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ABSTRACT

ASYMMETRIC CU-CATALYZED REDUCTIVE COUPLING OF ALLENEAMIDES WITH
CARBONYL ELECTROPHILES & MECHANISTIC INVESTIGATION INTO THE SUZUKI-

MIYAURA CROSS-COUPLING REACTION OF ELECTRON-DEFICIENT SYSTEMS

A dissertation submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy at Virginia Commonwealth University.

By Samantha L. Gargaro, Ph.D.

Virginia Commonwealth University, 2022

Advisor: Dr. Joshua D. Sieber, Assistant Professor, Department of Chemistry

Most natural products and other biologically active small molecules contain multiple
stereogenic heteroatoms throughout their carbon scaffold. As a result, methods to install these
multi-heteroatom functionalities efficiently are highly desirable. Reductive coupling reactions
have been studied extensively, and reductive allylation has been a key method for generating chiral
secondary and tertiary allylic alcohols. This work focuses on utilizing naturally abundant and
inexpensive Cu for the asymmetric reductive coupling of alleneamides with carbonyl electrophiles
to access highly functionalized multi-heteroatom scaffolds that are difficult to produce via

traditional methods. Described herein are methods for these asymmetric reductive coupling



reactions. Chapter 1 describes the development of CuH-catalyzed methods for the regio- and
diastereoselective reductive coupling of N-based allenes and carbonyl electrophiles. The method
reported was the first disclosed to access the novel linear product in the reaction with ketones, as
well as directly access both the traditional branched product and the novel linear product from the
same system by simply tuning the ligand. Initial projects utilized stereocontrol by a chiral
auxiliary, whereas subsequent projects focused on the development of chiral-ligand controlled
methods utilizing an achiral alleneamide. Chapter 2 describes the branched- and enantioselective
borylative Cu-catalyzed reductive coupling of an achiral alleneamide with aldehyde electrophiles
utilizing B2(pin): as the reductant. The intermediate of these reactions contains a boronate handle
that allows for further derivatization and access to a wide array of dissonant 1,2-aminoalcohol
motif-containing products based solely on the workup. This work is high-yielding with high

diastereo- and enantiocontrol.

The Suzuki-Miyaura cross-coupling reaction is a highly utilized method for generating
biaryl molecules in both industrial and academic settings. Traditional boronic acid homocoupling
side product generation in these systems is due to O intrusion during the reaction. However,
during attempts to couple two electron-deficient fragments under anaerobic conditions, the boronic
acid homo-coupling and aryl halide dehalogenation side products were both observed in similarly
high yields. Chapter 3 describes the discovery and development of a novel anaerobic mechanism
for the generation of aryl boronic acid homo-coupling product in the Suzuki-Miyaura cross-
coupling reaction of electron-deficient systems. The discovery, mechanistic investigation, and

scope of the optimized reaction are discussed.
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CHAPTER 1

Development of Asymmetric CuH-Catalyzed Reductive Couplings of Alleneamides with Carbonyl
Electrophiles

. Introduction

Many biologically active organic molecules and pharmaceuticals contain several stereogenic
carbons and multiple heteroatoms throughout their carbon framework.*° These stereogenic chiral centers
affect the molecule’s overall three-dimensional shape, and as a result, sterecisomers of the same molecule
can have drastically different biological activity.!* Therefore, selective syntheses of these complex
molecules and the ability to control the regio-, stereo-, or enantioselectivity of C-C bond formation is
essential in modern organic synthesis and has been a challenging endeavor for organic chemists over the
years.

When considering chiral architectures containing multiple stereogenic carbon atoms bearing
heteroatom substitution (e.g., N, O), the polarization effects these electron-withdrawing groups can exert
over the entire molecule can create synthetic challenges to the desired scaffold when applying traditional
methods. Particularly challenging heteroatom substitution patterns must then be formed via non-traditional
means, and reductive coupling reactions (i.e., cross-electrophile coupling) have been extensively studied as
an efficient synthetic method for these non-traditional C-C bond formations.>!>'” While this has been an
intense area of study, methods to impart multiple stereocenters while installing multiple heteroatoms in
single steps still need development.

This research builds upon the CuH-catalyzed portfolio to-date, by switching the traditional
reactivity of the fragments, in an effort to access new reactivity in the system as well as develop methods
to install multiple heteroatoms to generate increasingly complex products containing dissonant
functionalities.!®!° Utilizing inexpensive and widely available starting materials, the development of Cu-
catalyzed methods for the regio- and diastereoselective reductive coupling of N-based allenes

(alleneamides) and carbonyl electrophiles are herein described (Scheme 1.1-Top). These methods were the



first disclosed to access the novel linear product 1.3 in the reaction with ketones 1.2, as well as directly
access both the traditional branched product 1.4 and the novel linear product 1.3 from the same system by
simply tuning the ligand. The initial projects utilized stereocontrol by a chiral auxiliary (1.1) whereas
subsequent projects focused on the development of chiral-ligand controlled methods utilizing an achiral

alleneamide (1.6, Scheme 1.1-Bottom).

Scheme 1.1. Overall method development for the CuH-catalyzed reductive
coupling reactions of alleneamides and carbonyl electrophiles.

o cat. Cu(OAc), Rs OH
cat. (PhO),PNMe, = RL Up 10 95:5
R R MeO),MeSiH ’
L 1.2 S ( )2 Os\/jph
O +

OAN/\\. cat. Cu(OAc), Ph,[ g
\—< \\| cat. IMes

Ph AN R
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Ry OH
1.4
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R= CHs, CF3 then NH..F
12,15 1.6 R= CHy, CF,
1.7,1.8

Il. Background

A. Chiral Molecules and the Importance of Selective Syntheses

Chirality within organic molecules is significant, as it greatly affects the biological activity and
other pharmacokinetic properties of bioactive organic molecules and Active Pharmaceutical Ingredients
(APIs).! This is due to stereogenic carbons containing four distinct substituents, and the effect of their
orientation on the overall three-dimensional shape of the isomer.! There are countless examples of
enantiomers of the same molecule exhibiting drastically different biological activity, including the infamous
case of Thalidomide. The Thalidomide racemate, brought to market in the 1950s, was available over-the-
counter for the treatment of multiple conditions, including morning sickness in pregnant mothers. It was
later discovered that the (R)-enantiomer of Thalidomide was the active form of the hypnotic drug; the (S)-

enantiomer was not an active hypnotic, but instead was teratogenic, causing over 10,000 infants to be born



with limb malformations and other birth defects.?! As isomers of organic molecules can exhibit drastically
different pharmacokinetic properties,?? guidelines and regulations for drug development have changed to
favor single isomer drug compositions and emphasize the development of selective syntheses.? For these
reasons, it is imperative to have a wide set of methods for generating single isomers selectively, through
regio-, diastereo- or enantioselective means.!

B. Highly-Functionalized Natural Products and Biologically Active Molecules

Nature is quite skilled and efficient at producing highly functionalized and complex molecules.
Most natural products and biologically active small molecules contain multiple heteroatoms spread
throughout their carbon framework;®71724-26 examples are given in Figure 1.1. These highly functionalized
complex scaffolds require a heavy amount of planning into their synthesis, as each route must be carefully
crafted to ensure viability and selectivity for each step. Therefore, developing methods to selectively install

multiple heteroatoms in minimal steps is invaluable.*¢81°

HO N CO,Et m
HQ’NH AcHN\Q/
@gﬂ

(o) BuO, S

jorumycin agelastatin A tamiflu LP99 massadine
Figure 1.1. Highly functionalized and structurally diverse natural products and biologically active molecules.

C. Retrosynthetic Analysis and Consonant/Dissonant Theory

Before attempting to synthesize complex organic molecules, the planning stage must be approached
carefully to determine efficient routes and viable selective methods to the desired molecule. Current
standard practice for determining synthetic routes for organic molecules is the use of retrosynthetic analysis.
The concept of retrosynthetic analysis was developed by E. J. Corey in the 1960s, winning him the Nobel
Prize in 1990.% Using the steps that he proposes,? key disconnections (known as “strategic bonds™) are

identified by working backwards from the desired target molecule, and the molecule is broken down into



simple intermediates, referred to as “synthons”. This process allows for the direct and efficient
identification of possible routes that may then be explored in the forward synthetic direction.

When designing these synthetic routes, the electronics of the desired bond disconnection also needs
to be considered. For instance, a strategic bond lying on a path between two functional groups creating a
matched chain polarization should be easier to form via traditional methods compared to a strategic bond
where the chain polarization is mismatched by the two functional groups causing traditional methods to be
ineffective. In the 1970’s, Evans conceptualized this idea and designated the terms Consonant and
Dissonant Charge Affinity, and the phrase Consonant/Dissonant Theory, also known as Polar Bond Theory
(Figure 1.2).1819 Recently, this theory has been elegantly laid out in a review by Reisman,?and application

of the concept was described by Seebach.*
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Figure 1.2. Consonant and Dissonant Theory in 1,n-substituted molecular frameworks.
According to the Evans construct, each functional group in a molecule polarizes the carbon

framework in a certain way, impacting the overall electronic distribution across the carbon chain of the
molecule. When multiple functional groups are present, each group leads to a specific carbon chain
polarization that may either reinforce (consonant) or conflict (dissonant) each other. When considering N-
or O-heteroatom substituents that are electron-withdrawing by nature, the scenario in Figure 1.2 is
produced. For a 1,n-substitution pattern between two electron-withdrawing functional groups, if n is an

odd integer, a consonant charge affinity results (Figure 1.2A), and strategic bonds lying along this path



may be more easily synthesized via traditional two-electron methods and generally are well-known.
However, if n is an even integer, a dissonant charge affinity results (Figure 1.2B) creating a scenario that
is more difficult to construct via traditional methods relying on two-electron mechanistic pathways. In these
cases where dissonant relationships exist, non-traditional methods, such as umpolung (polarity-reversal)
or radical®*3 chemistry are more suited from a strategic design perspective.

D. Umpolung

While ubiquitous, the 1,2- and 1,4-substitution of heteroatoms are inherently difficult to access via
traditional two-electron processes, as they have a dissonant relationship caused by the conflicting electronic
pattern throughout the molecule.’®® As a result, one process to better access these functionalities is the
method of polarity umpolung®, or polarity reversal, to access previously hard-to-reach dissonant functional
group pairs. The term umpolung, meaning "pole reversal" in German, was first coined by Seebach® in 1974
for the chemical modification of a functional group with the aim of reversing the traditional polarity of that
functional group within a molecule to access hidden reactivity, Figure 1.2B. Umpolung-based approaches
have become the go-to method for generating these dissonant scaffolds.®"*!

E. Reductive coupling

The classic method for generating C-C bonds includes the redox-neutral coupling of a nucleophilic
(electron-rich) species and an electrophilic (electron-deficient) species.*? Other methods have been
developed to utilize different coupling partners. One of these methods includes reductive coupling, or
""cross-electrophile” coupling, in which two electrophilic fragments are coupled; both getting reduced in the
process.?21443-46 Ag hoth fragments get reduced, a stoichiometric reductant must be used to turn over the
catalyst.*? Common reducing agents include BEts, RsSiH, Hz, or Bz(pin).. Reductive coupling reactions
have been seen more recently as an elegant way to bring together new coupling partners,*? and reductive
allylation has been a favorite of these reactions, as an olefin and heteroatom are generated — both of which

can be further functionalized.



F. Allylation

i.  Pioneering work in allylation — H.C. Brown, 1980’s

A powerful coupling method for the installation of a stereogenic carbon-heteroatom bond is through
the catalytic reductive allylative coupling of carbonyl electrophiles and conjugated unsaturated
hydrocarbons (Scheme 1.2).2>4"-4° Early work in stereoselective allylation, such as the work of H.C. Brown
in the 1980s,°°52 employed the generation of a stoichiometric chiral allylmetal nucleophile 1.15 in a
separate step to be used in the allylation reaction with an aldehyde or ketone to generate the chiral alcohol

(Scheme 1.3A).

Scheme 1.2. Overview of Reductive Allylative coupling.
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material. While this pioneering method allowed for the generation of allylic alcohols, this process has some
drawbacks including the requirement of stoichiometric amounts of metal-allyl species, which is expensive
and time-consuming, as the metal-allyl species had to be generated separately prior to use.

ii.  Development of catalytic methods for allylation

The use of stoichiometric allyl-species for allylations lasted nearly 40 years,>*>* prior to the
development of methods for the in situ generation of the catalytic allyl-species. Since then, catalytic
methods have emerged to generate the reactive allylmetal species in situ from an unreactive allyl source
and a metal catalyst. Commonly used reactive allylmetal species include Boron-*°>-°, Silicon-%°¢*, and Tin®*
®-based, and many methods have utilized umpolung approaches to employ the allyl electrophile as a

nucleophile34,



Scheme 1.3. Progression of the development of Reductive Allylative Coupling.
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However, reductive coupling strategies>#"~*° that generate the reactive allylmetal from unsaturated
hydrocarbons via hydrometalation, in particular, are extremely powerful, atom-economical approaches for
the synthesis of chiral homoallylic alcohols.%®"

iii.  Krische’s formation of metal-allyl species in situ

Pioneering work by Krische (Scheme 1.3B) enabled a method to circumvent the use of pre-formed
allyl-metal reagents through the use of catalytic Ir’4™ or Ru’® for the addition of dimethylallene to an
aldehyde electrophile to generate secondary allylic alcohols 1.17. This reductive coupling strategy included
the use of H; as the stoichiometric reductant. Hydrometalation of the allene forms the metal allyl complex
in situ. Mitigating the use of stoichiometric quantities of pre-formed organometallic reagents led to
improvements in atom economy and functional group tolerance; however, both Ir and Ru are still costly
precious metals at $154 and $15 per gram, respectively.”” As a result, catalytic versions using cheaper, more
readily available metals still needed to be developed.

iv.  Buchwald’s orthogonal method using CuH

Copper hydride (CuH) has been studied extensively over the years’ but has only recently been
explored as a catalyst for reductive coupling reactions.” In this regard, CuH-catalyzed reductive coupling
of unsaturated hydrocarbons and carbonyl electrophiles has emerged as a method to generate chiral
alcohols. In 2018, Buchwald developed an elegant method for generating chiral tertiary allylic alcohols

1.19 via the reductive coupling between allenes®®® 1.10 or 1,3-dienes® 1.9 and ketone or imine
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electrophiles (Scheme 1.3C). As ketones are less reactive than aldehydes, this reaction worked with and
thus utilized catalytic copper, an inexpensive and widely available alternative to precious metals (Cu costs
<$0.01 per gram).”’

