while indications of C-P reductive
elimination from oxidative addition adducts being responsible for isomerization was reported by
Ozawa and co-workers in 2009.2% This report was of most interest to me, as it showed trans to cis
isomerization as opposed to most of the other proposals which focused on cis to trans
isomerization.

In a study of oxidative addition adducts of various E and Z styrenyl compounds, they

observed an isomer dependent ability to undergo C-P reductive elimination and oxidative addition.
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The E oxidative addition adduct E-5 R;P!
Ph_\\_EdR,f_Br 40-50 °C =

| Ph
readily  underwent C-P  reductive PRy Pd
E-5 R e
- E-6
elimination to afford E-6. Addition of free
PhPRs R;P*  Ph
- - - - | 0, —
phosphine ligand increased conversion to \ P Br 4059°C |
PR; R P’Pd:
. . 3 Br
E-6. On the other hand, the Z oxidative z5 Z6
ddition add - bl ducti RR__FPh Ph RsR
addition adduct Z-5 was stable to reductive N/ _
CgDg (10 MM \ PRy =
e ) P|d_ 40°C, 8h Pd"-Br P|l:|_ Ph
elimination, even when tested at increased g p' g, PR, RP “Br
Z6 Z-5 E-6

time and  temperatures. = HOWeVEr  Figyre 3-11 C-P reductive elimination studies

independent synthesis of Z-6 revealed that it readily underwent oxidative addition to give a
mixture of Z-5 and E-6, implying a mechanism for isomerization between Z-6 and E-6 exists
(Figure 3-11). These reactions were monitored by NMR, and x-ray crystal structures of all 4
compounds were obtained as confirmation. DFT calculations on optimized structures that were a
good match for the crystal structures suggest that the C-P reductive elimination of E-5 to E-6 is

exothermic while that of Z-5 to Z-6 is endothermic. 2

3-4 LIGNAD DESIGN FOR MITIGATING ISOMERIZATION AND INCREASING

YIELD FOR A COMPUTATIONALLY PREDETERMINED SUBSTRATE SCOPE

Ph,;R*
: . : - PPhs —m N—
This led us to reason that perhaps differential ability of Br—PTj"f ° | We
PPh, pd
_— - . Ph;P
E and Z oxidative addition adducts to undergo C-P reductive .. ? ce Br
elimination was responsible for the isomerization observed in WL
our reaction. Post oxidative addition of the E halide, a Me ==\
PPhy ) PhP* | Me
. . L . .. Br—Pd" B Pd"
reversible C-P reductive elimination and isomerization could PPh, Phs? “Br
afford intermediates E-8 and Z-8 respectively. An irreversible z7 z8

Figure 3-12 Possible mechanism for
isomerization in our system
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C-P oxidative addition would then afford Z-7, which would
become “trapped” as the Z-isomer and proceed through
transmetallation and reductive elimination to give the
ultimate Z product (Figure 3-12). However post oxidative

addition of the Z halide, no C-P reductive elimination

would occur, providing no mechanism for isomerization to

Figure 3-13 Crystal structure of C-P
reductive elimination occur. To see if this was a possibility, my colleague Daniel

Blair was able to obtain a crystal structure of the reaction between (E)1-bromopro-1-ene and
Pd(Phs)s which showed that C-P reductive elimination had occurred (Figure 3-13).

Knowing this was a possibility in our  can

@ C30A
system, we began to consider how we could i I cu
B,
- - - - - C26A ca
prevent this C-P reductive elimination. The cz.&%@\ cora § ) o
czc‘%
Lipshutz group showed P(o-tol)s to be an ciap % e/
C3A 2 : i
. . .. . . . . . CoA Cl1A
effective ligand for mitigating isomerization in cira, éém e
C1BA(,’
C18A. C13A
. . . . C20A ce
their studies of both Stille’? and Suzuki' Lo cﬁcm oy

reactions.  Also, P(O't0|)3 is known to be Figure 3-14 Crystal structure of P(o-tol);
monodentate from its crystal structure (Figure 3-14)?* and given that the presence of excess ligand
increased the amount of C-P reductive elimination in the Ozawa?® report, we wondered if a
monodentate ligand might decrease the amount of C-P reductive elimination

Upon coupling with P(o-tol)s we were gratified to find that not only was E:Z isomerization
completely prevented, but also yield increased for both E and Z substrates (Figure 3-15 entry 2).
Encouraged by this increase in yield we wanted to explore modification of the ortho substituent.

We speculated that this increase in yield could come from a promotion of reductive
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Pd GsDimer (5 mol%)
Ligand (10 mol%)

Me

MeN “~~"0TBDPS ) \H
/ 3:97 Cs,C04 (7 equiv.) .
Me\/\/s%o or Dioxame:Watt[e]r (20:1); 300 uL "~ ~"“OTBDPS Me. S0 TBDPS
2.0 oquiv. A ~OTBDPS 100°C, 14 h
991
E-Halide Z-Halide

Ligand Yield E E:Z DS Yield Z E:Z DS
P@ 6% 65:35 31% 31% 2:98 >99%
p@ 57% 99:1 >99% 69% 2:98 >99%
.ﬁ? 74% 99:1 >99% 83% 3:97 >99%
Me Me

Pﬁ% 14% 98:2 99% -- -- N

Me Me

P%% 48% >09:1 >99% 63% 2:98 >99%
"% 79% 97:3 96% 83% 3:97 99%
P% 76% 99:1 >99% 79% 3:97 99%
"% 59% >99:1 >99% — ~ —
P@ 54% >99:1 >99% 57% 2:98 >99%
MeO

) Z%? 68% 99:1 >99% 75% 2:98 >99%
P%j 72% 99:1 >99% 76% 2:98 >99%

Figure 3-15 Ligand Optimization
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X

1. EtyZn (2.0 equiv), CH,Cl, (1.0 M)
2. TFA (2.0 equiv.), CH,Cl, (2.0 M), 0°C, 20 min

nBuLi (0.93 eqiv)
Cyclic ketone (0.95 eqiv)

3. CHyl, (2.0 equiv.). CH,CI, (2.0 M), 0°C, 20 min Br

4. Bromide (1.0 equiv), CH,ClI, (1.0 M) 0°C to RT, 30 min

Br l

pTsOH+<H,0 (0.1 equiv)

A7

> OH >

Et,O (0.5M), THF (0.5M)- Toluene (0.7M) ¢
Br -78°C to RT; 16 h 110°C; 1h

0-2 0-2
PtO, (0.01 equiv) nBuLi (0.95 equiv)
H, (balloon) _ Br PCl; (0.28 equiv)> P
Et,O (0.95M) THF (0.625M)
RT; 24h 0-2 -78°Cto RT; 16 h 0-2

Figure 3-16 Synthetic routes to cyclo-ortho substituted ligands

elimination as phosphine ligands with large cone angle are known to promote reductive

elimination.?? Evidence from our own lab suggests that the interesting pinwheel structure of P(o-

tol)s causes one ortho substituent to project above the plane of the square-planar transition state,

and another below the plane. This helps block access to open coordination sites on the palladium

which in the case of secondary couplings was shown to significantly increase branched to linear

ratio by preventing B-hydride elimination.** In our case, we wondered if larger ortho substituents

projecting out above and below the plane of the transition state could mimic the bidentate

diphosphate ligands frequently used in literature®2, and promote reductive elimination.

Looking at
an increase in size
of the ortho
substituent from H
to Me to iPr showed

a steady climb in

1. B(OMe); (5.5 equiv)

THF, -78 °C to RT, 3h ijMlﬁe AIBN (0.1 equiv.)
= MgBr HCI, extraction Me/N Me HSnBus (1.5 equiv.)
2.MeN(C(CH3);COOH), (1.0 equiv.)  — ¢ \"~o THE, 70°C, 17 h
5.5 equiv. DMSO/Benzene, Reflux,2 h ‘o (o]
9
Meme Meme
M‘*/NJ/“,(',IZ NBS (1.0 equiv.) Me/NJ/"“"n‘:
\=o CH,Cl,, 0°C, 1h Eo
B-O 2%12, , B-O
Bu3Sn/\/ ‘o~ o Br N~ ‘o~ o
10 E-11

Figure 3-17 Synthetic route to trans TIDA
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yield while adding a Me group to each side of the iPr, crashed the yield down to 14%, suggesting

an improvement in yield for increased size up to a point (Figure 3-15 entries 1-4). Wondering if

these branched substituents could be tied back into rings, we’d first have to find a way to access

these ortho substituted aryl bromides. The cyclopropyl variant was created from 1bromo-2-

vinylbenzene with a Simmons-Smith reaction. The cyclobutyl, -pentyl, and -hexyl were all access

from the same route beginning with the correctly sized cyclic ketone and 1,2 dibromobenzene.

Deoxygenation followed

by
reduction lead to the desired aryl
halides, which were complexed to
PCls (Figure 3-16).

Tying the iPr back to form
the cyclopentyl resulted in a drop in
yield but using the larger cyclobutyl
and cyclopentyl rings showed
comparable and high yields. Once
again, a size of ligand was reached
with the cyclohexyl that caused the
yield to drop (Figure 3-15 entries
5-8). Finally, we wanted to see if
substituents containing functional
groups other than pure alkyl chains

or rings would have any affect.