This work used a copper catalyst with chiral bis(phosphine) ligands to couple an achiral allene to
ketone electrophiles to generate the anti-diastereomer of the branched tertiary allylic alcohol product 1.19.
Utilization of silane (e.g. (MeO):MeSiH) as the reductant, forms CuH in situ after reacting with catalytic
copper, as demonstrated in Scheme 1.4B. Hydrocupration across the external olefin of the allene then
begins the reductive coupling cycle. Buchwald has shown that the addition to the ketone is the rate-limiting
step,% meaning that the three possible intermediates of 1.22 may be present in rapid equilibrium.®* After
coupling of intermediate 1.22 with the carbonyl electrophile 1.2, likely through chair-like transition states
1.23a,b,c, and turnover by silane, the O-Si products 1.24 are obtained. This method selectively generated

the anti-branched product anti-b-1.24 as the major product in high diastereo- and enantioselectivity.

Scheme 1.4. Buchwald's CuH-catalyzed reductive allylation method and
working mechanistic hypothesis.
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I11.Research Plan and Rationale

A. Research plan

While not confirmed by Buchwald, we initially hypothesized that the intermediates in Scheme 1.4B
may be in rapid equilibrium and that the observed major product obtained by Buchwald (anti-b-1.24) was
a result of Curtin-Hammett kinetics whereby 1.23c represents the lowest energy transition structure.
Furthermore, of significance is the fact that linear products had never been produced from such reductive
coupling methods using ketone electrophiles. Therefore, our group initially became interested in developing
a method to generate the novel linear product utilizing a similar approach to Buchwald, which had not been
reported with ketones. According to the above Curtin-Hammett selectivity proposal, selective generation
of the linear product E-1-1.24 would require a way to favor transition structure 1.23b to achieve this goal.
While Buchwald had previously shown that generation of both the linear and branched products are possible
when utilizing imine electrophiles®® by switching the N-substituent on the imine, this is not possible with
ketone electrophiles. As a result, developing a new strategy for accessing the novel linear product using
ketone electrophiles is necessary.

B. C-vs N-based allene

In order to enable a linear selective process, we needed to determine how to favor reaction through
the branched copper(allyl)-intermediate species b-1.22 that is likely uphill in energy due to increased steric
interactions compared with linear copper(allyl)-intermediates I-Z-1.22 and I-E-1.22. To solve this problem,
we proposed that the equilibrium between these nucleophilic species could be influenced by the use of a
chelating group tethered to the allene by a heteroatom to allow for subsequent cleavage of the chelating
group (Scheme 1.5). The tethered ligand should help stabilize the branched (allyl)Cu intermediate b-1.25
through coordination to copper. Then, reaction with the ketone via a six-membered chair-like transition
state would generate the linear product 1.26, containing an enamine group, representing a masked aldehyde
functionality to provide useful dissonant chiral 1,4-hydroxyaldehyde equivalents. If the chelating group

utilized is chiral, it could help enable stereocontrol over the newly formed stereocenter of 1.26. Cleavage



of that chiral tethered chelating group could then generate the 1,4-lactone 1.27 — an important motif that is

present in over 15,000 natural products.®

Scheme 1.5. Design for regiodivergency in allylative reductive coupling (this work):
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Alternatively, we reasoned that the branched product 1.28 may also be accessible under conditions
that may inhibit coordination of the directing group (e.g. high coordination number at Cu) which would
enable synthesis of the highly useful dissonant 1,2-aminoalchol motif 1.29 that is present in over 300,000
compounds including over 2,000 natural products and over 80 FDA-approved drugs.®® The development of
synthetic methods to access these ubiquitous functionalities has been a rising topic in the field of organic
chemistry.8-9

IV. Development of a Linear-Selective Auxiliary-Controlled Reductive Coupling

A. Reaction Discovery

Our initial goal was to bias the selectivity of the reductive coupling reaction of allenes to carbonyl
electrophiles to generate the novel linear product by forming a system that favors reactions through the
branched substituted copper(c-allyl) nucleophile. With this aim, we developed a N-based allene containing
a chelating group that could coordinate to copper. We began with the Evans’ chiral auxiliary'®-derived
alleneamine 1.1 because: (1) it is inexpensive and readily commercially available; (2) it had been

synthesized previously and was known in the literature;!° and (3) we hoped that the carbonyl of the
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oxazolidinone would be a sufficient enough coordinating group®® to Cu to stabilize the transition state
needed to generate the linear product 1.3a. To keep copper at a low-enough coordination state to allow
chelation by the oxazolidinone, the reaction conditions needed to facilitate this and thus reflect these goals.
Conditions that would be conducive to keeping copper at a low coordination state include the use of non-
coordinating solvents, as well as monodentate ligands.

An investigation into the solvent effect was initially performed to determine the most appropriate
solvent choice for further reaction optimization (Table 1.1). The results were obtained in collaboration with
Raphael Klake and Dr. Joshua Sieber. Non-coordinating aprotic solvents were surveyed as an effort to keep
the coordination state of copper low (entries 1, 2, 5, and 6).1% However, regioselectivity had marginal
impact based on solvent choice. While a more polar solvents such as dichloromethane effectively gave no
selectivity over linear and branched products and poor yield (entry 3), use of polar coordinating solvent
THF (entry 4) gave comparable linear:branched selectivity to that of non-coordinating solvents such as

toluene (entry 5,6), MTBE (entry 1), or dioxane (entry 2).

Table 1.1. Solvent survey for the development of a linear-selective method. @
5 mol % Cu(OAc),
o 6 mol % P(t-Bu);eHBF, Me, OH O—>
>\N/§'§ i 5.5 mol % KOt-Bu Nph O%\N “IPh
+
O\)\Ph Me™ “Ph Me(MeO),SiH Oﬁ/’\jAPh th
11 1.2a solvent, rt o

Me OH
1.3a 1.4a

linear (1) branched (b)

Entry Solvent I:bP % yield 1.3a° dr 1.3a°
1 MTBE 78:22 52 92:8
2 Dioxane 76:24 62 937
3 CHCl2 58:42 33 91:9
4 THF 75:25 33 93:7
5 toluene 76:24 61 937
6d toluene 74:26 60 93:7

aReactions performed as described in the general catalyst screening procedure. ®Determined by *HNMR spectroscopic analysis
on the unpurified reaction mixture. °Determined by quantitative 'HNMR analysis on the unpurified reaction mixture. 910 mol
% of P(t-Bu)z-HBFsand 10 mol % of KO'Bu was used.
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While solvent choice had minimal impact on regio- and diastereoselectivity, reaction yield was
significantly impacted. As the solvent became increasingly non-polar (entries 4, 1, 2, 5, respectively), an
increase in yield was observed. The best overall results were observed with toluene (entry 5), which was
therefore chosen as the model solvent choice. Increasing the ligand loading to 10 mol% (entry 6) led to no
improvements, so 6 mol% ligand was kept as the optimal ligand loading.

We then began an investigation into the ligand used in an effort to favor the linear product, as per
our proposal, (Table 1.2). The results given in Table 1.2 were performed by Dr. Joshua Sieber and two
undergraduates in the laboratory (Skyler Gentry and Sharon Elele). Monodentate trialkyl phosphines
showed modest favorability toward the linear product 1.3a (entries 1, 3, 4). Dcpe, a common bidentate
ligand for CuH-reductive coupling reactions,®2 favored the generation of the undesired branched product
(entry 2) consistent with inhibition of oxazolidinone coordination by increasing the coordination number at
Cu through use of a chelating ligand. After completing this comprehensive survey varying the steric and
electronic properties of various ligands, a general trend was observed based on the electron-donating ability
of the ligand used. The Tolman Electronic parameter®>% can be used as a common value for comparison
of the electron-donating ability of ligands. The Tolman Electronic parameter value represents the vco
stretching frequency of a LNi(CO)s; complex obtained by Infrared Spectroscopy (IR). It is a measurement
of the strength of CO triple bond as impacted by the strength of backbonding to Ni that varies based on the
electron-donating ability of the ligand L. Larger TEP values represent stronger CO bonds implying reduced
backbonding to Ni which is less electron-rich due to reduced electron-donation by the ligand L. Linear
selectivity was observed to increase using ligands with less electron-donating ability. This observation is
consistent with oxazolidinone-Cu coordination being important for linear selectivity since as the ligand
used becomes less electron-donating, copper would be expected to become more Lewis acidic, which would
promote coordination of the carbonyl of the oxazolidinone to copper and overall result in increased linear

selectivity.
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Table 1.2. Ligand survey for the development of the linear-selective method®

o O
M
Me * O N/\\.
\_( N
Ph

5 mol % Cu(OAc),
6 mol % ligand

(MeO),MeSiH (2 equiv)

toluene, rt, 24 h

Me, OH

SR
+
N _.Ph

(6]
X7

L3

h N (0]
S

1.2a 14 then NH,F 13a M
Entry Ligand TEPP Cone angle® I:bd dr lineard % yield lineard
1 PCys 2056 170 80:20 84:16 68
2 dcpe -- 142 23:77 84:16 14
3 P(t-Bu)s 2056 182 76:24 93:7 61
4 P(adam)s 2052 - 71:29 93:7 71
5 Sphos - -- 9:91 68:32 7
6 Xphos - -- 12:88 N.D. 5
7 t-BuXPhos -- -- 26:74 N.D. 5
8 P(o-tol)s 2067 194 70:30 81:19 14
9 P(NMe2)s 2062 157 83:17 87:13 79
10 P(OEt)s 2076 109 92:8 83:17 90
11 (PhO)2PNMez - - 97:3 90:10 97
12 L1 -- -- 97:3 92:8 89
13 P(OPh)s 2085 128 99:1 89:11 76
14 P(CsFs)s 2091 184 99:1 85:15 12

21.2a (0.25 mmol) and 1.1 (0.30 mmol) in 0.5 mL of toluene. See the Experimental Information for details. ®Tolman electronic
parameter of LNi(CO)3 complex.1%1% ¢ |_jgand cone angle obtained from literature.% 9Determined by *HNMR spectroscopy

on the unpurified reaction mixture.
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There was a rough correlation between ligand cone angle and diastereocontrol with larger ligands
affording higher diastereoselectivity (compare entries 1, 3, 4, 9, 10, 12, and 13). This aspect will be further
analyzed in Section VI: stereo- and regiochemical model. The highest linear selectivity and yield were
obtained by phosphoramidite (PhO).PNMe; (entry 11). This phosphoramidite ligand was then selected as
the optimal ligand to probe the substrate scope in the reaction.

B. Substrate Scope

After the reaction conditions were optimized, the scope of the reaction was examined by varying
the ketone electrophile (Scheme 1.6). These results were obtained in collaboration with another graduate
student in the lab, Raphael Klake. The reaction is highly linear selective and worked well for a wide variety
of ketones including electron-rich (1.3b,c,k,m) and electron-poor arenes (1.3¢,0). Analysis of the substrate
scope determined that a variety of functional groups including nitriles (1.3l), amines (1.3), and free hydroxyl
groups (1.3) were well tolerated. This is essential for the wide applicability of this reaction, as well as the
ability to subsequently further functionalize the product. Lower yield was observed for the sterically
hindered ortho-substituted aromatic ketones (1.3c,i,j), which required heating for full conversion. Sterically
hindered ketones may have lower yield, but still give high regio- and diastereoselectivity. The five-
membered heteroarenes (1.3n,p,q) examined offered slightly lower yield, with modest selectivity. This
could be due to a combination of the steric difference between 6- and 5-membered aromatic rings as well
as the electronic difference between arene and heteroarene systems.

When the size difference between the small and large R groups on the ketone reactant is made less
significant, where the two R groups are closer in size, such as the examples of propiophenone 1.3d and 2-
phenylacetophenone 1.3f, the regio- and diastereoselectivity are both reduced. The stereo- and
regiochemical model for this reaction will be further analyzed in Section VI: Stereo- and regiochemical
model. This method that we developed allowed us to form the novel linear product from these reductive

coupling reactions with carbonyl electrophiles that had previously not been accessible.
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Scheme 1.6. Linear-selective Substrate scope?
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d
1 3m 1.3n 1.30 1.3p 1.3q 13r
% (90:10 dr) . o . o . o . o) (75
83% 57% (85:15 dr) 76% (89:11 dr) 74% (63:37 dr) 82% (84:16 dr) 71% (75:25 dr)
94:6 I:b 74:26 I:b 91:9 b 80:20 I:b 92:8 I:b 99:1 I:b
Me pH Me, OH
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N
Oyjph Me Ph NMe,
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93% (91:9 dr) 52% (90:10 dr) 89% (91:9 dr)
99:1:b 96:4 I:b 991 I:b

apercent yield represents isolated yield of linear product as a mixture of two diastereomers on 0.5 mmol scale of 1.2 using 1.2 equiv of
1.1. Diastereomeric ratios (dr) and linear:branched ratios (I:b) were determined by *H NMR spectroscopy on the unpurified reaction
mixture. PReaction performed at 60 °C. Reaction performed at 40 °C. 94.0 equiv of Me(Me0)2SiH used.

V. Development of Branched-Selective Auxiliary-Controlled method

A. Reaction Discovery

Based on our original proposal and previously developed linear-selective reductive coupling
mechanism, we set out to develop a branched-selective coupling method to generate pharmaceutically-
relevant chiral 1,2-aminoalcohol scaffolds. Our linear-selective work demonstrated that monodentate
ligands that were less electron-donating favored linear product formation 1.3 presumably due to
coordination of the oxazolidinone carbonyl to copper.’” Based on this work, more electron-donating

ligands'®1% that may inhibit oxazolidinone binding to Cu, or chelating ligands that may saturate copper's
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coordination number were hypothesized to lead to branched product 1.4 selectively using the same Evans’
auxiliary-derived allene 1.1.

B. Reaction Development

We predicted that by using a ligand that could destabilize the coordinating ability of the
oxazolidinone, a branched-selective process may be enabled through favoring reaction through the less
sterically hindered transition structures 1.23a or 1.23c (R’ = X,, Scheme 1.4) from reaction with the linear
substituted Cu(o-allyl) nucleophile 1.22a or 1.22¢. A survey of bidentate and electron-donating ligands was
examined in collaboration with Dr. Joshua Sieber and Raphael Klake for this system (Table 1.3).
Phosphines and phorsporamidite ligands, such as P(OPh)s; (entry 1) and (PhO).PNMe; (entry 2)
respectively, selectively generated the linear product, as seen in our previous work. Dcpe (entry 5), a
common ligand used in reductive coupling reactions,®-%2 favored the generation of branched product, but
with low yield, regio-, and diastereoselectivity.

The use of more coordinating solvents did not aid in the reaction, as seen in entries 6 and 7. In our
proposal, use of a coordinating solvent could have helped in our goal of favoring the branched product, as
solvent coordination could saturate copper, preventing further coordination from the oxazolidinone
carbonyl, and thus inhibit linear product formation. While this could occur, the effect of using coordinating
solvent was not great enough to see any visible difference in selectivity.

Ligand bite angles represent the measured ligand-metal-ligand bond angle in which bidentate
ligands attach to the metal; these values can be used as a measure of sterics effects around the metal center
and have the potential to greatly affect the reaction.'®® The bite angle in this case did not have an effect on
the reaction. This aspect was probed by surveying ligands with increasingly larger bite angles (seen in
entries 5, 8, 9, and 10); however, the larger bite angle did not change the yield, dr, or regioselectivity in any

comprehensive manner.
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Table 1.3. Branched-selective reductive coupling ligand survey?

2 1 ® G mol % lgana” /\M)ib oL g
Me + 00 NTY, + \
@A N (Me%MeSi: (224erc11uiv) OQ(NJ,Ph W@
Ph oluene, rt, o} me OH
1.2a 11 then NH,F 1.3a 1.4a

linear (1) branched (b)

Entry Ligand TEPP Yield b 1.4a° Dr 1.4a° b:l°
1 P(OPh)s 2085 <2 - 1:99
2 (PhO)2PNMe; -- 2 - 3:97
3 P(NMe2)s 2062 16 88:12 17:83
4 PCys 2056 17 93:7 20:80
5 dcpe -- 47 53:47 77:23
6 dcpe w/ DME -- 28 59:41 65:35
7 dcpe w/ THF -- 24 60:40 53:47
8 depm?d - 25 92:8 39:61
9 dcyppe® -- 32 54:46 66:34
10 depef - 27 57:43 50:50
11 IPr 2052 70 87:13 87:13
12 SIPr 2052 15 82:18 99:1
13 IMes 2051 76 93:7 83:17
14 SIMes 2052 78 92:8 89:11

2A1 (0.25 mmol) and 1 (0.30 mmol) in 0.5 mL of toluene. ® Tolman electronic parameters obtained
from literature.1051% ¢ Determined by 'HNMR spectroscopy on the unpurified reaction mixture
using  dimethylfumarate as a standard. ¢ Dicyclohexylphosphinomethane. ¢
Dicyclopentylphosphinoethane.  Diethylphosphinoethane.
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Finally, the use of electron-rich N-heterocyclic carbene ligands (NHC's) allowed for the selective
production of the branched product (Table 1.3, entries 13 and 14). NHC's, such as IMes and SIMes, are

sterically bulky and highly electron-donating ligands® that allow for inhibition of oxazolidinone

17



coordination to the Cu-catalyst, leading to branched product 1.4a selectivity. IMes and SIMes, for the
purposes of this method, gave similarly high yields, with high stereoselectivity and diastereoselectivity.

C. Scope of Reaction — Substrate scope

Once the branched-selective method was developed and optimized, we set out to probe the scope
of the reaction (Scheme 1.7). The reactions were performed in collaboration with fellow graduate students

Raphael Klake and Kevin Burns.

Scheme 1.7. Branched-selective method substrate scope.?
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52% (76:21:3 dr) 81% (94:3:2 dr) 55% (64:36 dr) 55% (94:6 dr) 80% 69%(80:20 dr)
81:19 bl 90:10 bl 56:48 bl 94:6 bl 11:89 bl 20:80 bl

2 Isolated yields are of the branched product as a mixture of detectable diastereomers as an average of two experiments
performed on a 0.5 mmol scale of 1.2 using 1.2 equiv of 1.1. Diastereomeric ratios (dr's) and branched:linear ratios (b:l) were
determined by *HNMR spectroscopy on the unpurified reaction mixture. ® IMes-HCI was used. ¢ Reaction performed at 40 °C.
d Double the catalyst loading used. © Isolated yield and dr of the linear isomer. f Reaction performed at 60 °C.

The reaction tolerated electron-rich and electron-poor aryl ketones, and was tolerant of arylhalides
1.4n, heterocycles 1.4e,f,g,h, and amines 1.4m. The reaction using NHC's is highly branched selective, but
very sensitive to sterics. Aryl ketones containing a meta-substituent generated lower yield with lower

regioselectivity, 1.4d, 1.4j. Also, ortho-substituted aryl ketones 1.41 were not well tolerated and gave near
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equal yields of branched and linear product, even with heating at 40°C and double the catalyst loading.
Finally, sp3-containing aliphatic ketones, such as cyclohexyl methyl ketone 1.3r, and cyclic ketones, such
as cyclohexanone 1.3v, generated greater yields of the linear product.

V1. Stereo- and Regiochemical model

A. Effect of Oxazolidinone Structure on Regioselectivity

With the data from these two consecutive projects in hand, we set out to understand what factors
govern the regio- and stereoselectivity of these reductive coupling reactions in more detail. For the purpose
of this system, regioselectivity is defined as the ratio of the linear and branched products generated, as
determined by *HNMR spectroscopy on the unpurified crude reaction mixture. Diastereoselectivity is then
defined as the ratio of the diastereomers of the respective linear or branched product produced in these
reactions, as determined by *HNMR spectroscopy on the unpurified crude reaction mixture. Because the
chiral alleneamide contains a stereocenter, the diastereomers produced from these reactions are effectively

enantiomers after the chiral auxiliary is cleaved, as only one stereocenter would remain.

Scheme 1.8. Effect of oxazolidinone structure on regioselectivity.
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The effect of the oxazolidinone structure on regioselectivity was investigated by examining the
yield and selectivity of the reaction of large and small oxazolidinone-based alleneamides with phosphine
ligands of varying electron-donating ability. Chiral allenamide 1.1 allowed for selective generation of the
linear product 1.3a for both the optimized linear-selective phosphoramidite ligand and electron-rich PCys.
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However, when the smaller achiral oxazolidinone-based alleneamide (1.32, Scheme 1.8) was tested, the
optimized linear-selective ligand generated the linear product 1.33a with less regioselectivity than the chiral
alleneamide 1.1. Also, when this achiral alleneamide 1.32 was used with electron-rich ligands, such as both
PCys and SIMes, the reaction generated the branched product 1.34a selectively. This is proposed to be due
to the minimization of the Ay s-interaction that will be discussed in the next section.

B. Regio- and Stereochemical Model

Equipped with the linear- and branched-selective reaction methods developed, we were able to
analyze the data to propose a stereo- and regiochemical model (Scheme 1.9). This work showed that less
electron-donating phosphine ligands generate the linear product selectively, through y-addition of the
branched Cu(allyl) complex b-1.25 to ketone 1.2a via a six-membered chair-like transition state TS-2 with
the oxazolidinone group in an axial position and coordinated to copper for selective reaction to the Si-face

of 1.2a.

Scheme 1.9. Stereo- and regiochemical model for the CuH-catalyzed reductive coupling linear- and
branched-selective methods.
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Initial hydrocupration is mechanistically proposed to occur trans to the large oxazolidinone
group,'®® leading to the Z-geometry of the -(allyl)Cu complex I-Z-1.25. Because the turnover limiting step
in copper-catalyzed reductive coupling reactions between allenes and ketones is believed to be the addition
of the Cu-allyl species to the ketone electrophile,®®-#2 the Z-c-(allyl)Cu complex 1-Z-1.25 can equilibrate
prior to coupling with the ketone. The regioselectivity is proposed to be a competition in the equilibrium
between the strength of the oxazolidinone coordination to copper and the magnitude of the Ajs-strain
present. Thus, linear selectivity is due to the favoring of branched o-(allyl)Cu complex b-1.25 over the
linear 6-Cu(allyl) complex I-Z-1.25, because of the allylic A s-strain present and the directing effect of the
oxazolidinone.

As the phosphine ligand's electron-donating ability decreases, the linear selectivity increases,
leading to an increased favoring of the a-c-Cu(allyl) complex b-1.25 due to the increased electrophilic
nature of the copper in these states. Also, it should be noted that the size of the oxazolidinone affects the
magnitude of the A1 s-interactions. Larger oxazolidinone-derived alleneamides, such as 1.1, generate more
Ay 3-strain, which leads to a preference for linear product formation, as demonstrated in Scheme 1.8, when
comparing the effect of the oxazolidinone in the reaction. Because the use of both electron-rich and
electron-deficient phosphine ligands with alleneamide 1.1 provides linear selectivity, the primary

interaction leading to linear selection is the Ajs-strain present in intermediate 1.37.

Scheme 1.10. Driving forces for regioselectivity.
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Ligand electronics still play an essential role, as weakening the electron-donating ability of the
ligand used leads to an increase in linear selectivity, most likely due to the enhanced ability of the

oxazolidinone carbonyl to coordinate to copper as copper becomes more electrophilic. As NHC ligands are
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employed, Scheme 1.10, the initial hydrocupration occurs in the same manner as with the phosphine
ligands, but the coordination of the oxazolidinone carbonyl of b-1.38 to copper is prevented both by the
strong electron-donating ability of the ligand and by the steric shielding by the bulky mesitylene group of
the carbene ligand.® This steric shielding effect using NHC ligands is evidenced by the use of SIPr, an
electronically similar yet more sterically demanding ligand compared to SIMes, leading to higher branched
selectivity but with poorer diastereoselectivity (Table 1.3, entry 12). The larger, more sterically hindering
SIPr allows for even further steric shielding of the copper atom.

The inhibition of the oxazolidinone carbonyl coordination to copper results in the preference of the
generation of linear o-(allyl)Cu complex 1-Z-1.38, which then couples to the ketone in a dipole-
minimizing!®12 Zimmerman-Traxler 6-membered chair-like®!1 transition state, generating the branched
product 1.4a. In this case, the effects of employing the NHC ligand are stronger than those of the A s-strain
present in the linear(allyl)Cu complex I-Z-1.25, resulting in the selective formation of the branched product.
However, when more sterically demanding ketones, such as cyclic, ortho-substituted, and dialkyl ketones
are analyzed, Scheme 1.7, lower branched selectivity is observed. This decrease in regioselectivity is most
likely due to an increase in steric interactions in the transition state 1.39a, by the presence of ortho-
substitution and non-planar groups on the ketone, causing a higher energy transition state to generate the
branched product that would be harder to overcome, leading to a shift in the equilibrium to favor the linear
product.

This proposed stereo- and regiochemical model accounts for the correct major products and
diastereomers formed in each reaction, serving as stereochemical proof of oxazolidinone coordination to
copper in the transition state. Further computational analysis of the mechanism by our collaborators has
shown that the reaction outcome is a product of Curtin-Hammett control,''* as the stereochemical outcome
is a direct result of the transition states in Scheme 1.9 having the lowest energy pathways.8*

Overall, a delicate balance in the equilibrium determines the regio- and stereo-selectivity in these
copper-catalyzed reductive coupling reactions between alleneamides and ketones. This balance is
dominated by Ay s-interactions — which can be influenced by the size of the oxazolidinone group, as well
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as the strength of the oxazolidinone carbonyl coordination to copper — which is influenced by the ligand

electron-donating ability as well as the possibility of steric shielding by large, bulky ligands.

VII. Development Towards a Linear-Selective Enantioselective Method

A. Chiral alleneamide vs chiral ligand control

The two works described thus far have utilized a chiral auxiliary-derived alleneamide as the allyl
coupling partner. This pre-installed chirality serves to impart stereocontrol throughout the course of the
reaction. This method is useful when necessary but is not an ideal choice due to the low efficiency in atom
economy, as it requires more chiral material to be carried through the reaction. Instead, stereocontrol by a
chiral Cu-catalyst is ideal and allows the catalytic use of chiral materials over the stoichiometric methods
reported previously. For this reason, our next endeavor was to develop an enantioselective reductive
coupling method to generate the linear product by way of chiral-catalyst control.

B. Linear-selective enantioselective reaction development

The goal of this work was to develop a chiral catalyst that enabled the linear-selective asymmetric
reductive coupling with ketone electrophiles. Buchwald's group has published an enantioselective catalyst-
controlled branched-selective reaction of this nature using C-based allenes,® but our focus was to use
alleneamides to generate the novel linear product enantioselectively while installing multiple heteroatoms.

From the regio- and stereochemical model presented in Section VI, linear product generation is
favored with the use of large oxazolidinones due to an increase in Ay z-strain that helps shift the equilibrium.
reductive coupling product. With this knowledge in hand, we set out to generate a catalyst-controlled
enantioselective linear-selective reductive coupling method and began by utilizing the bulky fused-phenyl

alleneamide 1.6 (Table 1.4) to help skew the reaction towards the linear product 1.7a.
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Table 1.4. Ligand survey for the development of enantioselective linear-selective method.