Testing CH,OH, CH2CH,0OH, and

Me Me

\/ M Pd G3Dimer (5 mol%)
OH Me‘NT;‘I- l\?le L \ggnd (10 moal%)
3 _«_B-o{=0 K>CO; (3 equiv.)
Me-~_B.on Br” o0 Toluene Water (10:1), 1.1 mL, Me _~_ -~ B L
2.0 equiv 99:1 80C,6h
Yield E E/Z DS
38% >99:1 >99%
40% >99:1 >99%
64% >99:1 >99%
40% >99:1 >99%
Pd GaDimer (5 mol%)
OH Ligand (10 mol%)
| KoCO4 (3 equiv.)
Me. _~_-Beon Toluene Water (10-1), 11 mL
2.0 equiv 80C,6h
Pd:Ligand Ratio Yield E E/Z DS
1:2 75% >99:1 >99%
1:1 60% >99:1  >99%
Mg Me Me M
MeN ME,NC‘fiyllﬁe Pd G3Dimer (5 mol%) MeN :) “ﬁ,ﬁe
4 - B.or=o0 P(o-CyPent-Ph); (20 mol%) A
" B0l =
ME\/\\/B\OO 00 B g0 Base (5 equiv.) Me\\/\/\‘_i,«ﬁ\o‘?xﬁoo
2.0 equiv. 99:1 Toluene:Water (10:1), 1.1 mL;
80°C,6h
Base Yield E E:Z DS
K,CO4 69% >99:1 >99%
Cs,CO,4 48% >99:1 >99%

Figure 3-18 Ligand screen with E-11 and condition optimization
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iPhos as ortho substituents, all performed reasonably well with iPhos performing the best (Figure
3-15 entries 9-11). We wanted to select a small panel of ligands to test with a bifunctional TIDA
boronate block. Our best four ligands across cis and trans were iPr, cyclobutyl, cyclopentyl, and
iPhos. We ended up excluding cyclobutyl as it was so similar to cyclopentyl but harder to access
and replacing it with P(o-tol)s.

To gain access to trans-bromo-TIDA, alkynyl MgBr was converted to the boronic ester and
then complex with TIDA. Hydrostanylation to the trans olefin followed by stereospecific
bromodestanylation afforded E-11 (Figure 3-17). Testing our small four ligand panel showed the
cyclopentyl ligand as the clear best choice. Optimization of reaction conditions to allow for slow-
release MIDA coupling without causing decomposition of TIDA, gave us a second set of
conditions (Figure 3-18). With our two sets of conditions in had we began to make the required

blocks to fill out our predetermined substrate scope.

3-5 SYNTHESIS AND COUPLINGS FOR PREDETERMINED SUBSTRATE SCOPE

The cis TIDA boronate Z-11 was also accessed from the alkynyl TIDA boronate 9.
Hydroboration followed by invertive bromodeborylation afforded the desired product. The 1-
methyl 15 was synthesized from a route similar to E-11 but starting from 1-propynylmagnesium-
bromides. E-17 was accessed from the conversion and complexation of 1-propenyl MgBr to the
TIDA boronate. The alkene was then brominated, and subsequent elimination gave the desired
product. Boryldebromination of E-17 followed by invertive bromodeborylation furnished Z-17.
The last substrate was synthesized from crotyl alcohol. An alkene bromination and selective

elimination gave intermediate 20, and an TBDPS protection yielded 21 (Figure 3-19).
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With all  required
building blocks in hand, we
proceeded to fill out our
substrate table (Figure 3-20).
We were pleased to see that
stereoretention remained near
perfect. We did however, run
into two motifs that caused
double

problems: 1-methyl

bonds and the cis TIDA

boronate.  Neither of these
types of halides showed
reactivity under our
conditions, possibly do to

issues of steric congestion.
While not ideal, we felt it was
important to investigate other
methodologies that could be

used to fill in the gaps still

1. B(OMe); (5.5 equiv)

THF, -78 °C to RT, 3h Me Me

i MeN &
= MgBr HCI, extraction i ) Me
2. MeN(C(CH3),COOH), (1.0 equiv.) — d-o 0
5.5 equiv. DMSO/Benzene, Reflux,2 h ‘o o
9
Mepe
MeN—YMe

1. Bry (1.5 equiv).
CH,Cl, (0.1 M), RT, 1h
2, K3POy4 (9.5 equiv.),
MeCN (0.1 M), RT, 3.5 h

12

Cy,BH (0.2 mol%)
HBpin (1.2 equiv.)
THF, 65°C, 17 h

1. B(OMe); (5.5 equiv)
THF, -78 °C to RT, 3h
HCI, extraction

Me Me

[Mo(CO)2Br(CH3CN)2(C3Hs)]
(0.07 equiv.)

MeN—Y "3,
2. MeN(C(CH3),COOH), (1.0 equiv.) Me—— B{Eo
DMSO/Benzene, Reflux,2 h T~ o Yo

13

Me——=——MgBr

5.5 equiv.

CH,Cly, 0°C, 1h

NBS (1.0 equiv.
Me iMe __NBS (1.0 equiv.) Me = iMe
&o A=
B-O B-O
Bu3sn)\/ ‘o7 0 Br)\/ ‘o

HSnBuj3 (1.0 equiv.)
THF (0.2 M), 0°Cto RT, 3 h

Meme
MeN—Y/Me

o
o

15

1. B(OMe); (1.1 equiv)
THF, -78 °C to RT, 3h
HCI, extraction

MeMe

MgBr MeN—Y/Me

1. Bry (1.5 equiv).
CH,Cl, (0.1 M), RT, 1h

Meme
MeN—YMe

/ i)§g then reflux, 2h / Eﬂg
Me 2. MeN(C(CHj3),COOH), (1.5 equiv.) \[/B:GO o 2, DBU (3.1 equiv.), /\(B“oo °

DMSO/Benzene, Reflux,2 h Me

16

Meme

B,Pin, (1.4 equiv.) MeNMe o i)

CH,Cl, (0.1 M), RT, 1h

MeCN (0.1 M), RT, 1h Br

E-17

Meme

MeN—/Me

PdClodppf (5 mol%. B/—oi' e

KOAC (3.2 equiv.) 0\3/\/ o~ 0
]

DMSO (0.13 M), 75 °C, 25h >§ro Me

18

2, K3POy4 (9.5 equiv.),
MeCN (0.1 M), RT, 3.5h

Br [ Me
KKB:O'E§°
o o

Me

z17

Br

Me/z\lﬂou

e
CCl, (2M), RT, 1h Br

Br, (1.0 equiv)
Me” -""OH

19

TBDPSCI (1.2 equiv) Me

M
° nBuLi (1.4 equiv)

Br)\AOH [ Br)\/\

DMF (0.25M), RT, 1 h
20

DIPA (0.66 equiv)
nBuLi (0.66 equiv)

HMPA (0.14 equiv)
THF (1.8M), -78°C, 2 h

OTBDPS
21

Figure 3-19 Synthetic routes to remaining substrates

present. We were able to achieve coupling with Z-11 in moderate yield and adequate selectivity
with a Negishi reaction. Additionally, we found that photoredox conditions with BF3K salts gave
access to the 1-methyl substrates in yields comparable to our main conditions and good

selectivities (Figure 3-21). Even though more than one set of conditions was ultimately needed to

64



cover our predetermined substrate scope, selection of conditions is easily predictable based on

specific motifs of the double bonds which makes it overall a highly impactful solution.

_M;”;;L\QOO " x/\\\/O or LO - . 0/\\/0 or LQ/O

1526 Couplings 1479 Couplings 989 Couplings 730 Couplings
62% 62%* 40%* 45%
>99:1 E:Z >99% DS 10.6:1 E:Z91% DS 1:2.5E:Z by NMR

Me

Me
M SN
Me\/\/L’%x.f“ OTBDPS \l\l ST omeoes
="OTBDPS
622 Couplings 515 Couplings 452 Couplings 232 Couplings
69% 60%* 71% 68%
>99:1 E:Z >99% DS 7:1E:Zby NMR <1:99 E:Z>99% DS >»>99:1 E:Z >99% DS

Figure 3-20 Substrate scope

3-6 SUMMARY AND CONCLUSIONS

We were able to take a computationally derived substrate scope and develop conditions
that facilitate access to these important motifs in a way that is commensurate with a wider vison
of utilizing modular and automated platforms to advance organic synthesis. When issues of
isomerization were encountered, we were able to search the literature for possible mechanisms and
use that to guide our ligand development. Future directions include testing functional group
tolerance of these conditions as well as expanding this approach to methodology development to

additional top priority couplings identified by our human guided algorithm.
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Me \/\/BFjK
1.5 equiv.

Me. _~_ BF3K Br~
1.5 equiv.

Me \/\/ZnCI
1.1 equiv.

Me

i

~"OTBDPS

Figure 3-21 Specialized conditions
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1. GENERAL MATERIALS AND METHODS

Commercial reagents were purchased from Sigma-Aldrich, EMD Millipore, Fisher Scientific,
Alfa Aesar, Frontier Scientific, Oakwood Products, or Strem and were used without further
purification unless otherwise noted. Unless otherwise noted, building block syntheses were carried
out in oven- or flame-dried glassware under a dry inert atmosphere. Unless otherwise noted:
Celite™ refers to Celite™ 545 filter aid (not acid washed); Darco® refers to activated carbon,
Darco® G-60, -100 mesh, powder; and K,CO3 was anhydrous and was freshly and finely ground
in a 120 °C mortar and pestle. Solvents were purified via passage through packed columns as
described by Pangborn and coworkers (35) (THF, Et.O, CHsCN, CH2Cl: dry neutral alumina;
hexanes, benzene, toluene: dry neutral alumina and Q5 reactant; DMSO, DMF: activated
molecular sieves. Water was deionized.