0 Me, OH
i N “ligand” AN
07 NN 'gan
©)LM9 ' @ A\ (MeO),MeSiH (2 equiv) Ov\N
. ezt 5L
- 1.6 ) 1.7a

Entry Ligand Yield (L/B) L:B ER EE
1 DCPE 49.3% B n.d 50:50 0
2 (S)-iPr-PHOX 8% B <1:99 - -
3 L1 2% B <1:99 - -
4 L2 9% B 18:82 - -
5 L3 1.5% B >1:99 - -
6 L4 15 54 : 46 - -
7 L5 2 37:63 - -
8 (R,R)-PhBPE 23.8% B 29:71 - -
9 L6 16 54.5:455 - -
10 L7 28 69:31 46 : 54 8
11 L8 59 875:125 485:515 3
12 L9 49 88:12 47 .53 6
13 L10 5 29.5:70.5 - -
14 Sugarl 69 >99:1 49.7:50.3 0.6
15 Sugar 2 28 95:5 57:43 14
16 H(BINOL)-P(NMe2) (MonoPhos) 73 92:8 50:50 0
17 (Me)BINOL-P(NMe2) 71 >99:1 47:53 6
18 (Br)BINOL-P(NMey) 74 98.7:1.3 46.5:53.5 7
19  (Ph)BINOL-P(NMe>) 84 >99:1 50:50 0
20 (p-tBuPh)BINOL-P(NMez2) 86 98:2 53:47 6
21 (PhsSi)BINOL-P(NMez) 20 n.d. 45:55 10
22 (Anthro)-BINOL-P(NMez) 62 >99:1 65:35 30
23 (Anthro)BINOL-P(NEt) 78 97.2:2.8 49 : 51 2
24 H8-BINOL-P(NMez) 71 97.5:2.5 54:46 8
25 (3,5-dimethylphenyl)-H8-BINOL-P(NMez) 65 95:5 56:44 12
26 (3,5-bis(trifluoromethyl)phenyl)-H8-BINOL-P(NMez) 91 97.5:25 65:35 30
27 (mesityl)-H8-BINOL-P(NMez) 45 92:8 60:40 20
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We commenced the investigation into the reductive coupling between the fused phenyl alleneamide
1.6 and acetophenone 1.2a by examining various chiral ligands to determine the optimal ligand for this
system (Table 1.4). Use of bidentate ligands (entries 1-5, 8) in this system yielded high branched selectivity,
which aligns with our previous stereo- and regiochemical model presented in Section VI. Initially, BINOL-
derived ligands were screened for this reaction due to their classification as privileged ligands — chiral
ligands containing a C,-axis — which allow for chiral control of multiple reaction types,!** and their
electronic similarities to (PhO),PNMe,, the optimal ligand in the linear-selective process employing chiral
allenamides. The BINOL-derived ligands examined were prepared by previous group member Kevin
Burns, according to literature procedures.t6-12?

As seen in Table 1.4, the standard ligand classes examined gave decent yield, however, none
demonstrated high enantioselectivity. The best enantioselectivity initially observed was with the use of 3,3’-
Anthracenyl-BINOL-P-NMe; (entry 21) with an er of 65:35. A trend in the effect of the ligand sterics on
enantioselectivity was noticed, as increasingly larger groups in the 3,3’-position of the BINOL-backbone
(entries 16, 17, 19, 20, 22); however, these changes induced little impact on enantioselectivity.
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From here, we became familiar with recent work in allylation from the Meek group,'? in which the
investigators were getting much better results in their allylation system with the hydrogenated H8-BINOL
derivatives. The saturated external rings of the H8-BINOL system leads to a change in the rotation axis,
changing the interaction of the ligand at the metal center, which affects the rest of the reaction system.?
The H8-BINOL ligand system poses the additional benefit of being easier to synthesize than the traditional
BINOL ligands. With this knowledge, we set out to try it for ourselves. A series of H8-BINOL ligands were
prepared in collaboration with an undergraduate researcher in our lab (Christian Knott), in accordance to
the literature 2312512 and examined in this system. Our current results reflect that (3,5-
bis(trifluoromethyl)phenyl)-H8-BINOL-P-NMe; (entry 26) is the best performing ligand thus far, with the
same enantioselectivity as Anthracene-BINOL-PNMe;, but with a stark increase in yield and
regioselectivity. To this point, an optimal ligand to favor high linear selectivity enantioselectively has yet

to be identified; The search remains and is an ongoing effort in the Sieber Lab.

VIII. Development towards an Enantioselective Reductive Coupling Method with
CFs-ketones

A. Fluorine in APIs

Fluorinated organic compounds are prevalent in the pharmaceutical industry for the development
of new medicines due to the C-F bond's innate ability to increase lipophilicity and metabolic stability.2%1%0
The C-F bond cannot be metabolized in vivo, and therefore the C-F substituted drug would be more potent
and longer-lasting in the body than the drug itself.2*132 The electronegativity of fluorine creates a strong
dipole and low-lying C-F o* orbital,*** available for hyperconjugative donation, while the small radius of
fluorine poses similar steric effects as hydrogen. The formed dipoles can allow for conformational control
via alignment and minimization of dipoles. The electronegativity of the C-F bond influences the pKa of the
molecule and increases the lipophilicity, making the F-substituted drug more easily able to enter cells and

thus be more bioavailable.13?
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Due to the factors mentioned above, it is crucial to utilize fluorinated species in chemical reactions
to generate fluorinated drug molecules. With this premise, we wanted to apply trifluoroacetophenone (1.5a)
to the reductive coupling reactions employing allenamides. The use of trifluoroacetophenone and other
CFs-ketones 1.5 would allow for the generation of CFz-aminoalcohols, a relevant medicinal chemistry
scaffold. The ability to synthesize these fluorinated compounds would open doors to new fluorinated drug
scaffolds with simplified synthetic routes.

B. Reaction optimization and ligand survey using CFs-ketones

A ligand survey for the same achiral fused-phenyl alleneamide 1.6 was performed and showed a
higher yield of linear than branched products, but with high levels of CFs-ketone reduction 1.40a (Table
1.5). The best enantioselectivity achieved thus far utilized a BINOL-derived ligand.

The most significant issue consistently seen thus far is the high generation of CF3-ketone reduction
1.40 which arises from the increased reactivity of the trifluoromethyl ketone (1.5a). This should be
avoidable by the slow addition of ketone 1.5a overtime via syringe-pump addition, slowing the competing
ketone reduction process by making the ketone to catalyst ratio incredibly small within the reaction.
Syringe-pump addition has been used in our lab in similar reactions using aldehydes'** and greatly decreases
the generation of the reduction product.

The TADDOL core (Table 1.5, entries 24-37) has shown a significant impact on the reactivity, as
the rate of CFs-ketone reduction is suppressed. The H8-BINOL ligand systems will also be examined for
this reaction. Once an optimal ligand for this system has been identified, the reaction conditions must still
be optimized, and future CFs-ketones analyzed can either be commercially purchased or prepared via
various literature procedures.’®*® This reaction seems to be naturally linear-selective; however, the

development of either branched- or linear-selective methods would be novel.
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Table 1.5. Ligand survey for the development of an enantioselective linear-selective method for coupling
with CFs-ketones.

D a5 S o I
©)kCF3 + O@ - o N + ©)\CF3 + N
Me(MeO),SiH X X Ph
solvent, rt le} -,
15a » . . F,C OH
Linear Reduction Branched
1.7a 1.40a 1.41a
Entry Ligand % YieldL 1.7a L:Red:B ER 1.7a EE 1.7a

1 (PhO)2P(NMe2) 45 48:52:0 50:50 0
2 Walphos-008 (W8) 0 0:100:0 -
3 (R)-SEGPhos <1 1:99:0 -
4 (R)-BINAP 2 3:97:0 -
5 (R)-BINOL-(2’-Me-thq) 9:85:6 74:26 48
6 JosiPhos-006 6 9:91:0 -
7 (R,R)-PhBPE 19 31:69:0 -
8 Only silane and CF3 ketone 0 0:100:0 -
9 (R) — Monophos (L11) 11 35:40:25 57:43 14
10 (R)-(Me)BINOL-P(NMez) (L12) 47 74 :26:0 48 : 52 4
11 (R)-Ph-BINOL-P(NMez) (L13) 26 40:60:0 45:55 10
12 (R)-BINOL-P(‘Bu) (L14) 34 50:50:0 46 : 54 8
13 (R)-BINOL-(2’-Me-thq)® 28 30:63:7 43 :57 14
14 [(S)-BINOL]P-Ethyl-P[(S)-BINOL] (L15) 33 55:45:0 51:49 2
15 (S)-Antphos 17 17:83:0 60 : 40 20
16 L16 4.5 14:61:25 39:61 22
17 (R)-H8-BINOL-P(NMez) 40 58.5:41.5:0 46 : 54 8
18 (R)-VAPOL-P(NMez) 32 41:53:6 61:39 22
19 (R)-VANOL-P(NMez) 32 36:53:11 54 : 46 8
20 (R)-BIDIME 16 20:80:0 52:48 4
21 (R,R)-iPr-BIDIME 16 29:68:4 48 :52 4
22 (R)-SIPHOS 25 32:68:0 44 : 56 12
23 (S)-PipPhos 39 66:34:0 45 : 55 10
24 (S)-TADDOL-P-(NMey) 36 50:50:0 38:62 24
25 (S)-tBu-TADDOL-P(NMez) (L7) 89 92:8:0 30:70 40
26 (S)-tBu-TADDOL-P(NiPrz) (L8) 51 58:42:0 39:61 22
27 (S)-tBu-TADDOL-P(Ph) (L17) 95 95:5:0 34 :66 32
28 (S)-tBu-TADDOL-P(2’-Me-thq) (L18) 65 68:28:4 45 : 55 10
29 (S)-tBu-TADDOL-P-Piperidine (L6) 85 91:9:0 28:72 44
30 (S)-tBu TADDOL-P((S)-2-methyl-piperidine) (L10) 80 85:15:0 30.5:69.5 39
31 (S)-tBu-TADDOL-P((R)-2-methyl-piperidine) (L9) 60 77:23:0 37:63 26
32  (S)-tBu-TADDOL-P(NMey), ran at 1M (L7) 63%, 8% Red 88:12:0 29:71 42
33 (S)-tBu-TADDOL-P(NMez), ran at 0.1M (L7) 13.5, 40% SM 79:12:9 31:69 38
34 (S)-Xylyl-TADDOL-P(NMe2) (L19) 62 67:33:0 34 : 66 32
35 (S)-Xylyl-TADDOL-P(Ph) (L20) 78 80:20:0 46 :54 8
36 (S)-Xylyl-TADDOL-Piperidine (L21) 73 75:25:0 40:60 20
37 1-Naphthyl-TADDOL-P(NMez) 24 32:66:2 43 :57 14

aDetermined by THNMR spectroscopy on the unpurified reaction mixture using dimethylfumarate as the analytical standard.

b Half of ketone added initially, half added after 8 hours.
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IX. Conclusions

Through the work described, we developed regiodivergent and diastereoselective reductive
coupling methods to generate dissonant functional group pairs. These methods are the first disclosed to
generate the novel linear product 1.3, as well as directly access both the traditional branched product and
the novel linear product from the same system by simply tuning the ligand. The use of a chiral auxiliary-
derived alleneamide 1.1 allows the stereocontrol over the newly formed stereocenter, generating the desired
products each with high diastereoselectivity. Simple removal of the auxiliary gives access to the dissonant
branched aminoalcohol and linear hydroxyaldehyde equivalent products. This method involves the use of
inexpensive and readily available starting materials, as well as the ability to generate increasingly complex
products containing dissonant functionalities.

In addition to the generation of the chiral auxiliary-controlled system for generating the branched
and linear products diastereoselectively, the ongoing development of an enantioselective linear-selective
method to couple fused-phenyl alleneamides 1.6 with ketones 1.2 and trifluoromethyl ketones 1.5 was here
described. This work is still in progress and will require the development and analysis of new ligand systems
to yield higher enantioselectivity for the reaction with ketones. In the coupling of trifluoromethyl ketones,
the use of syringe-pump addition of the CFs-ketone will most likely be the solution to increase the yields
to an acceptable degree to allow for further optimization of the reaction, while preventing the generation of

the CFs-ketone reduction product 1.40.

X. Experimental Methods

A. General

'H NMR spectra were recorded on Bruker 600 MHz spectrometers. Chemical shifts are reported in
ppm from tetramethylsilane with the solvent resonance as an internal standard (CDCI3: 7.26 ppm, C6D6:
7.15 ppm; MeOD: 4.78 ppm). Data are reported as follows: chemical shift, integration, multiplicity (s =
singlet, d = doublet, t = triplet, g = quartet, p = pentet, h = hextet, hept = heptet, br = broad, m = multiplet),
and coupling constants (Hz). 3C NMR was recorded on a Bruker 600 MHz (151 MHz) instrument with
complete proton decoupling. Chemical shifts are reported in ppm from tetramethylsilane with the solvent
as the internal standard (CDCls: 77.0 ppm, CsDs: 128.4 ppm; MeOD: 49.2 ppm). Liquid chromatography
was performed using forced flow (flash chromatography) on silica gel purchased from Silicycle. Thin layer
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chromatography (TLC) was performed on glass-backed 250 um silica gel F254 plates purchased from
Silicycle. Visualization was achieved using UV light, a 10% solution of phosphomolybdic acid in EtOH,
or potassium permanganate in water followed by heating. HRMS was collected using a Jeol
AccuTOFDARTTM mass spectrometer using DART source ionization. Specific rotations were measured
on a JASCO P2000 digitial polarimeter. All reactions were conducted in oven or flame dried glassware
under an inert atmosphere of nitrogen or argon with magnetic stirring unless otherwise noted. Solvents were
obtained from VWR as HPLC grade and transferred to septa sealed bottles, degased by Ar sparge, and
analyzed by Karl-Fischer titration to ensure water content was < 600 ppm. Me(MeO),SiH was purchased
from Alfa Aesar and used as received. Allenamides were prepared in one step as described in the
literature.® (PhO),PNMe, was prepared from hexamethylphosphorous triamide (HMPT) and phenol
according to the literature procedure,™®” and the density was determined experimentally (1.10 g/cm?3).
Ketones were purchased from Sigma Aldrich, TCI America, Alfa Aesar, or Oakwood Chemicals and used
as received. All other materials were purchased from VWR, Sigma Aldrich, Combi-Blocks, Alfa-Aesar, or
Strem Chemical Company and used as received.

B. Experimental Procedures
i.  Linear procedures

General catalyst screen procedure for the reaction between acetophenone and allenamide
1.1 (Table 1.1 and 1.2):

Me. OH

o 0 5 mol % Cu(OAc), £ IO
)I\ 6 mol % ligand = Ph N/&o
Me + OF NTY, + H
“{ N\ (MeO)MeSiH (2 equiv) os(Nj,Ph NN,
Ph toluene, rt, 24 h o md OH

1.2a 1.1 then NH,F 1.3a 1.4a
linear (1) branched (b)

To a 20 mL crimp-cap vial with stir-bar in an Ar-filled glove-box was charged 2.3 mg
(0.013 mmol) of Cu(OACc)2, and 0.015 mmol of ligand. Toluene (0.5 mL) was then charged, and
the mixture was stirred for 5 min. Allenamide 1.1 (60.4 mg, 0.300 mmol) followed by
acetophenone (29.0 uL, 30.0 mg, 0.250 mmol) was then charged, and the vial was sealed with a
crimp-cap septum and removed from the glove-box. The reaction was then cooled in an ice bath,
and dimethoxymethylsilane (61 puL, 2 equiv) was charged by syringe (caution:
dimethoxymethylsilane should be handled in a well-ventilated fume hood because it is known to
cause blindness. Syringes were quenched with 2M NaOH, gas evolution!, prior to disposal). The
mixture was then allowed to warm to rt and stirred for 24 h. The reaction was then quenched by
the addition of 95 mg of NH4F and 1.5 mL of MeOH followed by agitation at rt for 30 min — 1 h.
To the mixture was then charged 5 mL of 5% NaHCOz3 followed by extraction with DCM (2x4mL).
The combined organics were dried with Na,SO4 and concentrated in vacuo. To the crude residue
was charged dimethylfumarate (10 — 15 mg), and the mixture was diluted in ~0.5 mL of CDCls.
Further dilution of an aliquot and analysis by NMR was used to determine the yield, dr, and b/l
ratio.
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Modified procedure for the use of ligand salts (P(t-Bu)s): To a 20 mL crimp-cap vial
with stir-bar in an Ar-filled glove-box was charged 0.015 mmol P(t-Bu)seHBFsand 1.5 mg (0.013
mmol) of KO'Bu. Toluene (0.5 mL) was then charged, and the mixture stirred for 5 min. To the
vial was then charged 2.3 mg (0.013 mmol) of Cu(OAc)2, and the mixture was stirred an additional
5 min. The remaining reagents were then charged and the reaction performed as described above.

General procedure for the linear selective Cu(phosphoramidite) catalyzed reductive
coupling (Scheme 1.6).

To a 20 mL crimp-cap vial with stir-bar in an Ar-filled glove-box was charged 4.5 mg
(0.025 mmol) of Cu(OACc)2 and 1.0 mL of toluene. (PhO).PNMe> was then charged by gas-tight
syringe (7.75 uL, 0.033 mmol), and the mixture was stirred for 10 min. Allene 1.1 (0.121 g, 0.600
mmol) was then added, followed by the ketone (0.500 mmol), and the vial was sealed with a crimp-
cap septum and removed from the glove-box. The reaction was then cooled in an ice bath, and
dimethoxymethylsilane (0.12 mL, 1.0 mmol) was charged by syringe (caution:
dimethoxymethylsilane should be handled in a well-ventilated fume hood because it is known to
cause blindness. Syringes were quenched with 2M NaOH, gas evolution!, prior to disposal). The
mixture was then allowed to warm to rt and stirred for 24 h. The reaction was then quenched by
the addition of 190 mg of NH4F and 2.5 mL of MeOH followed by agitation at rt for 30 min —1 h.
To the mixture was then charged 10 mL of 5% NaHCO3 followed by extraction with CH2Cl»
(2x5mL). The combined organics were dried with Na2SO4 and concentrated in vacuo. An aliquot
of the crude mixture was analyzed by *HNMR spectroscopy to determine the dr and the I/b ratio.
The crude residue was then purified by flash chromatography on silica gel to afford the desired
product.

ii.  Analytical data for the reductive coupling products

Other compounds that are not charaterized here were made and characteized by other group
members. 107138

Me, OH (S)-3-((S,2)-4-hydroxy-4-(4-methoxyphenyl)pent-1-en-1-yl)-4-

7 ‘ phenyloxazolidin-2-one (1.3b): According to the linear-selective

o0 N__pn general procedure, the product was purified by silica gel
Q(J’ OMe  chromatography (eluent: 20 — 60% EtOAc in hexanes) to provide

1.3b 148.7 mg (84%) of 1.3b as a thick glass as a 90/10 mixture of

84% (90:10 ) diasteromers. Stereochemistry was determined by analogy to that

973 I'b of 1.3a. Rf = 0.24 (50% EtOAc/hexanes). [a]o®® = + 19.19 (c 0.285,

CHCI3); tHNMR (CDCls, 600 MHz) &: 7.30 — 7.42 (m, 5H), 7.31

(dd,J=8.5Hz,J=6.8 Hz), 6.84 (d, J = 8.9 Hz, 2H), 5.70 (d, J = 8.8 Hz, 1H), 5.05 (td, J = 8.8
Hz, J = 6.7 Hz, 1H), 4.96 (dd, J = 8.7 Hz, J = 6.7 Hz, 1H), 4.68 (t, J = 8.8 Hz, 1H), 4.17 (dd, J =
8.7 Hz, J = 6.7 Hz, 1H), 3.79 (s, 3H), 3.39 (s, 1H), 2.66 (dd, J = 15 Hz, J = 9.0 Hz, 1H), 2.54
(ddd, J=8.1Hz, J=6.6 Hz, J = 1.6 Hz), 1.51 (s, 3H) ppm. 3C NMR (151 MHz, CDCls): § 158.2,
156.7, 139.8, 137.8, 129.4, 129.1, 126.5, 126.0, 123.3, 121.3, 113.4, 73.0, 70.2, 61.6, 55.3, 41.9,
31.0 HRMS (DART) m/z calcd for C21H2sNO4 [M + H]*: 354.1705; Found [M + H]*: 354.1716.
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(S)-3-((S,2)-4-(3-bromophenyl)-4-hydroxypent-1-en-1-yl)-4-
phenyloxazolidin-2-one (1.3g): According to the linear-selective general
procedure, the product was purified by silica gel chromatography (eluent:
20 — 50% EtOAC in hexanes) to provide 169.8 mg (84.5%) of I-1.3g as a

13g thick glass as an 88/12 mixture of diasteromers. Stereochemistry was

85% (86:12 d) determined by analogy to that of I-1.3a. Rf = 0.35 (50% EtOAc/hexanes).

964 I'b [a]o® = + 5.51 (c 0.265, CHCls); tHNMR (CDCls, 600 MHz) §: 7.59 —

7.61 (m, 1H), 7.32 — 7.43 (m, 5H), 7.24 (dd, J = 8.3 Hz, J = 1.4 Hz, 2H),

7.18 (t, J = 7.9 Hz, 1H), 5.65 (d, J = 8.8 Hz, 1H), 5.02 (td, J = 9.2 Hz, J = 6.3 Hz, 1H), 4.95 (dd,

J=8.7Hz,J=7.2Hz 1H), 4.70 (t, J = 8.9 Hz, 1H), 4.19 (dd, J = 8.8 Hz, 7.1 Hz, 1H), 3.90 (s,

1H), 2.72 (dd, J = 10 Hz, J = 9.5 Hz, 1H), 2.53 (ddd, J = 8.0 Hz, J = 6.2 Hz, J = 1.7 Hz, 1H),

1.51 (s, 3H) ppm. *C NMR (151 MHz, CDCls): § 156.8, 150.3, 137.5, 129.7, 129.6, 129.4, 129.2,

128.2,126.5,123.7,123.6, 122.5,121.4 72.8, 70.2, 61.8, 41.7, 31.1. HRMS (DART) m/z calcd for
C20H2:BrNO3 [M + H]*: 402.0705; Found [M]*: 402.0699.

oj Br

Me, OH Me (S)-3-((S,2)-4-hydroxy-4-(o-tolyl)pent-1-en-1-yl)-4-

= N phenyloxazolidin-2-one (I-1.3i): According to the linear-selective

N general procedure performed at 40 °C for 24 h, the product was purified
O*{ J’Ph by silica gel chromatography (eluent: 10 — 50% EtOACc in hexanes) to

1.3i¢ provide 126.8 mg (75%) of 1-1.3i as an off white solid as a 97/3 mixture
67% (97:3 dr) of diasteromers. Stereochemistry was determined by analogy to that of I-
>98:2 I'b 1.3a. Ry = 0.34 (40% EtOAc/hexanes). [a]o® = + 21.9 (c 0.315, CHCly);
'HNMR (CDCls, 600 MHz) §: 7.44 — 7.48 (m, 1H), 7.35 — 7.42 (m, 3H),
7.24 (dd, J=8.0 Hz, J = 1.4 Hz, 2H), 7.10 - 7.16 (m, 3H), 5.72 (d, J = 8.8 Hz, 1H), 5.09 (td, J =
8.7Hz,J=6.5Hz, 1H), 4.94 (dd, J = 8.7 Hz, J = 6.5 Hz, 1H), 4.68 (t, J = 8.8 Hz, 1H), 4.18 (dd,
J=28.8Hz,J=6.5Hz, 1H), 3.15 (s, 1H), 2.77 (ddd, J = 8.4 Hz, J = 6.9 Hz, J = 1.6 Hz, 1H), 2.74
(ddd, J=8.0Hz, J=6.8 Hz, J = 1.1 Hz, 1H), 2.50 (s, 3H), 1.58 (s, 3H) ppm. *3C NMR (151 MHz,
CDClI3): 6 156.7,144.6,137.8,135.1,132.6, 129.4,129.1, 126.9, 126.5, 126.3, 125.7, 123.4, 121.4,
74.5,70.2, 61.6, 39.8, 29.7, 22.5. HRMS (DART) m/z calcd for C21H24NO3 [M + H]*: 338.1756;
Found [M + H]": 338.1767.

Me  OH (S)-3-((S,2)-4-(benzo[d][1,3]dioxol-5-yl)-4-hydroxypent-1-en-1-

% “ O_ yD-4-phenyloxazolidin-2-one (I-1.3k): According to the linear-

o0 N__pn o> selective general procedure performed at 40 °C for 24 h, the product
ij was purified by silica gel chromatography (eluent: 10 — 50% EtOAc

1.3K° in hexanes) to provide 153.4 mg (83%) of I-1.3k as a thick glass as a

75% (87:13 dr) 88/11 mixture of diasteromers. Rf = 0.26 (40% EtOAc/hexanes).

982 I'b [a]o® = +4.99 (c 0.515, CHCI3); THNMR (CDCls, 600 MHz) &: 7.35

—7.44 (m, 3H), 7.24 (dd, J = 8.3 Hz, J = 1.3 Hz, 2H), 6.94 (d, J =

1.6 Hz, 1H), 6.88 (dd, J =8.2 Hz, J = 1.7 Hz, 1H), 6.74 (d, J = 8.2 Hz, 1H), 5.93 (s, 2H), 5.69 (d,
J=8.8 Hz, 1H), 5.06 (td, J =8.9 Hz, J = 6.7 Hz, 1H), 4.97 (dd, J = 8.7 Hz, J = 7.0 Hz, 1H), 4.69
(t, J=8.8 Hz, 1H), 4.17 (dd, J = 8.8 Hz, J = 6.9 Hz, 1H), 3.52 (s, 1H), 2.66 (dd, J = 15 Hz, J =
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9.0 Hz, 1H), 2.51 (ddd, J = 7.8 Hz, = 6.5 Hz, J = 1.4 Hz, 1H), 1.49, (s, 3H) ppm. 13C NMR (151
MHz, CDCls): 5 156.6, 156.5, 138.1, 134.2, 129.3, 129.0, 128.3, 127.1, 126.5, 122.4, 121.2, 120.8,
111.1, 74.0, 70.1, 61.4, 55.3, 39.4, 27.5. HRMS (DART) m/z calcd for C21H20NO4 [M — OHJ*:
350.1392; Found [M — OHJ*: 350.1417.