Thin layer chromatography (TLC) was performed using the indicated eluent on E. Merck
silica gel 60 F254 plates (0.25 mm). Compounds were visualized by exposure to a UV lamp (A =
254 and/or 366 nm) and/or a basic solution of KMnOy4 followed by brief heating with a Varitemp®
heat gun. Flash chromatography was performed as described by Still and coworkers (36) using
EM Merck silica gel 60 (230-400 mesh). *H NMR spectra were recorded at room temperature on
one of the following instruments: Varian Unity 500, Varian VXR 500, Varian Unity Inova 500NB,
or Carver B500 with broad-band CryoProbe. Chemical shifts (8) are reported in parts per million
(ppm) downfield from tetramethylsilane and referenced to residual protium in the NMR solvent
(CDCls, 6 = 7.26; (CD3)2CO, & = 2.05, center line; CD2Cl,, 6 = 5.32, center line; (CD3)2S0, 6 =
2.50, center line). Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet,
t = triplet, g = quartet, quint = quintet, sept = septet, m = multiplet, br = broad, app = apparent, dd

= doublet of doublets, dt = doublet of triplets, dq = doublet of quartets), coupling constant (J) in

70



Hertz (Hz), and integration. **C NMR spectra were recorded at room temperature on one of the
following instruments: Varian Unity 500, Varian VXR 500, or Carver B500. Chemical shifts ()
are reported in ppm downfield from tetramethylsilane and referenced to carbon resonances in the
NMR solvent (CDCl3, 6 = 77.16, center line; (CD3)2CO, 6 = 29.84, center line; CD2Cl2, 6 = 53.84;
(CD3)2S0, 6 =139.52, center line). Carbons bearing boron substituents are sometimes not observed
due to quadrupolar relaxation. High resolution mass spectra (HRMS) were performed by Furong
Sun and Elizabeth Eves at the University of Illinois School of Chemical Sciences Mass

Spectrometry Laboratory.

2. COMPUTATIONALLY DETERMINED SUBSTRATE SCOPE

General Procedure for TIDA containing couplings

To oven dried 7 mL vials equipped with stir bars as added TIDA containing bifunctional vinyl
bromides (0.1 mmol; 1.0 equiv) and MIDA boronate (2.0 equiv). Vials were then brought into the
glovebox and were charged with reagents in the following order: catalyst (5 mol% of Pd dimer; 10
mol% Pd), ligand (20 mol%), and base (5 equiv). Finally, the vials were sealed with PFTE lined
septa caps and brought out of the glovebox. After sealing the vial with electrical tape, the vials
were charged with 1.1 mL of 10:1 Toluene:H>O placed ina 80 °C aluminum heating block (on
the outside of a circular heating block stirring at 540 RPM) for 6 hours. After the completion of
the reaction, vials were removed from the aluminum heating block and allowed to cool to room
temperature at which point they were filtered through celite (~0.5 mL in a 3 mL syringe). The vial
was rinsed with EtOAc (3 x 1 mL). The resulting solution concentrated in vacuo using a high vac
(3 h) at which point a crude NMR was taken in CDCI3 (0.5 mL). After the crude NMR, the NMR

tube was transferred back to a 7 mL vial rinsing with CH2Cl> (2 x 0.5 mL). To the resulting 1.5
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mL was added celite. The resulting suspension was concentrated in vacuo and was loaded onto a

10 g regular phase MPLC column and purified by MPLC.

Cartridge SNAP Ultra 10g Detection Mode
Flowrate 36 mli/min Baseline Correction
Solvent A n-Hexane UV1 (Monitor)
Solvent B Acetone UVv2 (Monitor)
Lambda-all (Collect)
Rack Type 16x150 mm Collect All
Max Fraction Volume 20 ml Start Threshold
Dispense Order S
Gradient
Solvents Mix Length (CV)
Equil. A/B 5% 3.0 flowrate 36 ml/min
1 A/B 5% 20
2 A/B 5% - 20% 8.5
3 A/B 20% 4.5
4 A/B 20% - 40% 8.0
L AlB 40% 1.2
Meme
MeN—Y/ Me
Me X B/-<£§O
0 o

Lambda-all

On

254 nm (Red)
210 nm (Black)
(Brown)

Cn

20 mAU

Crude product purified by MPLC method (62% vyield). *H NMR (500 MHz, Acetone-ds) & 7.33

(d, J = 4.4 Hz, 4H), 7.27 (dq, J = 8.8, 4.2 Hz, 1H), 4.49 (s, 2H), 4.20 (d, J = 16.7 Hz, 2H), 3.96 (d,

J = 16.7 Hz, 2H), 3.20 (s, 2H), 3.19 (s, 3H), 2.80 (d, J = 17.3 Hz, 1H); 3C NMR (126 MHz,

Acetone) 6 206.11, 206.05, 205.93, 168.84, 129.07, 128.39, 128.17, 62.92, 46.20, 30.30, 30.15,

29.99, 29.84, 29.69, 29.53, 29.38; 1B NMR (161 MHz, Acetone) § 10.90; HRMS (ES+) calculated

for C13H170sNB [M+H]" m/z 278.1200, found 278.1195

Me Me

MeN—YMe

Me
Me B- oi\&\o

Me
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Crude product purified by MPLC method (69% yield) 1H NMR (500 MHz, CDCI3) 6 5.98 (t, J =
6.9 Hz, 1H), 2.55 (s, 3H), 2.11 (g, J = 7.0 Hz, 2H), 1.74 (s, 6H), 1.64 (s, 3H), 1.63 (s, 6H), 1.40 —
1.28 (m, 4H), 0.90 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCI3) & 174.90, 142.83, 37.03,
31.28, 28.62, 22.72, 15.10, 14.14. 11B NMR (161 MHz, CDCI3) & 9.00. HRMS (ES+)

calculated for C16H2804sNB [M+H]" m/z 310.2190, found 310.2201

General Procedure for non-TIDA containing couplings

To oven dried 7 mL vials equipped with stir bars was added vinyl bromides (0.1 mmol; 1.0 equiv)
and MIDA boronate (2.0 equiv). Vials were then brought into the glovebox and were charged with
reagents in the following order: catalyst (5 mol% of Pd dimer; 10 mol% Pd), ligand (10 mol%),
and base (7 equiv). Finally, the vials were sealed with PFTE lined septa caps and brought out of
the glovebox. After sealing the vial with electrical tape, the vials were charged with 300 uL 20:1
Dioxane:H20 placed ina 100 °C aluminum heating block (on the outside of a circular heating
block stirring at 540 RPM) for 14 hours. After the completion of the reaction, vials were removed
from the aluminum heating block and allowed to cool to room temperature at which point they
were filtered through celite (~0.5 mL in a 3 mL syringe). The vial was rinsed with EtOAc (3 x 1
mL). The resulting solution concentrated in vacuo using a high vac (3 h) at which point a crude
NMR was taken in CDCl3 (0.5 mL). After the crude NMR, the NMR tube was transferred back to
a 7 mL vial rinsing with CH2Cl> (2 x 0.5 mL) and concentrated in vacuo. The resulting solution

was taken up in MeCN and wet loaded onto a 10g reverse phase MPLC column and purified by
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MPLC.

Cartridge
Flowrate

Solvent A
Solvent B

Rack Type
Max Fraction Volume
Dispense Order

Initial Waste
Gradient

Solvents Mix
Equil. A/B 65%
1 A/B 65%
2 A/B 65%
3 A/B 95%

SNAP Ultra C18 12g

Detection Mode

36 ml/min Baseline Correction
Water UV1 (Monitor)
Acetonitrile UV2 (Monitor)
Lambda-all (Collect)
16x150 mm Start Threshold
20 ml
S
20¢Cv
Length (CV)
3.0 flowrate 36 ml/min
25
- 95% 28.5
220
Me """ ot1BDPS

Lambda-all

On

254 nm (Red)
214 nm (Black)
(Brown)

25 mAU

Crude product purified by MPLC method (68% vyield). *H NMR (500 MHz, Acetone-ds) & 7.33

(d, J = 4.4 Hz, 4H), 7.27 (dq, J = 8.8, 4.2 Hz, 1H), 4.49 (s, 2H), 4.20 (d, J = 16.7 Hz, 2H), 3.96 (d,

J = 16.7 Hz, 2H), 3.20 (s, 2H), 3.19 (s, 3H), 2.80 (d, J = 17.3 Hz, 1H); 3C NMR (126 MHz,

Acetone) 6 206.11, 206.05, 205.93, 168.84, 129.07, 128.39, 128.17, 62.92, 46.20, 30.30, 30.15,

29.99, 29.84, 29.69, 29.53, 29.38; 1B NMR (161 MHz, Acetone) § 10.90; HRMS (ES+) calculated

for C13H170sNB [M+H]* m/z 278.1200, found 278.1195

Me

OTBDPS

Crude product purified by MPLC method (71% yield). *H NMR (500 MHz, Acetone-ds) & 7.33

(d, J = 4.4 Hz, 4H), 7.27 (dg, J = 8.8, 4.2 Hz, 1H), 4.49 (s, 2H), 4.20 (d, J = 16.7 Hz, 2H), 3.96

74



(d, J=16.7 Hz, 2H), 3.20 (s, 2H), 3.19 (s, 3H), 2.80 (d, J = 17.3 Hz, 1H); 13C NMR (126 MHz,
Acetone) 8 206.11, 206.05, 205.93, 168.84, 129.07, 128.39, 128.17, 62.92, 46.20, 30.30, 30.15,
29.99, 29.84, 29.69, 29.53, 29.38; 1B NMR (161 MHz, Acetone) 8 10.90; HRMS (ES+)

calculated for C13H170sNB [M+H]" m/z 278.1200, found 278.1195.

Me
TBSOW

Me
Crude product purified by silica column eluted with hexanes (45% yield) 1H NMR (500 MHz,
CDCI3) § 5.11 (dddd, J = 8.4, 7.2, 2.5, 1.3 Hz, 1H), 3.60 (t, ] = 6.6 Hz, 2H), 1.96 (d, J = 6.8
Hz, 2H), 1.68 (s, 3H), 1.60 (s, 3H), 1.51 (p, J = 6.8 Hz, 2H), 1.36 — 1.26 (m, 7H), 0.89 (d, J =
1.0 Hz, 9H), 0.05 (s, 6H). *C NMR (126 MHz, CDCl3) & 131.20, 124.88, 63.34, 32.89, 29.89,
29.72, 29.13, 27.99, 26.00, 25.75, 25.73, 18.40, 17.66, -5.24. HRMS (ES+) calculated for

Ci16H3s0SI [M+H]" m/z 271.2457, found 271.2465.

Procedures for couplings requiring special conditions

Photo redox conditions

To oven dried 7 mL vials equipped with stir bars was added NiCI2-dme (0.01 mmol; 10 mol%)

and 4,4'di-tert-butyl-2,2'-bipyridine (0.01 mmol; 10 mol%) before being removed from

glovebox. THF was added and vials were heated briefly with heat gun until full dissolution of

reactions was achieved and obvious color change was observed. THF was removed under vacuo,

vials were taken back into glovebox and the following reagents were added: vinyl bromide (0.1

mmol 1 equiv.), BFsK salt (0.15 mmol 1.5 equiv.), Iridium catalyst (Irf[dFCH3sppy](bpy)PFs)

(0.03 mmol; 3 mol%), base (0.15 mmol; 1.5 equiv.), and dioxane (1 mL). Vials were capped,
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removed from glovebox, and degassed in hood for 10 min, and sealed with parafilm. Vials were
irradiated with light source, and 6" fan was used during the illumination period to maintain a
constant temperature. After the completion of the reaction, vials were removed from light sourse
and were filtered through celite (~0.5 mL in a 3 mL syringe). The vials were rinsed with EtOAc
(3 x 1 mL). The resulting solution concentrated in vacuo using a high vac (3 h) at which point a
crude NMR was taken in CDCls (0.5 mL). After the crude NMR, the NMR tube was transferred
back to a 7 mL vial rinsing with CH2Cl> (2 x 0.5 mL) and concentrated in vacuo. The resulting
solution was taken up in MeCN and wet loaded onto a 10g reverse phase MPLC column and

purified by MPLC.

Me Me
MeNJ/'l\V'ne

M4
Crude product purified by MPLC method (62% yield) *H NMR (500 MHz, CDCl3) § 5.02 (q, J
= 1.2 Hz, 1H), 2.55 (s, 3H), 2.05 (t, J = 7.6 Hz, 2H), 1.78 (s, 3H), 1.71 (s, 6H), 1.57 (s, 6H), 1.39
(tt, J = 8.4, 7.1 Hz, 2H), 1.28 (dt, J = 15.2, 7.4 Hz, 2H), 0.88 (t, J = 7.3 Hz, 3H). 13C NMR (126
MHz, CDCl3) 6 174.47, 174.39, 154.23, 154.07, 43.01, 36.20, 36.12, 34.80, 30.77, 30.17, 29.71,

27.17, 22.88, 22.43, 19.53, 14.12, 14.02. !B NMR (161 MHz, CDCls) § 8.74.

Me

M‘*WOTBDPS

Crude product purified by MPLC method (60% yield). 1H NMR (500 MHz, CDCI3) 6 7.74 —
7.67 (m, 4H), 7.46 — 7.36 (m, 6H), 5.41 —5.35 (m, 1H), 4.23 (d, J =6.4 Hz, 2H), 1.97 (1, J=7.5

Hz, 2H), 1.46 — 1.42 (m, 4H), 1.40 — 1.25 (m, 7H), 1.08 — 1.04 (m, 9H), 0.91 (t, J = 7.2 Hz, 3H).
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Me
Me Me

MeN—YMe

y Me
x._B-O )§OO

(o)

Crude product purified by MPLC method (60% yield). NMR contains both cis and trans isomers.
Integrations set for trans at 1 and cis at 3 1H NMR (500 MHz, CDCI3) 6 6.23 (d, J = 17.5 Hz,
1H), 6.15 (dt, J = 14.5, 7.5 Hz, 3H), 5.39 (dt, J = 17.4, 1.6 Hz, 1H), 5.28 (dt, J = 14.0, 1.7 Hz,
4H), 2.57 (s, 11H), 2.51 (s, 3H), 2.21 (qd, J = 7.2, 1.7 Hz, 8H), 2.14 — 2.08 (m, 2H), 1.72 (s,
27H), 1.40 — 1.28 (m, 20H), 1.25 (s, 9H), 0.88 (g, J = 7.0 Hz, 16H). 13C NMR (126 MHz,
CDCI3) 8 174.51, 174.29, 148.21, 147.44, 36.59, 36.20, 35.30, 31.83, 30.90, 30.69, 30.17, 29.71,

29.37, 22.70, 22.38, 22.31, 14.13, 14.05, 13.95, 1.02. 11B NMR (161 MHz, CDCI3) 6 8.69.

3. SYNTHESIS OF BUILDING BLOCKS

MeN
(o) o
SI-1
Prep adapted from Balmer et al.> A 1 L round bottom flask equipped with a stirbar was charged
with nbutyl boronic acid (25.0g; 245.24 mmol; 1.0 equiv), MIDA (46.3 g; 294.29 mmol; 1.2
equiv.), benzene (236 mL; 1.04 M) and DMSO (12.3 mL; 19.9 M). The round bottom was then
fitted with a dean stark trap and reflux condenser. Reaction was heated to reflux for 6 h, then

removed from heat and allowed to stir for an additional 45 min. Acetone (15 mL) was added

followed by Et,O (4 x 40 mL) swirling after each addition. Solution was filtered through medium
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frit, and washed with Et>O (100 mL). Solid was collected and dried in vacuo to yield a white solid
51.2 g 98% vyield. (51.2 g 98% yield). *H NMR (500 MHz, Acetone-ds) & 4.16 (d, J = 16.9 Hz,
2H), 4.00 (d, J = 16.9 Hz, 2H), 3.08 (s, 3H), 1.34 (ddt, J = 7.6, 4.5, 2.4 Hz, 4H), 0.90 — 0.87 (m,
3H), 0.65 — 0.60 (m, 2H); *C NMR (126 MHz, Acetone) § 206.12, 168.84, 62.64, 46.20, 30.30,
30.15, 29.99, 29.84, 29.69, 29.53, 29.38, 27.26, 26.60, 14.28; HRMS (ES+) calculated for

CoH16NO4B [M+H]" m/z 214.1251, found 214.1246.

1. B(OMe); (5.5 equiv)
THF, -78 °C to RT, 3h Mj/M'ﬁ AIBN (0.1 equiv.)
) e
=——MgBr HCI, extraction Me/N Me HSnBu; (1.5 equiv.)
2. MeN(C(CH3)2COOH)2 (1 .0 equiv.) — B-0 (o) THF, 70 OC, 17 h
5.5 equiv. DMSO/Benzene, Reflux,2 h o) (0]
9
MeMe Meme
MeN_y/Me NBS (1.0 equiv.) MeN_—y/Me
~=0 CH,Cl,, 0°C, 1 h =0
B-0O 212, ) B-0O
BusSn” N 970 Br N~ gm0
10 E-11
MJe/Me
Me
Me/N §Me
(o) (0]
9

Prep adapted from Lee, et al.! To an oven dried 250 mL round bottom flask equipped with a
magnetic stir bar and placed under nitrogen was added THF (112 mL; 0.667 M to grignard, 0.133
to TIDA) and trimethylborate 9.20 mL; 8.57 g; 82.50 mmol; 5.5 equiv.). the resulting solution was
cooled to -78 °C. Following equilibration, ethynyl magnesium bromide (150 mL; 0.5 M in THF;
75 mmol; 5.0 equiv.) was added dropwise over 20 minutes. The reaction vessel was removed from

the bath and allowed to warm to ambient temperature over 3 hours resulting in a opaque white
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slurry. After 3 hours, the reaction was cooled to 0 °C (15 minutes) and quenched with the addition
of IN HCI (50 mL; 10.0 equiv.). The resulting mixture was transferred to a sep. funnel rinsing
with Et20. Layers separated and the aqueous later was back extracted with EtoO (1 x 50 mL).
Combined organics washed with brine (2 x 50 mL), dried over MgSOs, filtered into a flask
containing 62 mL benzene. The resulting solution was concentrated in vacuo without heating the
bath until the solvent in the collection flask started to bump or no more solvent was collecting on
the dry ice trap. To the resulting solution was added 6.2 mL DMSO, TIDA (3.05 mg; 15 mmol;
1.0 equiv.), and a stirbar. The 1L recovery flask was fitted with dean-stark trap, and a reflux
condensor and heated to reflux with stirring (set bath to 105 C to get benzene collecting in the
dean-stark). Covered the apparatus in foil to assist in heating. The dean-stark trap was filled with
benzene at the start of the reaction. After 30 minutes, the trap was regularly emptied. As the
reaction got more concentrated it transitioned from a opaque solution to a deep orange, clear
solution. After 2.5 hours, the reaction mixture was transferred to a round bottom flask and
concentrated in vacuo to afford a DMSO slurry. Slurry was transferred to a separatory funnel
rinsing with EtOAc. Layers separated, aqueous layer was back-extracted with EtOAc (2 x 100
mL). Combined organics were concentrated and washed with brine (5 x 100 mL), dried over
MgSO4with DARCO, filtered and concentrated in vacuo to afford a white solid. Solid triterated
with Et2O (~300 mL). The first triteration afforded pure product a white powder (1.833g; 51%
yield). Rf = 0.36 in EtOAc, visualized via KMnOs; *H NMR (500 MHz, Chloroform-d) § 2.71 (s,
3H), 2.37 (s, 1H), 1.64 (s, 12H), 1.48 (s, 3H); 3C NMR (126 MHz, CDCl3) § 173.65, 37.36; 1'B
NMR (161 MHz, CDCls) & 3.91; HRMS (ES+) calculated for C11H17NO4B [M+H]* m/z 238.1251,

found 238.1242.
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Meme
MeN—YMe
Me