Me, OH (5)-3-((S,2)-4-hydroxy-4-(3-hydroxyphenyl)pent-1-en-1-yl)-4-
= ‘ OH  phenyloxazolidin-2-one (I-1.3m): According to the linear-selective
general procedure using 4.0 equiv of (MeO),MeSiH, the product was

0= N\ sPh - . .
*(47’ purified by silica gel chromatography (eluent: 10 — 60% EtOAc in
o 1.3m¢ hexanes) to provide 141.1 mg (83%) of 1-1.3m as a foam as a 90/10
83% (90:10 dr) mixture of diasteromers. Rs = 0.18 (40% EtOAc/hexanes). [a]o?® =
946 I:b +9.12 (c 0.49, CHCIls3); 'HNMR (CDCls, 600 MHz) &: 7.35 — 7.44

(m, 3H), 7.24 (dd, J = 8.2 Hz, J = 1.9 Hz, 2H), 7.18 (t, J = 7.9 Hz,
1H), 6.95 — 7.01 (m, 1H), 6.92 (d, J = 7.7 Hz, 1H), 6.69 (dd, J = 7.4 Hz, 1.9 Hz, 1H), 5.65 (d, J =
8.6 Hz, 1H), 5.07 (td, J = 9.0 Hz, J = 6.6 Hz, 1H), 4.93 (dd, J = 8.6 Hz, J = 7.1 Hz, 1H), 4.70 (¢,
J =18 Hz, 1H), 4.18 (dd, J = 8.8 Hz, J = 7.1 Hz, 1H), 3.80 (s, 1H), 2.69 (dd, J = 15 Hz, J = 9.2
Hz, 1H), 2.56 (dd, J = 15 Hz, J = 6.4 Hz, 1H), 1.52 (s, 3H) ppm. **C NMR (151 MHz, CDCls): &
157.3, 156.4, 149.1, 137.6, 129.35, 129.30, 129.1, 126.6, 123.1, 121.7, 116.5, 113.8, 112.4, 73.9,
70.4, 61.6, 41.6, 30.1. HRMS (DART) m/z calcd for C20H22NO4 [M + H]*: 340.1549; Found [M
— OHJ*: 340.1529.

iii.  Branched procedures

General catalyst screen procedure for the reaction between acetophenone and allenamide
1.1 (Table 1.3):

o 0 5 mol % Cu(OAc), Me, OH IO
PN 6 mol % ligand % Ph N)so
Me + O NTY, \ + >
VN (MeO)MeSiH (2 equiv) Ph x

()
Ph toluene, rt, 24 h Q\;J’ M ’,/OH
124 11 then NH,F °
. . 1.3a 1.4a
linear (1) branched (b)

To a 20 mL crimp-cap vial with stir-bar in an Ar-filled glove-box was charged 2.3 mg
(0.013 mmol) of Cu(OACc)2, and 0.015 mmol of ligand. Toluene (0.5 mL) was then charged, and
the mixture was stirred for 5 min. Alleneamide 1.1 (60.4 mg, 0.300 mmol) followed by
acetophenone (29.0 uL, 30.0 mg, 0.250 mmol) was then charged, and the vial was sealed with a
crimp-cap septum and removed from the glove-box. The reaction was then cooled in an ice bath,
and dimethoxymethylsilane (61 uL, 2 -equiv) was charged by syringe (caution:
dimethoxymethylsilane should be handled in a well-ventilated fume hood because it is known to
cause blindness. Syringes were quenched with 2M NaOH, gas evolution!, prior to disposal). The
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mixture was then allowed to warm to rt and stirred for 24 h. The reaction was then quenched by
the addition of 95 mg of NH4F and 1.5 mL of MeOH followed by agitation at rt for 30 min — 1 h.
To the mixture was then charged 5 mL of 5% NaHCOs followed by extraction with DCM (2x4mL).
The combined organics were dried with Na.SO4 and concentrated in vacuo. To the crude residue
was charged dimethylfumarate (10 — 15 mg), and the mixture was diluted in ~0.5 mL of CDCls.
Further dilution of an aliquot and analysis by NMR was used to determine the yield, dr, and b/l
ratio.

Modified procedure for the use of ligand salts (NHC ligands or P(t-Bu)s): To a 20 mL
crimp-cap vial with stir-bar in an Ar-filled glove-box was charged 0.015 mmol of NHCeHCI or
P(t-Bu)seHBFs and 1.5 mg (0.013 mmol) of KO'Bu. Toluene (0.5 mL) was then charged, and the
mixture stirred for 5 min. To the vial was then charged 2.3 mg (0.013 mmol) of Cu(OAc), and the
mixture was stirred an additional 5 min. The remaining reagents were then charged and the reaction
performed as described above.

General procedure for the branched-selective Cu(NHC) catalyzed reductive coupling
(Scheme 1.7).

To a 20 mL crimp-cap vial with stir-bar in an Ar-filled glove-box was charged 4.5 mg
(0.025 mmol) of Cu(OAC)2, 11.1 mg (0.0325 mmol) of SIMeseHCI, and 3.1 mg (0.028 mmol) of
KO'Bu. Toluene (1.0 mL) was then added, and the mixture was allowed to stir for 15 min. Allene
1.1 (0.121 g, 0.600 mmol) was then added, followed by the ketone (0.500 mmol), and the vial was
sealed with a crimp-cap septum and removed from the glove-box. Dimethoxymethylsilane (0.12
mL, 1.0 mmol) was then charged by syringe (caution: dimethoxymethylsilane should be handled
in a well-ventilated fume hood because it is known to cause blindness. Syringes were quenched
with 2M NaOH, gas evolution!, prior to disposal) at rt, and the mixture was then allowed to stir
for 24 h. The reaction was then quenched by the addition of 190 mg of NH4F and 2.5 mL of MeOH
followed by agitation at rt for 30 min — 1 h. To the mixture was then charged 10 mL of 5% NaHCO3
followed by extraction with CH2Cl> (2x5mL). The combined organics were dried with Na>SO4
and concentrated in vacuo. An aliquot of the crude mixture was analyzed by tHNMR spectroscopy
to determine the dr and the I/b ratio. The crude residue was then dry-loaded onto silica gel using
CHClI; and purified by flash chromatography on silica gel to afford the desired product.

iv.  Analytical data for the reductive coupling products

I Q (S)-3-((3S,4S-4-hydroxy-4-(4-methoxyphenyl)pent-1-en-3-yl)-4-
N\/Qo OMe

Ph phenyloxazolidin-2-one (1.4b): According to the branched-selective
\/YQ/ general procedure, the product was purified by silica gel
M ’,f)H chromatography (eluent: 0 — 30% EtOAcC in hexanes) to provide 129.1

mg (63%) of 1.4b in 87 wit% purity by quantitative *H NMR

1.4b
63% (94:5:1 dr) spectroscopy using dimethylfumarate as analytical standard as a white
88:12 b:l solid as a 95/5 mixture of diasteromers (allene rearrangement products

N-allyl and N-propenyl 4-phenyloxazolidin-2-one could not be removed by chromatography).
Analytically and diastereomerically pure material could be obtained by slurrying the material in
10 vol. of hot 10% EtOAc in hexanes followed by cooling to rt in 64% recovery of the major
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diastereomer. The recrystallized product had a melting point of 142.0 — 146.2°C The
stereochemistry was assigned by analogy to that of 1.4a. Ry = 0.09 (20% EtOAc/hexanes). *HNMR
(CDCl3, 600 MHz) 5: 7.39 (t, J = 7.5 Hz, 1H), 7.31 (t, J = 7.8 Hz, 2H), 7.04 (d, J = 8.5 Hz, 2H),
6.86 (d, J= 7.4 Hz, 2H), 6.79 (d, J = 8.9 Hz, 2H), 6.52 (br s, 1H), 6.20 (dt, J = 17 Hz, J = 10 Hz,
1H), 5.48 (dd, J = 10 Hz, J = 1.1 Hz, 1H), 5.20 (d, J = 17 Hz, 1H), 4.68 (t, J = 9.3 Hz, 1H), 4.45
(t, J =8.9 Hz, 1H), 3.98 (dd, J = 9.4 Hz, J = 9.0 Hz, 1H), 3.85 (s, 3H), 3.35 (d, J = 9.5 Hz, 1H),
1.32 (s, 3H) ppm. *°C NMR (151 MHz, CDCls): § 159.9, 158.2, 138.1, 135.4, 130.9, 129.4, 129.1,
128.6,126.3,121.0, 113.2, 75.17, 70.77, 68.09, 61.67, 55.31, 29.27. HRMS (DART) m/z calcd for
C21H22NO3 [M — OH]": 336.1600; Found [M — OH]*: 336.1632.

0

Ph,(N 0 (S)-3-((3S,4S-4-hydroxy-(4-furan-2-yl)pent-1-en-3-yl)-4-
B J \ phenyloxazolidin-2-one (1.4g): According to the branched-selective general
\/YQ procedure, the product was purified by silica gel chromatography (eluent: 0 —
Me' OH 30% EtOAcC in hexanes) to provide 148.7 mg (78%) of 1.4g in 82.5 wt% purity
1.4¢g by quantitative 'H NMR spectroscopy using dimethylfumarate as analytical
85%9((5?2:;? dr)  standard as a white solid as a 98/2 mixture of diasteromers (allene
o rearrangement products N-allyl and N-propenyl 4-phenyloxazolidin-2-one
could not be removed by chromatography). Analytically and diastereomerically pure material
could be obtained by slurrying the material in 10 vol. of hot 10% EtOAc in hexanes followed by
cooling to rt in 70% recovery of the major diastereomer. The recrystallized product had a melting
point of 125.3 — 129.4°C. The stereochemistry was assigned by analogy to that of 1.4a. Rf = 0.29
(25% EtOAc/hexanes). tHNMR (CDCls, 600 MHz) §: 7.28-7.48 (m, 4H), 7.25 (s, 1H), 6.88 (d, J
= 6.9 Hz, 2H), 6.81 (s, 1H), 6.37 (dd, J = 17 Hz, J = 2.8 Hz, 2H), 6.19 (dt, J = 17 Hz, J = 9.8 Hz,
1H), 5.47 (d, J = 10 Hz, 1H), 5.18 (d, J = 17 Hz, 1H), 4.70 (t, J = 10 Hz, 1H), 4.54 (t, J = 9.0 Hz,
1H), 4.04 (t, J = 9.2 Hz, 1H), 3.35 (d, J = 9.8 Hz, 1H), 1.34 (d, J = 0.9 Hz, 3H) ppm. C NMR
(151 MHz, CDCl3): 6 158.3, 140.9, 135.8, 129.9, 129.5, 129.1, 128.2, 121.6, 110.5, 105.7, 121.1,
73.1, 71.2, 66.73, 61.83, 26.11. HRMS (DART) m/z calcd for C1gH1sNO4[M + H]*: 314.1392;

Found [M + H]*: 314.1392.

o} (S)-3-((3S,4S-4-hydroxy-4-(5-methylthiophen-2-yl)pent-1-en-3-yl)-
Ph’g)io 4-phenyloxazolidin-2-one (1.4h): According to the branched-selective
W@ general procedure employing IMeseHCI as ligand, the product was
2 S Me " purified by silica gel chromatography (eluent: 0 — 40% EtOAc in

Me OH hexanes) to provide 165.2 mg (83%) of 1.4h in 86 wt% purity by
1.4h? quantitative 'H NMR spectroscopy using dimethylfumarate as analytical

83% (96:4 dr) standard as a white solid as a 96/4 mixture of diasteromers (allene
92:8 brl rearrangement products N-allyl and N-propenyl 4-phenyloxazolidin-2-

one could not be removed by chromatography). Analytically and diastereomerically pure material
could be obtained by slurrying the material in 10 vol. of hot 10% EtOAc in hexanes followed by
cooling to rt in 40% recovery of the major diastereomer. The recrystallized product had a melting
point of 100.0 — 103.1°C.The stereochemistry was assigned by analogy to that of syn-b-12a. Rs =
0.18 (20% EtOAc/hexanes). *HNMR (CDCls, 600 MHz) §: 7.43 — 7.34 (m, 1H), 7.29 (t, J = 7.7
Hz, 2H), 6.88 (d, J = 7.6 Hz, 2H), 6.79 (br s, 1H), 6.59 (dd, J = 2.3 Hz, J = 1.0 Hz, 1H), 6.41 (d,
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J=3Hz, 1H), 6.18 (dt, J = 17 Hz, J = 9.8 Hz, 1H), 5.45 (d, J = 10 Hz, 1H), 5.19 (d, J =17 Hz,
1H), 4.70 (dd, J = 9.1 Hz, J = 8.9 Hz, 1H), 4.53 (t, J = 9.0 Hz, 1H), 4.08 (dd, J=9.0 Hz, J=8.9
Hz, 1H), 3.26 (d, J = 10 Hz, 1H), 2.47 (s, 3H), 1.40 (s, 3H) ppm. 13C NMR (151 MHz, CDCls): §
160.2, 148.5, 137.8, 135.8, 130.6, 129.3, 129.0, 128.3, 124.9, 122.8, 121.3, 74.64, 71.14, 68.99,
61.74, 29.67, 15.34. HRMS (DART) m/z calcd for C1oH20NO2S [M — OH]*: 326.1215; Found [M
— OHJ*: 326.1237.

o} (S)-3-((3S,4S-4-hydroxy-4-(4-methylphenyl)pent-1-en-3-yl)-4-
Ph’gko Me phenyloxazolidin-2-one (1.4i): According to the branched-selective
; general procedure, the product was purified by silica gel chromatography
\/>,_/©/ (eluent: 0 — 30% EtOAc in hexanes) to provide 134.8 mg (58%) of 1.4i
md OH in 73 wt% purity by quantitative H NMR spectroscopy using

1.4i dimethylfumarate as analytical standard as a white solid as a 92/8 mixture

62% (91:7:2 dr)

9010 b of diasteromers (allene rearrangement products N-allyl and N-propeny!l 4-

phenyloxazolidin-2-one could not be removed by chromatography).
Analytically pure material could be obtained by slurrying the material in 10 vol. of hot 10% EtOAc
in hexanes followed by cooling to rt in 20% recovery of the major diastereomer. The recrystallized
product had a melting point of 115.3 — 116.6°C. The stereochemistry was assigned by analogy to
that of 1.4a. Rs = 0.28 (25% EtOAc/hexanes). tHNMR (CDCls, 600 MHz) §: 7.39 (d, J = 7.3 Hz,
1H), 7.30 (t, J = 7.6 Hz, 2H), 7.07 (d, J = 7.9 Hz, 2H), 7.01 (d, J = 7.9 Hz, 2H), 6.84 (d, J = 7.6
Hz, 2H), 6.48 (br s, 1H), 6.20 (dt, J = 17 Hz, J = 9.8 Hz, 1H), 5.48 (dd, J = 10 Hz, J = 1.4 Hz,
1H), 5.20 (dd, J = 17 Hz, J = 1.4 Hz, 1H), 4.68 (t, J = 9.2 Hz, 1H), 4.44 (t, J = 8.9 Hz, 1H), 3.97
(dd, J = 9.4 Hz, J = 8.9 Hz, 1H), 3.38 (d, J = 9.6 Hz, 1H), 2.39 (s, 3H), 1.33 (s, 3H) ppm. *C
NMR (151 MHz, CDCls): 6 160.1, 143.1, 136.1, 135.6, 131.0, 129.5, 129.2, 128.8, 128.7, 125.3,
121.2, 75.50, 70.93, 68.21, 61.82, 29.42, 21.24.

o (S)-3-((3S,4S)-4-(benzo[d][1,3]dioxol-5-y)-4-hydroxypent-1-
Ik 0\ en-3-yl)-4-phenyloxazolidin-2-one (1.4j): According to the branched-
selective general procedure, the product was purified by silica gel

chromatography (eluent: 0 — 30% EtOAc in hexanes) to provide 155.3 mg

M “oH (70%) of 1.4j in 83 wt% purity by quantitative *H NMR spectroscopy using
1.4j dimethylfumarate as analytical standard as a white solid as a 85/15 mixture

66% (75:13:12dr)  of diasteromers (allene rearrangement products N-allyl and N-propenyl 4-
83:17 bl phenyloxazolidin-2-one could not be removed by chromatography).