o,
B-0O\_ ©
Bussn” X970

o)
10

Prep adapted from Woerly, et al.* To an oven dried 25 mL schlenk flask equipped with a magnetic
stir bar was charged with TIDA boronate 117-1 (1.69 g; 7.12 mmol; 1.0 equiv.) and AIBN (117
mg; 0.712 mmol; 0.1 equiv.) and placed under nitrogen. To the flask was added THF (36 mL; 0.2
M) followed by HSnBuz (2.88 mL; 10.7 mmol; 1.5 equiv.). The solution was lowered into a 70 °C
oil bath to bring the reaction mixture to an internal temperature of 65 °C and allowed to stir at that
temperature. After 47 h, the reaction mixutre was allowed to cool to room temperature and was
transferred to a separatory funnel rinsing with EtOAc and DI H,O. Layers separated and organic
layer was washed with 1N HCI (50 mL), saturated NaHCOs3 (50 mL), and brine (50 mL). The
solution was dried over MgSOs, filtered, and concentrated in vacuo to afford a pale yellow oil that
solidified over time on high vac. The crude material was purified by flash chromatography (5 x 15
cm SiOz column; 13 x 100 mm fractions; loaded as a solution in 4:1 Hexanes:EtOAc) eluting with
4:1 Hexanes:EtOAc (500 mL) 1:1 Hexanes:EtOAc (1 L). Fractions 18-51 were concentrated in
vacuo to afford product as a white solid after drying on high vac (Rf = 0.85 in EtOAc, visualized
via KMnQy4, 354.6 mg; 71% vyield). *H NMR (500 MHz, Chloroform-d) § 7.17 (d, J = 21.7 Hz,
1H), 6.33 (d, J = 21.7 Hz, 1H), 2.55 (s, 3H), 1.75 (s, 6H), 1.62 (s, 6H), 1.54 — 1.46 (m, 6H), 1.31
(app. h, J = 7.3 Hz, 6H), 0.94 — 0.88 (m, 15H); 3C NMR (126 MHz, CDCls) & 174.66, 150.25,
36.69, 29.35, 27.44, 13.89, 9.60; !B NMR (161 MHz, CDCls3) § 6.91. HRMS (ES+) calculated for

C32HasBNO4SN [M+H]* m/z 530.2464, found 530.2476.
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Me/N l\lai
PSS
Br o) o
E-11

Prep adapted from Woerly, et al.* To an oven dried 250 mL round bottom equipped with a
magnetic stir bar sealed with a septa cap, and placed under nitrogen was added vinyl stannane 117-
2 (3.25 g; 6.15 mmol; 1.0 equiv.) as a solution in DCM (20 mL + 50 mL; 0.089 M). The resulting
solution was cooled to 0 °C in an ice bath. After equilibration NBS (1.16 g; 6.15 mmol; 1.0 equiv.)
was added portionwize over 2 minutes at 0 °C. The resulting solution was stirred for that
temperature for 1 h. After 1 h the reaction mixture was quenched with saturated Na,SOz (50 mL)
at 0 °C under nitrogen. The reaction mixture was transferred to a separatory funnel rinsing with
water and DCM (25 mL each). Layers were separated and aqueous layer was back-extracted with
CH2Cl> (2 x 50 mL). Combined organics washed with brine (3 x 50 mL), dried over MgSO4 with
DARCO, filtered over celite, and concentrated in vacuo to afford crude material. Crude material
was triterated with Et.O resulting in a white solid (1.669g; 85% yield). Rf = 0.38 in EtOAc,
visualized via KMnQ4; *H NMR (500 MHz, Chloroform-d) & 6.79 (d, J = 14.7 Hz, 1H), 6.30 (d, J
= 14.7 Hz, 1H), 2.54 (s, 3H), 1.73 (s, 6H), 1.60 (s, 6H); 3C NMR (126 MHz, CDCl3) 5 173.84,
119.79, 36.78; !B NMR (161 MHz, CDCls) § 8.20; HRMS (ES+) calculated for C11H1sBNO4Br

[M+H]* m/z 318.0512, found 318.0511.
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1. B(OMe); (5.5 equiv)
THF, -78 °C to RT, 3h Me M'\ﬁ CyzBH (02 mol%)
= MgBr HCI, extraction MeNJ/ I\ﬁe HBpin (1.2 equiv.)
2. MeN(C(CH3),COOH), (1.0 equiv.) — B_&O THF, 65°C, 17 h
5.5 equiv. DMSO/Benzene, Reflux,2 h N o
Meme 9
Mer\l—\/ll\Vllﬁe 1. Bry (1.5 equiv). iﬂ\ﬁme
o0 CH,Cl, (0.1 M), RT, 1 h g, MeN e
0., X B-O 3 r i Me
B o (o] 2, K3POy4 (9.5 equiv.), ‘\/B—O' =0
>§\/6 MeCN (0.1 M), RT, 3.5 h X =0
12 Z-11
Me Me
MeNJ/I\IcIe
e
AT
\IB/\/ \O o

¢

Prep adapted from Struble, et al.> To a oven dried 40 mL vial equipped with a magnetic stir bar

12

and charged with TIDA boronate 117-1 (768 mg; 3.24 mmol; 1.0 equiv.) The vial was taken into
the glovebox where solid dicyclohexylborane (115.41 mg; 0.65 mmol; 20 mol%) was added. The
vial was capped with a PFTE lined septa cal, removed from the glovebox, and placed under
nitrogen. To the vial was added THF (6.5 mL; 0.5 M). and neat pinacolborane (564 uL; 497 mg;
3.89 mmol; 1.2 equiv.). The resulting solution was placed in an aluminum heating block preheated
to 85 °C and allowed to stir for 17 h. The reaction vessel was removed from the heating block and
allowed to cool to ambient temperature at which point it was concentrated in vacuo. The resulting
solid was purified by flash chromatography (4.5 x 9 cm SiO2 column; 16 x 150 mm fractions;
loading on celite as an EtOAc slurry) eluting with 2:1 Hexanes:EtOAc (450 mL) 1:2
Hexanes:EtOAc (600 mL) to EtOAc (500 mL). Fractions 42-56 were concentrated in vacuo to
afford product as a white solid after drying on high vac (Rf = 0.31 in EtOAc, visualized via
KMnQOa, 771.9 mg; 65 % yield). *H NMR (500 MHz, Chloroform-d) § 6.76 (d, J = 20.7 Hz, 1H),

6.36 (d, J = 20.7 Hz, 1H), 2.53 (s, 3H), 1.72 (s, 6H), 1.57 (s, 6H), 1.26 (s, 12H); 3C NMR (126
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MHz, CDCl3) § 174.33, 83.50, 36.81, 24.97; B NMR (161 MHz, CDCl3) § 30.22, 8.01; HRMS

ES+) calculated for C17H30B2NOs [M+H]* m/z 366.2259, found 366.2270.
(

Meme
5 MeNJ/lene
r / e
™ B\—O'/§0
o) (o]

Z-11

Prep adapted from Woerly, et al.® To an oven dried 40 mL vial equipped with a magnetic stir bar
was added TIDA boronate 117-3 (771 mg; 2.11 mmol; 1.0 equiv.). Reaction vial was placed under
nitrogen and charged with CH2Cl> (21 mL; 0.1 M). To the resulting solution was added neat
Br2 (0.165 mL; 3.17 mmol; 1.5 equiv). The resulting solution was stirred at room temperature for
1 h at which point it was concentrated in vacuo to afford crude material as a yellow solid. Solid
was azeotroped with CH2Cl> to remove residual bromine (3 x 20 mL). To the resulting solid was
added K3POs (4.26 g; 20.06 mmol; 9.5 equiv.) and MeCN (21 mL; 0.1 M). The resulting
suspension was stirred at room temperature for 3.5 h. After 3.5 h the resulting suspension was
poured into 50 mL EtOAc and 50 mL sat NHCOs, The mixture was shaken and the aqueous layer
removed. The organic layer was washed with sat NHCO3 (30 mL). The combined aqueous layers
were back extracted with EtOAc (2 x 50 mL). The combined organic layers were dried over
MgSOs, filtered, and concentrated in vacuo to afford a pale yellow solid. The resulting solid was
triterated with Et,O (~100 mL) and was collected by vacuum filtration rinsing with Et,O (15 mL)
to yield TIDA boronate (Z)-Br-1 as a colorless solid (393 mg; 59% vyield). Rf = 0.38 in EtOAc,
visualized via KMnO4; *H NMR (500 MHz, Chloroform-d) § 6.95 (d, J = 9.3 Hz, 1H), 6.25 (d, J =

9.4 Hz, 1H), 2.68 (s, 3H), 1.81 — 1.67 (M, 6H), 1.59 (s, 6H); 13C NMR (126 MHz, CDCls) § 173.90,
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121.84, 36.41; !B NMR (161 MHz, CDCls) § 8.04; HRMS (ES+) calculated for C11H1sBBrNOs

[M+H]" m/z 318.0512, found 318.0518.

1. B(OMe)3 (5.5 equiv)
THF, -78 °C to RT, 3h Me Me [Mo(CO),Br(CH3CN),(C3Hs)] (0.07 equiv.)
HCI, extraction MeNJ/ M,\ﬁe HSnBuj3 (1.0 equiv.)
. § 0
Me—== MgBr 2 MeN(C(CH;).COOH), (10 equiv) . B—cﬁ o THF (0.2 M), 0°C to RT, 3 h
DMSO/Benzene, Reflux,2 h N (o}
5.5 equiv. 13
MeMe Meme
Ve MeNJ/",('ne NBS (1.0 equiv.) M MeNA/'“"',Ie
f §)§8 CH,Cl,, 0°C, 1h /(/’[ S"ig
B-O 212, ) B-O
Bu38n& ‘o~ o Br ‘o~ o
14 15
Me Me
MeN—Y Me_
AP
Me—= B:‘i o
(o) (0]
13

Prep adapted from Woerly, et al.* To an oven dried 500 mL round bottom flask equipped with a
magnetic stir bar with an addition funnel and placed under nitrogen was added THF (112 mL;
0.667 M to grignard, 0.133 to TIDA) and trimethylborate 9.20 mL; 8.57 g; 82.50 mmol; 5.5
equiv.). the resulting solution was cooled to -78 °C. Following equilibration, ethynyl magnesium
bromide (150 mL; 0.5 M in THF; 75 mmol; 5.0 equiv.) was added dropwise over 20 minutes. The
reaction vessel was removed from the bath and allowed to warm to ambient temperature over 3
hours resulting in an opaque white slurry. After 3 hours, the reaction was cooled to 0 °C (15
minutes) and quenched with the addition of 1N HCI (50 mL; 10.0 equiv.). The resulting mixture
was transferred to a sep. funnel rinsing with Et.O. Layers separated and the aqueous later was back
extracted with EtoO (1 x 50 mL). Combined organics washed with brine (2 x 50 mL), dried over

MgSOsu, filtered into a flask containing 185 mL benzene. The resulting solution was concentrated
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in vacuo without heating the bath until the solvent in the collection flask started to bump or no
more solvent was collecting on the dry ice trap. To the resulting solution was added 30 mL DMSO,
TIDA (3.05 mg; 15 mmol; 1.0 equiv.), and a stirbar. The 1L recovery flask was fitted with dean-
stark trap, and a reflux condensor and heated to reflux with stirring (set bath to 105 C to get benzene
collecting in the dean-stark). Covered the apparatus in foil to assist in heating. The dean-stark trap
was filled with benzene at the start of the reaction. After 30 minutes, the trap was regularly
emptied. As the reaction got more concentrated it transitioned from a opaque solution to a deep
orange, clear solution. After 2.5 hours, the reaction mixture was transferred to a round bottom flask
and concentrated in vacuo to afford a DMSO slurry. Slurry was transferred to a separatory funnel
rinsing with EtOAc. Layers separated, aqueous layer was back-extracted with EtOAc (2 x 50 mL).
Combined organics were concentrated and washed with DI water (2 x 75 mL), brine (3 x 75 mL),
dried over MgSO4 with DARCO, filtered and concentrated in vacuo to afford a white solid. Solid
triterated with EtoO (~300 mL) to afford pure product a white powder (1.174g; 31% vyield). Rf =
0.39 in EtOAc, visualized via KzMnO4; *H NMR (500 MHz, Chloroform-d) § 2.73 (s, 3H), 1.87
(s, 3H), 1.70 (s, 13H); 3C NMR (126 MHz, CDCl3) § 173.89, 37.37, 4.69; !B NMR (161 MHz,

CDCls) & 4.22; HRMS (ES+) calculated for C12H10BNO4 [M+H]* m/z 252.1407, found 252.1408.

Prep adapted from Woerly, et al.* To an oven dried 40 mL vial equipped with a stirbar was added
TIDA Boronate SI-6 (499 mg; 1.99 mmol; 1.0 equiv). Vial was taken into the glovebox and

charged with THF (10 mL; 0.2 M). To the resulting suspension was added Mo cat. (50.0 mg; 0.14
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mmol; 0.07 equiv.) affording a bright yellow/orange solution. The vial was sealed with a PFTE
lined septa cap, removed from the glovebox and cooled to 0 °C in an ice bath. After equilibration
(20 min) tributyltin hydride (0.6 mL; 609 mg; 2.09 mmol; 1.05 equiv.) was added dropwise over
5 minutes to give a deep red to brown solution at which point a second portion of the Mo cat (50.7
mg; 0.14 mmol; 0.07 equiv) in 0.5 mL THF was added in one portion followed by an additional
equivalent of tributyltin hydride (600 uL; 609 mg; 2.09 mmol; 1.05 equiv.) added dropwise over
5 minutes. After completion of the addition and five additional minutes of stirring, the ice bath
was removed and the dark brown solution was allowed to warm to room temperature with stirring
over 2 hours at which point it was transferred to a round bottom and concentrated in vacuo to
afford a deep orange oil. The crude material was loaded onto celite as a DCM slurry and was
purified by flash chromatography (4.5 x 8 cm SiO column; 16 x 150 mm fractions) eluting with
2:1 Hexanes:EtOAc (500 mL) to 1:2 Hexanes:EtOAc (500 mL). Fractions 23-28 (Rf =0.65 in 2:1
Hexanes:EtOAc; visualized with KMnOa) were concentrated in vacuo to afford product as a clear
colorless oil that upon leaving on high vac overnight afforded a white solid (718 mg; 67% vyield).
IH NMR (500 MHz, Chloroform-d) & 5.64 (q, J = 1.8 Hz, 1H), 2.59 (s, 3H), 2.10 (d, J = 1.8 Hz,
3H), 1.72 (s, 6H), 1.59 (s, 6H), 1.52 — 1.42 (m, 6fH), 1.29 (app. h, J = 7.3 Hz, 6H), 0.87 (app. t, J
=7.6 Hz, 15H); 33C NMR (126 MHz, CDC13) § 174.52, 163.07, 36.28, 29.39, 27.54, 24.37, 13.89,
9.51; B NMR (161 MHz, CDCl3) § 7.41; HRMS (ES+) calculated for C24Hs7BNO4Sn [M+H]*

m/z 544.2620, found 544.2616.
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Prep adapted from Woerly, et al.* To an oven dried 40 mL vial preconcentrated with vinyl stannane
SI-7 (781.6 mg; 1.44 mmol; 1.0 equiv.), equipped with a magnetic stir bar, sealed with a PFTE
lined septa cap, and placed under nitrogen was added DCM (16.5 mL; 0.089 M). The resulting
solution was cooled to 0 °C in an ice bath. After equilibration NBS (266 mg; 1.44 mmol; 1.0
equiv.) was added in one portion at 0 °C. The resulting solution was stirred for that temperature
for 2 h. After 2 h the reaction mixture was quenched with saturated Na,SO3 (20 mL) at 0 °C under
nitrogen. The reaction mixture was transferred to a separatory funnel rinsing with water and DCM
(5 mL each). Layers were separated and aqueous layer was back-extracted with CH2Cl, (2 x 20
mL). Combined organics washed with brine (3 x 20 mL), dried over MgSO.with DARCO, filtered
over celite, and concentrated in vacuo to afford crude material which was triterated with Et.O
resulting in a white solid (346 mg; 72% yield). Rf = 0.38 in EtOAc, visualized with KMnOQs; *H
NMR (500 MHz, Chloroform-d) & 5.85 (g, J = 1.1 Hz, 1H), 2.58 (s, 3H), 2.46 (d, J = 1.1 Hz, 3H),
1.73 (s, 6H), 1.60 (s, 6H); *C NMR (126 MHz, CDCI3) § 173.80, 135.31, 36.32, 27.86; !B NMR
(161 MHz, CDCls3) & 7.97; HRMS (ES+) calculated for C12H20BNOsBr [M+H]* m/z 332.0669,

found 332.0668.

1. B(OMe)3 (1.1 equiv)

Meme 1. Bry (1.5 equiv). Meme
MaBr THF, -78 °C to RT, 3h MeN_—Y/Me CH,Cl, (0.1 M), RT, 1h MeN—Y/Me
\(/ 9 HCI, extraction y gg then reflux, 2h ¥y ,§M8
Me 2. MeN(C(CH3),COOH), (1.5 equiv.) \(/B:OO' o 2, DBU (3.1 equiv.), BrNB%O' o
DMSO/Benzene, Reflux,2 h Me MeCN (0.1 M), RT, 1h Me
16 E-17
Meme
MeNJ/lene
e
/ P
B\—O'i o
o) (0]
Me
16
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Prep adapted from Lee, et al.> To an oven dried 100 mL round bottom flask equipped with a
magnetic stir bar and placed under nitrogen was added THF (SDS; 15 mL; 0.666 M ) and
trimethylborate (1.3 mL; 11mmol; 1.1 equiv) then placed in -78°C bath for 40 m. Isopropenyl
magnesium bromide (0.5 M in THF; 20 mL; 10mmol; 1.0 equiv) was added dropwise over 11
minutes. The reaction vessel was removed from the bath and allowed to warm to room temperature
over 2 hours resulting in an opaque white slurry. After 2 hours, the reaction was cooled to 0°C for
10 min and quenched with 1M HCI (20 mL). The resulting mixture was transferred to a separatory
funnel rinsing with Et2O (10 mL), aqueous layer extracted Et.O (1 x 20 mL), dried over
MgSOs. Benzene (125mL) and DMSO (12.5mL) were added and ether was removed in vacuo. To
the solution of boronic acid in DMSO/Benzene was added TIDA (3.0062 g; 15 mmol; 1.5 equiv).
The round bottom flask was equipped with a dean-stark trap and a reflux condensor and heated to
reflux. After 16 hours, the stir bar was removed and reaction mixture was concentrated in vacuo
to afford a DMSO slurry. Slurry was transferred to a separatory funnel rinsing with DCM, aqueous
layer was extracted with DCM (1 x 30mL.), washed with brine (30mL), dried over MgSQg, filtered,
and concentrated in vacuo. Crude solid was triturated with Et>O to afford product as white solid
(1.5243g, 60% vyield). Rf = 0.07 in 1:1 Hexanes:EtOAc, visualized via KMnO4; *H NMR (500
MHz, Chloroform-d) 6 5.60 (s, 1H), 5.50 (s, OH), 2.58 (s, 2H), 1.82 (s, 1H), 1.76 (s, 6H), 1.63 (s,
4H); 1*C NMR (126 MHz, CDCls) § 174.52, 127.80, 77.26, 77.01, 76.75, 37.00, 22.14; 1'B NMR
(161 MHz, CDCl3) & 8.82; HRMS (ES+) calculated for C12H2104BN [M+H]* m/z 254.15637,

found 254.15570
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MeN—Me
Me

B/— 'i\&\o
Br~ Xy (o]

Me
E-17

Prep adapted from Woerly et al.” An oven dried, stir bar equipped 150 mL round bottom flask was
charged with SI-10 TIDA boronate (1.4890g; 5.92mmol, 1.0 equiv) and backfilled. DCM (SDS,
56mL, 0.106 M) was added and flask was lowered into a 0°C for 40 min. Brz (0.6mL; 11.85 mmol;
2.0 equiv) was added dropwise over 4 min. lIcebath was then removed and reaction was allowed
to stir and warm to room temperature. After 1.5 hour solution was concentrated in vacuo,
azeotroped with DCM (3 x 25 mL) to afford a foamy pale yellow solid. A stir bar equipped 150
mL round bottom flask was backfilled and MeCN (SDS, 38mL, 0.128M) was added. DBU (2.6
mL, 17.78mmol; 3.0 equiv) was added over 3 min, causing yellow solution to become paler is
color. Reaction was allowed to stir at 60°C for 1.5 hours and was then transferred to a separatory
funnel with EtOAc (45 mL) 1M HCI (45 mL). Organic layer was washed with 3:2 NaHSO3:Brine
(20 mL), brine (20mL), dried over MgSQg, and concentrated in vacuo. Crude solid was triterated
with Et20 to afford product as white solid (1.4595¢g, 75% yield). Ry = 019 in 12
Hexane:EtOAc, visualized with KMnO4; *H NMR (500 MHz, Chloroform-d) § 6.67 (s, 0H), 2.56
(s, 3H), 1.61 (s, 7H), 1.55 (s, 6H); 3C NMR (126 MHz, CDCls) & 173.93, 118.49, 77.26, 77.01,
76.75, 37.02, 19.28; 1B NMR (161 MHz, CDCls) § 8.46; HRMS (ES+) calculated for C12H200a-

BNBr [M+H]" m/z 332.0669, found 332.0655.
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1. B(OMe)s 5)1 -1 equiv) Meme 1. Br, (1.5 equiv). Me ne
MaBr THF, -78 °C to RT, 3h MeN—Y/Me CH,Cl, (0.1 M), RT, 1h MeN—YMe
\r 9 HCI, extraction y /§M8 then reflux, 2h ¥y ,§M8
Me 2. MeN(C(CH3),COOH), (1.5 equiv.) yB:OO' o 2, DBU (3.1 equiv.), Br&KB%O' o
DMSO/Benzene, Reflux,2 h Me MeCN (0.1 M), RT, 1h Me
16 E-17
MeMe
. ) Meme
B,Pin, (1.4 equiv.) MeNJ/mZ 1. Bry (1.5 equiv). MeN—\Me
PdCl,dppf (5 mol%.) B0 =0 CH,Cl, (0.1 M), RT, 1h Br 7/ ¢iMe
KOAc (3.2 equiv.) 0‘3/\/ o >0 2, K3POy (9.5 equiv.), %/B:O' o°
|
DMSO (0.13 M), 75 °C, 25h >>ro Me MeCN (0.1 M), RT, 3.5h " °
e
18 z17
Meme

MeNJ/ Me
B/\( EO

8

Prep adapted from Woerly et al.” To a 40mL vial containing bifunctional TIDA SI-11 (0.657g;

18

1.98mmol; 1.0 equiv) and a stir bar, in a glovebox, was added B2Pin, (0.7615g; 3.00mmol; 1.5
equiv), KOAc (0.6183g; 6.30mmol; 3.2 equiv), and PdCl.dppf-CH2Cl> (85.3mg; 0.1mmol; 0.05
equiv). Vial was capped with septum cap, removed from glovebox, and placed under N>. DMSO
(SDA, 16mL, 0.125M) was added in one portion. Nitrogen inlet was then removed and reaction
was stirred at 75°C for 25 h . Reaction was transferred to separatory funnel with EtOAc (75 mL)
and H20 (50mL). Aqueous layer was extracted with EtOAc (2 x 35 mL). Combined organic layers
were washed with H20 (2 x 50 mL), dried over MgSO4, filtered, and concentrated in vacuo. Crude
solid was then triterated with Et20 giving a brown solid (552.7mg 70% yield). Rf = 0.62 in 2:1
Hexanes:EtOAc; visualize with KMnOa; *H NMR (500 MHz, Chloroform-d) § 6.01 (s, 1H), 2.56

(s, 3H), 2.02 (s, 3H), 1.71 (s, 6H), 1.58 (s, 6H), 1.27 (s, 12H); 3C NMR (126 MHz, CDCl3) &
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174.44, 82.93, 77.27, 77.01, 76.76, 24.92, 20.38; B NMR (161 MHz, CDCls) & 30.02, 8.32;

HRMS (ES+) calculated for Calculated for C1gH31B2NOg (M+H)" m/z 380.2416, found 380.2409

Prep adapted from Woerly et al.” A 40 mL vial containing the bisborylated block SI1-12 (618.5mg;
1.63mmol; 1.0 equiv) was backfilled and DCM (SDS; 16mL; 0.10M) was added. Brz (0.13mL;
2.45mmol; 1.5 equiv.) was added dropwise over 1 min. The reaction was allowed to stir at room
temperature for 1 hour. Reaction was then concentrated, and azeotroped with DCM (3 x 15mL).
Finely ground K3PO4 (3.5892g; 16.3 mmol; 10 equiv) was added and then vial was backfilled.
MeCN (SDS; 16mL; 0.10M) was added and reaction was allowed to stir at room temperature.
After 4.5 hours reaction was then transferred to a separatory funnel with EtOAc (35mL) and
NaHSO3 (30mL). Organic layer was washed with NaHSOs (35mL), extracted with EtOAc (1 x
50mL), dried over MgSOs, and concentrated in vacuo. Crude solid was first triturated, then
recrystallized, but NMR's continued to show minor amounts of impurities, so solid was purified
by silica column (3.5cm x 7 cm). Eluted with a graditent of 2:1 Hex:EtOAc (150mL) to 1:2
Hex:EtOAc (150mL) to EtOAc (150mL). Product collected as a white solid (217.6mg 40% yield).
'H NMR (500 MHz, Chloroform-d) & 6.71 (s, 1H), 2.75 (s, 3H), 1.86 (s, 2H), 1.75 (s, 6H), 1.59 (s,
7H); 3C NMR (126 MHz, CDCls3) § 174.06, 114.83, 37.11, 24.59; !B NMR (161 MHz, CDCls)

5 8.21; HRMS (ES+) calculated for C12H1oNO4BBr [M+H]* m/z 331.05905, found 331.05859
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imidazole; (1.4 equiv)
TBDSCI (1.2 equiv)

=~ " oH DMF (10M), 0°CWRT 3n = OTBDPS

1

1. CpoZrCl (1.1 equiv.)

DIBAI-H (1.1 equiiv.)

THF (0.32 M); 0°Cto RT, 1 h
2. NBS (1.3 equiv.)

THF (0.32M); -78 °C to RT 2h

Br Xx""OTBDPS

E-2

WOTBDPS

1

Prep adapted from Armbrust et al.®2 A flame dried 500 mL round bottom flask was equipped with
stir bar, charged with imidazole (15.28g; 224.68mmol; 1.4 equiv) and backfilled. DMF (SDS;
90mL; 1.75M), was added followed by 4-pentylol (16 mL; 160.49mmol; 1.0 equiv). Reaction was
then placed in 0°C for 20 min. TBDPSCI (50mL; 192.59mmol; 1.2 equiv) was added to round
bottom flask already under N, and cannulated into the reaction flask over 40 min. Reaction
mixture solidified preventing stirring, so an additional 40 mL of DMF was added to allow stirring.
Reaction was stirred for 25 min in a 0°C and 60 min at room temperature. Reaction was placed in
0°C for 10 min before being quenched with H.O (60 mL), transferred to separatory funnel.
Aqueous layer extracted with Et,O (2x 30 mL), washed with water (30 mL), and brine (30 mL),
dried over MgSQg4, and concentrated. Crude oil was purified by silica column (600mL Silica)
eluted with hexanes. Product was collected as a colorless oil (49.5063g 85% yield). *H NMR (500
MHz, Chloroform-d) 6 7.69 — 7.65 (m, 4H), 7.45 —7.36 (m, 6H), 3.74 (t, J = 6.0 Hz, 2H), 2.35 (td,
J=7.2,2.7Hz, 2H), 1.92 (t, J = 2.7 Hz, 1H), 1.77 (i, J = 7.1, 5.9 Hz, 2H); 3C NMR (126 MHz,
CDCIs) 6 135.75, 134.02, 129.76, 127.81, 84.43, 77.45, 77.20, 76.95, 68.46, 62.46, 31.63, 27.04,

19.43, 15.17; HRMS (ES+) calculated for C21H270Si [M+H]" m/z 323.1831, found 323.1825
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Br X" >""OTBDPS

E-2
Prep adapted from Pereira et al.” An oven dried 250 mL round bottom flask with stir bar was taken
into the glovebox and charged with Cp2ZrCl> (6.4426g; 22.0 mmol; 1.1 equiv), capped with a
septa, removed from glovebox, and connected to a nitrogen line in the hood. THF (SDS; 50 mL;
0.32 M) was added. Flask was lowered into an 0°C bath for 10min before DIBALH (1M in
hexanes; 22mL; 1.1 equiv) was added dropwise rate over 12min. Reaction was then allowed to stir
for 60 min. Alkyne 104-1 (6.48990g; 20 mmol; 1.0 equiv) in THF (SDS, 8 mL) was then added at
a fast dropwise rate over 7 min, before the reaction flask was removed from the ice bath and stirred
for 85 min. Reaction was the lowered into a -78°C dry ice/ipa bath for 10 min. NBS (7.69458g;
40mmol; 2.0 equiv) was added as a solid in 3 portions over 2 min. The reaction stirred for 45 min.
Icebath was then removed and reaction allowed to stir for an additional 65 min at room temp.
Reaction was then placed in icebath and quenched with HCI (48 mL, 1M, 2eq compared to
Cp2ZrCl,) and allowed to stir for 15 min. Reaction was filtered to removed solid, transferred to a
separatory funnel, extracted with Et,O (3 x 45 mL), and washed with brine (1 x 45 mL), dried over
MgSOs and concentrated in vacuo. Crude product was purified by silica column (5.5x20 cm).
Eluted with a gradient of hexanes (500 mL) to 20:1 hexanes:DCM (400 mL) to 13.3:1
hexanes:DCM (400 mL) to 10:1 hexanes:DCM (800 mL). Product was collected as a colorless oil
that became a white solid upon freezing (5.53293g; 69 % yield). *H NMR (500 MHz, Chloroform-
d) & 8.52 (dp, J = 8.2, 1.9 Hz, 4H), 8.30 — 8.21 (m, 6H), 7.04 — 6.96 (m, 1H), 6.84 (dt, J = 13.5,
1.6 Hz, 1H), 4.52 (td, J = 6.1, 1.7 Hz, 2H), 3.01 (qd, J = 7.3, 1.6 Hz, 2H), 2.49 (dt, J = 13.2, 6.8
Hz, 2H), 1.91 (s, 6H); *C NMR (126 MHz, Chloroform-d) 131.81, 129.69, 127.97, 123.76,
121.80, 98.61, 56.85, 25.53, 23.48, 21.01, 13.37; HRMS (CI+) calculated for C21H2804BrSi

[M+H]* m/z 403.10928, found 403.10762.
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imidazole; (1.4 equiv) 1. nBuLi (1.1 equiv.)
TBDSCI (1.2 equiv) THF (0.63M); -78 °C to 0 °C, 30 min
Z OH = OTBDPS .
//\/\ DMF (1.0 M), 0 °C to RT 2h //\/\ 2. Et3GeCl (1.0 equiv.)
THF (0.63M); -78 °C to RT, 16 h

1

1. CpoZrCl (1.1 equiv.)
DIBAI-H (1.1 equiiv.)

/\/\OTBDPS THF (0.32M); 0°CtoRT, 1h  GeEts NBS (1.5 equiv.)  BF
Et,Ge 2.H,0 (1.5 M.) A oTBDPS MeCN (0.5M),0°C, 1h WOTBDPS
s THF (0.32M); 0 °C to RT 30 min . 2

Et3Ge

/\/\OTBDPS
3

An oven dried 300 mL round bottom flask was charged with alkyne 103-1 (9.66304g; 30 mmol;
1,0 equiv) and backfilled before THF (SDS; 48mL; 0.625 M) was added. Flask was then lowered
into a -78°C dry ice/acetone bath for 10 min. nBuLi (1.6M in Hexanes; 22mL; 33mmol; 1.1 equiv)
was added over 9 min. -78°C bath was then switched out for a 0°C bath and reaction was allowed
for stir for 25 min during which time the solution became a bright orange. 0°C bath was switched
back to -78°C and reaction was allowed to stir for 7 min before EtsGeCl (5mL; 30mmol; 1.0 equiv)
was added over 3 min. Bath was once again switched to a 0°C bath and reaction was allowed to
stir and warm to room temp. After 11.5hrs reaction was quenched with saturated NH4Cl (6 mL),
extracted with Et2O (2 x 25 mL), washed with brine (20 mL), dried over MgSO4 and concentrated
in vacuo. Crude product was purified using silica column (5 x 12 cm) Eluted with 800 mL hexanes
followed by 2.5% EtOAc in Hex. Product was collected as colorless oil (9.78762g, 68% yield). *H
NMR (500 MHz, Chloroform-d) & 7.67 (dd, J = 7.9, 1.6 Hz, 4H), 7.44 — 7.35 (m, 6H), 3.77 (t, J =
6.1 Hz, 2H), 2.41 (t, J = 7.1 Hz, 2H), 1.83 — 1.75 (m, 2H), 1.10 — 1.02 (m, 18H), 0.81 (g, J = 7.9

Hz, 6H); 3C NMR (126 MHz, CDCls) § 135.67, 134.11, 129.66, 127.74, 107.21, 81.26, 77.41,
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77.36, 77.16, 76.91, 62.72, 32.13, 27.00, 19.42, 16.64, 9.12, 5.89; HRMS (ES+) calculated for

C27H410GeSi [M-H]* m/z 483.2138, found 483.2144.

GeEt3

OTBDPS
4
Prep adapted from Pereira et al.® An oven dried, stir bar equipped 500 mL round bottom flask was
taken into the glovebox and charged with Cp2ZrCl, (12.4496g; 42.18 mmol; 2.0 equiv), capped
with septa and attached to addition funnel in hood and backfilled 3 times with N2. THF (SDS;
210mL; 0.10 M) was added before flask was lowered into 0°C bath for 20 min. DIBALH (1M in
hexanes; 42 mL; 42 mmol; 2.0 equiv) was then added over 15 min, and reaction was allowed to
stir for 45 min. Alkyne 103-2 (10.15598g; 21.09 mmol; 1.0 equiv) in THF (SDS, 20mL) was added
over 10 min, 0°C bath was removed, and reaction was allowed to stir for 2 hours. Reaction was
placed in 0°C bath for 4 min and quenched with H2O (14 mL) added over 3 min. Reaction was
then allowed to stir for 20min. Pentanes were added and reaction mixture was then filtered through
a silica plug. Reaction was purified by silica column (5.5x16cm). Sample was dry loaded on celite.
Column eluted with a gradient of hexanes to 1% EtOAc in hexanes to 2% EtOAc in hexanes.
Product was isolated as colorless oil (8.01764g 79% yield). *H NMR (500 MHz, Chloroform-d) §
7.70 — 7.64 (m, 4H), 7.44 — 7.35 (m, 7H), 6.35 (dt, J = 12.8, 7.2 Hz, 1H), 5.54 (dt, J = 12.8, 1.3
Hz, 1H), 3.67 (t, J = 6.3 Hz, 2H), 2.17 (s, 6H), 1.67 — 1.60 (m, 2H), 1.08 — 0.96 (m, 20H), 0.81 (q,
J = 7.8 Hz, 4H); °C NMR (126 MHz, CDCl3) & 147.34, 135.72, 134.16, 129.66, 127.73, 126.86,
77.41,77.36, 77.16, 76.91, 63.93, 33.04, 31.11, 27.00, 19.36, 9.21, 5.76; HRMS (ES+) calculated

for C27H410SiGe [M-H]* m/z 483.21386, found 483.21466.
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Br

WOTBDPS

Z-2
Prep adapted from Woerly et al.” A stir bar and addition funnel equipped, flame dried 1 L flask
was charged with alkene 103-3 (8.01264g; 16.55mmol; 1.0 equiv) and backfilled. MeCN (SDS;
250mL; 0.6M) was then added before flask was lowered into a 0°C bath for 15 min. A 100mL
flask was charged with NBS (5.43019g; 24.8 mmol; 1.5 equiv) and MeCN (SDS; 50mL). The
dissolved NBS was then transferred to the addition funnel and added to the reaction dropwise over
30 min. Reaction was then allowed to stir for 1 hour before being quenched with saturated
Na2S203 (100 mL) and diluted with EtOAc (100 mL). Reaction was then allowed to warm to room
temp with vigorous stirring. After 30 min reaction mixture was then transferred to a separatory
funnel with 1:1 Na>S>03:H-0 (100 mL) and EtOAc (100 mL). Aqueous layer was then extracted
with EtOAc (1 x 50 mL), dried over MgSOs, and concentrated in vacuo. Product was purified by
silica chromatography (5.5x12 cm) Column was eluted with 400mL hexanes, 400mL 19:1
hexanes:DCM, 400mL 13.3:1 hexanes:DCM, and 200mL 9:1 hexanes:DCM. Product was
collected as a colorless oil that became a white solid upon freezing (4.35g 65% yield). *H NMR
(500 MHz, Chloroform-d) & 7.69 — 7.65 (m, 4H), 7.44 — 7.36 (m, 6H), 6.14 (dt, J = 6.9, 1.4 Hz,
1H), 6.08 (g, J = 6.9 Hz, 1H), 3.68 (t, J = 6.2 Hz, 2H), 2.30 (g, J = 7.6 Hz, 1H), 1.72 — 1.62 (m,
1H), 1.06 (s, 9H); 3C NMR (126 MHz, CDCls) § 135.73, 134.70, 134.07, 129.70, 127.76, 108.05,
77.41, 77.36, 77.16, 76.91, 63.35, 31.21, 27.01, 26.52, 19.37; HRMS (CI+) calculated for

C21H260Si [M+H]" m/z 403.10928, found 403.10847.
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Br, (1.0 equiv) Br DIPA (0.66 equiv)
rz (1.0 equiv - nBuLi (0.66 equiv)
Me” X" OH IV'e/\|/\OH
CCl, (2M), RT, 1 h Br HMPA (0.14 equiv)
THF (1.8M), -78°C, 2 h
19
Me TBDPSCI (1.2 equiv) Me
nBuLi (1.4 equiv)
Br)\/\o,., Br)\/\OTBDPs
DMF (0.25M), RT, 1 h
20 21
Br
Me/\l/\OH
Br
19
Prepared according to literature procedure?’
Me
BrMOH
20
Prepared according to literature procedure?’
Me
Br)\/\OTBDPS
21

Prepared according to literature procedure?®
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