Analytically pure material could be obtained by slurrying the material in 10 vol. of hot 10% EtOAc
in hexanes followed by cooling to rt in 70% recovery of the major diastereomer. The recrystallized
product had a melting point of 159.2 - 166.1°C. The stereochemistry was assigned by analogy to
that of 1.4a. R = 0.12 (25% EtOAc/hexanes). tHNMR (CDCls, 600 MHz) &: 7.44-7.38 (m, 2H),
7.35(t, J = 7.6 Hz, 2H), 6.92 (dd, J = 7.4 Hz, J = 1.2 Hz, 2H), 6.70 (d, J = 8.2 Hz, 1H), 6.63 (d,
J=7.9 Hz, 1H), 6.59 (br s, 1H), 6.52 (br s, 1H), 6.20 (dt, J = 17 Hz, J = 9.8 Hz, 1H), 5.99 (dd, J
=25 Hz, J = 0.8 Hz, 2H), 5.49 (dd, J = 10 Hz, J = 0.5 Hz, 1H), 5.21 (dd, J = 17 Hz, J = 0.9 Hz,
1H), 4.68 (t, J = 9.3 Hz, 1H), 4.49 (t, J = 8.9 Hz, 1H), 4.05 (dd, J = 9.2 Hz, J = 9.2 Hz, 1H), 3.30
(d, J=9.6 Hz, 1H), 1.30 (s, 3H) ppm. *C NMR (151 MHz, CDCls): § 160.1, 147.3, 146.3, 140.3,
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135.4, 130.9, 129.7, 129.2, 128.8, 121.3, 118.5, 107.8, 106.5, 101.1, 75.52, 70.94, 68.22, 61.92,
29.59 ppm.

0
Ph,[ )so (S)-3-((3S,4S)-4-hydroxy-4-phenylhex-1-en-3-yl)-4-phenyloxazolidin-2-one
E (1.4k): According to the branched-selective general procedure, the product was
th purified by silica gel chromatography (eluent: 0 — 30% EtOAc in hexanes) to
Ef’ OH provide 104 mg (61%) of 1.4k in 99 wt% purity by quantitative *H NMR
1.4k spectroscopy using dimethylfumarate as analytical standard as a white solid as a
70% (95:4:1.dr) - 97/3 mixture of diasteromers (allene rearrangement products N-allyl and N-
92:8 bl o

propenyl 4-phenyloxazolidin-2-one could not be removed by chromatography).
Analytically pure material could be obtained by slurrying the material in 10 vol. of hot 10% EtOAc
in hexanes followed by cooling to rt in 17% recovery of the major diastereomer. The recrystallized
product had a melting point of 123.0 — 125.1°C. The stereochemistry was assigned by analogy to
that of 1.4a. Ry = 0.24 (25% EtOAc/hexanes). *HNMR (CDCls, 600 MHz) &: 7.40 (tt, J = 7.7 Hz,
J=1.4Hz, 1H), 7.33 (t, J = 7.9 Hz, 2H), 7.23 - 7.28 (m, 3H), 7.07 (br s, 1H), 6.87 (d, J = 7.4 Hz,
2H), 6.42 (br s, 1H), 6.17 (dt, J = 17 Hz, J = 9.8 Hz, 1H), 5.47 (dd, J = 10 Hz, J = 1.4 Hz, 1H),
5.21 (dd, J =17 Hz, J = 1.0 Hz, 1H), 4.69 (t, J = 9.2 Hz, 1H), 4.41 (t, J = 8.9 Hz, 1H), 3.96 (dd,
J=9.2Hz,J=8.9Hz 1H), 3.42 (d, J = 9.6 Hz, 1H), 1.85 (sextet, J = 7.3 Hz, 1H), 1.43 (m, 1H),
0.54 (t, J = 7.3 Hz, 3H) ppm. 3C NMR (151 MHz, CDCls): § 159.9, 143.3, 135.4, 131.0, 129.4,

129.0, 128.8, 127.9, 126.4, 125.9, 121.0, 77.90, 70.64, 68.08, 61.50, 33.63, 7.49.

(S,2)-3-((3-(1-hydroxycyclohexyl)prop-1-en-1-yl)-4-phenyloxazolidin-
_ 2-one (1.3v): According to the branched-selective general procedure
OH

employing IMeseHCI as ligand, the product was purified by silica gel

O>(NA7»Ph chromatography (eluent: 20 — 60% EtOAc in hexanes) to provide 120.3 mg
o} (80%) of 1.3v as a thick wax. Rr = 0.17 (40% EtOAc/hexanes). HNMR
1.3ve (CDCls, 600 MHz) 6: 7.33-7.43 (m, 3H), 7.26 (d, J = 4.3 Hz, 2H), 5.89 (d,

80% J=8.9 Hz, 1H), 5.27 (dt, J = 16 Hz, J = 8.1 Hz, 1H), 5.09 (dd, J = 8.8 Hz,

11:89 bl J=6.2 Hz, 1H), 4.69 (t, J=8.8 Hz, 1H), 4.17 (dd, J = 8.8 Hz, J = 6.1 Hz,

1H), 2.23 (br s, 1H), 2.20 (d, J = 7.9 Hz, 2H), 1.48 — 1.65 (m, 5H), 1.37 — 1.46 (m, 2H), 1.30 —
1.37 (m, 2H), 1.18 — 1.27 (m, 1H) ppm. *C NMR (151 MHz, CDCls): § 156.8, 138.3, 129.5, 129.2,
126.6, 123.3, 119.6, 70.82, 70.29, 61.50, 38.23, 37.66, 25.93, 22.36, 22.34. HRMS (DART) m/z
calcd for C1gH24NO3 [M + H]*: 302.1756; Found [M + H]*: 302.1768.

v.  Linear selective Fused Phenyl allene Procedures

General procedure for the enantioselective linear selective Cu-catalyzed reductive coupling.

To a 20 mL crimp-cap vial with stir-bar in an Ar-filled glove-box was charged 2.2 mg
(0.0125 mmol) of Cu(OAc)2 and 0.5 mL of toluene. Ligand was then added (0.016 mmol), and the
mixture was stirred for 10 min. Allene 1.6 (52.0 mg, 0.300 mmol) was then added, followed by
acetophenone 1.2a (29.2 uL, 0.250 mmol), and the vial was sealed with a crimp-cap septum and
removed from the glove-box. The reaction was then cooled in an ice bath, and
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dimethoxymethylsilane (0.061 mL, 0.500 mmol) was charged by syringe (caution:
dimethoxymethylsilane should be handled in a well-ventilated fume hood because it is known to
cause blindness. Syringes were quenched with 2M NaOH, gas evolution!, prior to disposal). The
mixture was then allowed to warm to rt and stirred for 24 h. The reaction was then quenched by
the addition of 95 mg of NH4F and 2.5 mL of MeOH followed by agitation at rt for 30 min — 1 h.
To the mixture was then charged 10 mL of 5% NaHCO3 followed by extraction with CH2Cl»
(2x5mL). The combined organics were dried with Na,SO4 and concentrated in vacuo. An aliquot
of the crude mixture was analyzed by *HNMR spectroscopy to determine the the I/b ratio. The
crude residue was then purified by flash chromatography on silica gel to afford the isolated
product. The enantioselectivity of the ligand was determined by chiral HPLC on the isolated
product.

General procedure for the development of the enantioselective linear selective Cu-catalyzed
reductive coupling with CFs-ketones.

To a 20 mL crimp-cap vial with stir-bar in an Ar-filled glove-box was charged 2.2 mg
(0.0125mmol) of Cu(OAc)2 and 0.5 mL of toluene. Ligand was then added (0.016 mmol), and the
mixture was stirred for 10 min. Allene 1.6 (52.0 mg, 0.300 mmol) was then added, followed by
trifluoromethyl phenyl ketone 1.5 (35.1 uL, 0.250 mmol), and the vial was sealed with a crimp-
cap septum and removed from the glove-box. The reaction was then cooled in an ice bath, and
dimethoxymethylsilane (0.061 mL, 0.500 mmol) was charged by syringe (caution:
dimethoxymethylsilane should be handled in a well-ventilated fume hood because it is known to
cause blindness. Syringes were quenched with 2M NaOH, gas evolution!, prior to disposal). The
mixture was then allowed to warm to rt and stirred for 24 h. The reaction was then quenched by
the addition of 95 mg of NH4F and 2.5 mL of MeOH followed by agitation at rt for 30 min — 1 h.
To the mixture was then charged 10 mL of 5% NaHCO3 followed by extraction with CH2Cl>
(2x5mL). The combined organics were dried with Na.SO4 and concentrated in vacuo. An aliquot
of the crude mixture was analyzed by *HNMR spectroscopy to determine the the I/b ratio. The
crude residue was then purified by flash chromatography on silica gel to afford the isolated
product. The enantioselectivity of the ligand was determined by chiral HPLC on the isolated
product.

vi.  Analytical data for the fused phenyl allene products

3-(prop-2-yn-1-yl)benzo[d]oxazol-2(3H)-one (Alkyne): Prepared according to the
i literature.™ To a flame-dried rbf, was added 2-benzoxazolidinone (37.0mmol, 5.0g),
o N propargy! bromide (1.3eq, 5.36mL), and K,COs (1.5eq, 7.67g) under inert atmosphere.
_ \\\ The reagents were then dissolved in 90mL acetone, and refluxed overnight. The product
< > was then extracted with EtOAc and the resulting organic layers were washed with water.
\// The combined organic layers were dried over Na2SO., concentrated to afford 5.60g of
the crude alkyne in 88% vyield. The crude alkyne was used directly in the next step to

form the allene.
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(0] 3-(propa-1,2-dien-1-yl)benzo[d]oxazol-2(3H)-one (1.6): In a flame-dried rbf, the alkyne

)k (18.9mmol, 3.27g) and 40mL anhydrous THF were added with stirring. To the rbf was

O N«\. then charged KO'Bu (0.3 eq, 636.1mg), and the reaction was allowed to stir at 65°C

N overnight. At the end of the recation period, the reaction mixture was allowed to cool to

room temperature, diluted with MTBE, and filtered through celite, and concentrated to

1.6 afford a crude solid. The allene was isolated via column chromatography (0-10%

’ EtOAc/Hexanes) to afford 2.01g as a white solid in a 61.4% yield. *HNMR (600MHz,

CDCls): 7.48-7.45 (m, 1H), 7.23-7.21 (m, 1H), 7.17-7.15 (m, 2H), 7.10 (t, J = 6.7 Hz, 1H), 5.70 (d, J = 6.7
Hz, 2H) ppm.

Me, OH (S,2)-3-(4-hydroxy-4-phenylpent-1-en-1-yl)benzo[d]oxazol-2(3H)-one  (1.7):

= < Isolated via column chromatography (0-20% EtOAc/Hexanes) to afford the

product as a clear oil. *HNMR (600MHz, CDCls): 7.46 (d, J = 7.6Hz, 2H), 7.23

ON\N (t, J=7.5Hz, 2H), 7.24-7.21 (m, 2H), 7.18-7.15 (m, 2H), 6.88-6.86 (m, 1H), 6.18

O@ 1.7 (d, J=8.3 Hz, 1H), 5.78 (9, J = 7.8Hz, 1H), 3.1 (br s, 1H), 2.71 (ddd, J = 7.79,
J=24,J=1.2Hz, 2H), 1.60 (s, 3H) ppm.

Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 95/5, flow rate = 1.0
ml/min, A = 220nm) tR = 22.8 (major), 25.4 (minor):

Racemate:
mal Wax Intensity : 281,720
J220nm.4nm Time 23.383 Inten. -22.435
200
150
100
50-]
]
50
19.0 20.0 210 220 230 240 250 26.0 270 28.0 29.0 min
Ret. Time Areal Height Conc.
22827 K414 210440 0.000
25440 45 586 178385 0.000
100.000 188825 0.000
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(S,2)-3-(5,5,5-trifluoro-4-hydroxy-4-phenylpent-1-en-1-yl)benzo[d]oxazol-2(3H)-one (1.8): Isolated via
column chromatography (0-40% EtOAc/Hexanes). White solid, R=0.38 (25%

FsC. OH

1.8

EtOAc/Hexanes). *HNMR (600 MHz, CDCls): 7.67 (d, J = 7.9 Hz, 2H, 7.43 (t,
J=7.2Hz, 2H), 7.38 (t, J = 7.2 Hz, 1H), 7.29-7.26 (m, 1H), 7.22 (dd, J = 5.0 Hz,
J = 4.2Hz, 2H), 6.98-6.95 (m, 1H), 6.18 (ddd, J = 8.9 Hz, J =1.2 Hz, J =0.8 Hz,
1H), 5.50-5.45 (m, 2H), 3.17 (dd, J = 14.5 Hz, J = 10.8 Hz, 1H), 2.98 (ddd, J =
15.1 Hz, J=5.2 Hz, J = 1.6 Hz, 1H) ppm. **FNMR (CDCls): -80.17 ppm.

Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 80/20, flow rate = 1.0
ml/min, A = 220nm) tR = 6.11 (major), 9.34 (minor):

Racemate:
mAl Max Intensity : 584 916
J220nm.4nm Time 7.018 Inten. 1.529
750
5004
2504
0 T ok ,1\ &
_o50 ]
55 50 65 70 75 30 55 20 95 min
Ret. Time Areall Height Conc.
6.115 50.562 h82456 0.000
5341 49438 379554 0.000
100.000 962011 0.000

Asymmetric Reaction, using L9 ((S)-tBu-TADDOL-P((R)-2-Me-Piperidine):

mall

Max Intensity : 1,418,823

J220nm.4nm

3uuné
zsuné
20005
1500

10004

5004
.
] e

Tme 7.717 Inten.

-241.335|

T

-500

6.0 8.5 7.0 75 2.0 85 9.0
Ret. Time Area’ Height Conc.
6.102 34 832 1070924 0.000
5272 65.168 1295512 0.000
100.000 2366836 0.000

T
55 min

41



CHAPTER 2

Borylative Aminoalcohol Synthesis by Enantioselective Cu-Catalyzed Reductive Coupling
of Alleneamides andand Aldehydes
I. Introduction

Important biologically active organic compounds, including natural products and pharmaceuticals,
often contain multiple oxygen and nitrogen heteroatoms within their carbon framework.*° Furthermore,
the chiral 1,2-aminoalcohol motif is a ubiquitous and significant scaffold often present in these bioactive
natural products and APIs.>" As a result, asymmetric installation of these functional group pairs while
installing additional functionality for subsequent diversification has been an important endeavor in organic
synthesis.®1° However, their mismatched electronics and classification as dissonant functional group pairs
make accessing these scaffolds via traditional methods difficult (See Chapter 1, Background,
Consonant/Dissonant Theory).? For this reason, alternative methods utilizing umpolung®  a.y-
aminoanions!%-14 and radicals®® (See Chapter 1, Background, Umpolung) to generate these scaffolds
have been a hot area of study for organic chemists. Of these methods, reductive coupling reactions (See
Chapter 1, Background, Reductive Coupling) have been extensively developed as efficient synthetic
methods for the formation of these respective umpolung carbon-carbon bonds.'> Towards this end, we
developed a strategy based on the Cu-catalyzed enantioselective borylative aminoallylation of aldehydes
using an N-substituted allene (alleneamide) 2.1 to access boryl-substituted 1,2-aminoalcohol intermediates
2.3 for diversification to chiral heteroatom-rich organic compounds. The reported reaction, Scheme 2.1,
provides access to a variety of highly functionalized chiral 1,2-aminoalcohol products from the same readily

available starting materials with high enantioselectivity (>95:5 er).
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Scheme 2.11. Overall reaction development of the Cu-catalyzed borylative aminoallylation.

Phthalimide _~NH;
AcOH = NPhth cleavage /I
,,,,,,,,,,,,,,, -
/RE,LOH R” YOH
PSS
o 2.4 2.5
2.2 \)_(/
(0] CuCl, ligand,
NaOtBu, B,pin, o. 0o H,0, o B-Aldol oH Q
N\ B — et NPhth
AN MTBE/THF N ?
o) 0 R” YOH R.) R” YOH
2.1 R” YOH 2.6 2.8
2.3 Suzuki ar Hydroboration Ar
— > }INPhth . HO\)*INPhth
R” YOH R” YOH
2.7 2.9

Il. Background

A. Review of Reductive Coupling and Reductant Source

As covered in Chapter 1, Background, reductive coupling reactions have been extensively studied
as methods to form C-C bonds between two electrophilic fragments and thereby require a stoichiometric
reductant to turn over the catalyst.’? In our previous work, including all projects in Chapter 1, silane was

used as the reductant to affect coupling processes catalyzed by Cu(hydride) (Scheme 2.2A).

Scheme 2.12. Effect of reductant source on product generation.

Silane as Reductant

Cu-H A
RN\, i Cu\)\ R™™o NR,
N 1e [Si]-H NR
2.10 2.1 2 R™ TOI[SI] Protonation /\/’L 2
212 T
(" R OH
Boronate as Reductant 2.4
+ + :
Cu-Bpi N 0._.0 NR
RN, u-Bpin O\B/O R™ ™0 g | < 77777777 o] . 2
N Cu X NR; R”YOH
210 2.6
NR; R YOH Ar
o 0 213 23 Suzuki NR;
j[ i S -
c 0 R”YOH
B,pin, 2.7

217
Alternatively, we proposed that analogous reactions may be performed employing a boronate

reductant as well through catalysis by a Cu-B(pin) catalyst generated from B(pin). by oxygen-boron
exchange'®® (Scheme 2.2B). Mechanistically, borylcupration* of the least hindered olefin of the allene
leads to the analogous boryl Cu(allyl) complex 2.13 that may generate the branched vinyl boronate

intermediate 2.3 after reaction with a carbonyl electrophile. The value in this approach stems from the
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variety of synthetic transformations available to the C-B bond for advanced diversification of intermediate
2.3 to a variety of different chiral scaffolds (e.g., 2.4, 2.6, 2.7) from the same building blocks. Furthermore,
the use of aldehydes is not typically supported by Cu-catalysis utilizing a hydride reductant source, due to
CuH’s preference for reducing the highly reactive aldehyde.#614” This aldehyde reduction can be avoided
via the use of Bopinzas the reductant source, as CuBpin is much larger than CuH, making it slower to react.

Scheme 2.13. Borylcupration of C-based allenes as demonstrated by Hoveyda.
Hoveyda, 2013:

- OHBpin -OHO
R . TBSO/\/\\_ [CulBpin-cat  pp, [O] Ph
Ph™ 0O 214 N 22°C,8hours
R: H or Me 215 51Bs 216 51ps

Previously, Hoveyda has reported a method coupling carbon-substituted allenes with aldehydes,
using a Cu(l) catalyst and Bz(pin)2, Scheme 2.3.14¢ This work generated the borylative branched product
2.15 selectively, which they then oxidized to the methyl ketone 2.16 via NaBO3-4H,O. We envisioned
being able to apply a similar method using N-substituted allenes.

B. Rationale behind choice of alleneamide

With current methods allowing for generation of substituted allylic organometallic reagents in a
catalytic fashion from unsaturated hydrocarbons,21547-49149 catalytic asymmetric access to the allylic 1,2-
aminoalcohol motif through reductive coupling methods have recently emerged, Scheme 2.4 8486107138150

154

Krische’s group® has recently applied their pioneering hydrogen autotransfer technique for the

coupling of phthalimido-allene 2.1 and primary | Scheme 2.14. Previous work in reductive aminoallylation utilizing
a hydride reductant source.

aliphatic alcohols to afford the anti- Ir-catalyzed reductive aldehyde/allenimide coupling (Krische)
(R)-Hg-BINAP-Ir-cat NPhth
. . . OH (5 mol %)
PhthNTY, WMo A o R!
aminoalcohol precursor 2.4, with high R1) + "\ KH,PO,, THF \/'\/
21 100 °C, 48h OH
enantioselectivities, using Ir-catalysis. While . . 25
Cu-Catalyzed reductive ketone/allenamide coupling (Sieber)
o]
o) 0
hese meth r ful, the development of an 5 mol % Cu(OAc),
these methods are useful, the development of a JOL I « 6mol% Walphoss (N/\QO
_ R Srz+ QN /\-\ (MeO)MeSH . - _R!
analogous method using cheaper, more N toluene, rt, 24 h o
2.18 then NH,F R2 OH
abundant Cu in place of costly Ir, as well as 2.19
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methods utilizing commercially available aromatic and aliphatic aldehydes would be desirable for accessing
these dissonant motifs.

Additionally, our group reported a Cu-catalyzed enantioselective®™ method using ketone
electrophiles with allenamide 2.18 to produce syn-aminoalcohol surrogate 2.19 and have also demonstrated
this process under chiral auxiliary control 8107138150 The chiral auxiliary used was cheap, but not atom
economical — as stoichiometric chiral material had to be carried through the reaction. The enantioselective
method suffered from difficult cleavage of the carbamate group and an undesired rearrangement product
leading to reduced enantioselectivities for some ketones. We aimed to resolve this issue by employing the
achiral phthalimide scaffold 2.1 that was not compatible with Cu(hydride) catalyzed reductive coupling
reactions due to partial reduction of the phthalimide moiety and represents a readily cleavable N-protective
group.

I11. Development of Enantioselective Borylative Aminoallylation

A. Research Plan

During the course of our development of the Cu-catalyzed asymmetric reductive coupling reactions
of ketones and allenamides utilizing silane reductants (Chapter 1),84107.138.150.151 we reasoned that application
of a diboron reagent as the reductant (e.g. B2(pin)2) in these reactions may offer significant benefits in the
ability to access heteroatom-rich organic scaffolds.4815 We reasoned that borylcupration of 2.1 should be
a viable pathway to access the bifunctional nucleophilic a,y-aminoanion 2.20, ultimately leading to boryl-

substituted aminoalcohol intermediate 2.3 in a straightforward manner, as laid out in Scheme 2.5.

Scheme 2.15. Borylative reductive aminoallylation research plan.
This work: Cu-catalyzed borylative reductive aminoallylation

cat. Cu(OAc),/L* NPhth

PhthN—, zz(gt;)j Lcu” N%th]_> _R

24 O R N0 sz(gin) (pin)B.  OH
2.2 bifunctional nucleophile i 23

handle for increased diversification

45



Due to the wide array of transformations that can be imparted on the C-B bond****° to access a
variety of functionalities, 2.3 represents a highly valuable intermediate for asymmetric synthesis of complex
1,2-aminoalcohol containing chiral scaffolds.

Inspired by the work of Hoveyda'*® and Krische®, the achiral phthalimide-derived alleneamide 2.1
was sought as a solution for the enantioselective reductive coupling reactions, as it can be easily cleaved
and does not pose the threat of rearrangement, unlike previous efforts.™>* The choice of Ba(pin). as the
reductant allows for the use of aldehydes as the coupling partner, as well as the ability to access a multitude
of different products via the vinyl-boronate intermediates generated.

Herein, we report the development of a borylative Cu-catalyzed reductive coupling method of
phthalimido-allene 2.1 with aldehydes 2.2 that provides access to a wide set of uniquely diversified
dissonant chiral 1,2-aminoalcohol motif-containing products in an enantioselective fashion.

B. Overall Reaction Development

Investigation into this proposed novel reductive coupling of phthalimido-allene 2.1 with p-
anisaldehyde 2.2a was initially optimized through a study of ligand and solvent effects, as well as
investigation into various bases, additives, and diboronate reductants (e.g., Bapinz, B2egz, B2pgz, B2neo,).
B(pin)2, B2(e)2, B2(pg)2, B2(neo),; Tables 2.1 — 2.5). In order to compare the results of each of these
optimization efforts, the vinyl boronate intermediate 2.3a was protonated by treatment with AcOH to
generate the quintessential branched 1,2-aminoalcohol product 2.4a.

The ligand effect was first investigated (Table 2.1). A series of various commercially available
chiral bis(phosphine) ligands were evaluated in the reaction. BINAP and Segphos-type ligands (entries 2,
3, and 4) generated the desired product 2.4a with high diastereocontrol, however, with poor
enantioselectivity. N-Heterocyclic carbene (NHC) ligands (entries 5, 6, and 7) were not successful in
generating the product, with yields below 10%. Josiphos-type ligands (entries 12, 13, and 14) generated the

desired product in varying yields and diastereoselectivities, albeit with moderate enantioselectivities. (R,R)-
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PhBPE (entry 15) was identified as the optimal ligand for this transformation among those tested, in terms

of diastereocontrol, as well as enantioselectivity.

Table 2.6. Cu-catalyzed borylative aminoallylation ligand optimization.

X NPhth NPhth
j et T k‘/bPMP AOH L _pup
PMP 5 mol % CuCl _ = z
6 mol % ligand |(pin)B OH OH
2.2a B, (pin),, NaO'Bu 2.3a 2.4a
Entry Ligand Equiv NaO'Bu % Yield of 2.4al’l Dr of 2.4al’ Er of 2.4al

1 Dcpe 1 22 70:30 50:50
2 (R)-BINAP 1 39 97:3 38:62
3 (R)-SegPhos 1 53 99:1 23:77
4 (R)-DM-SegPhos 1 47 95:5 28:72
5 IMes 1 -- --

6 SIMes 0.25 eq, KOtBu 5 -- --

7 SIPr 0.25 eq, KOtBu 8 -- --

8 DuanPhos 1 36 89:11 27:73
9 QuinoxP 1 9 99:1 --
10 Methyl DuPhos 1 18 63:37 n.d.
11 Ethyl DuPhos 1 17 66:34 22:78
12 J-9 1 9 58:42 -
13 J-7 1 33 67:33 19:81
14 J-6 1 55 86:14 20:80
15 (R,R)-PhBPE 1 53 99:1 93:7

lAAldehyde 2.2a (0.100 mmol, 1 equiv), allene 2.1 (0.105 mmol, 1.05 equiv), CuCl (5 mol %), ligand (6 mol %), NaO'Bu
(0.100 mmol, 1 equiv), B2(pin)2 (0.110 mmol, 1.1 equiv), in 0.6 mL of THF. PIDetermined by 'HNMR spectroscopy on the
unpurified reaction mixture using dimethylfumarate as standard [c] Enantioselectivity determined by chiral HPLC.

S}
- CC o o ue
. j PPh, PRa NN
P P PPh, PR, e o e
U= O we me

IMeseHCI
dcpe (R)-BINAP (R)-SEGPHOS R =Ph
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W “tgy Me Me Me
I 1By P SIMeseHCI
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RLP  Fe Y °

LD Me Ph
< SIPreHCI
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J-6 R'=3,5(CF;3),-Ph, R? = Cy
J-7 R'=35-(Me),-4-OMe-Ph, R?=Cy
J-9 R'=Cy, R2='Bu

Ph
(R,R)-Ph-BPE
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The temperature of reaction was next examined (Table 2.2) by running the standard reaction with
the same conditions at room temperature (22), 40, and 60 °C. As the temperature of reaction increased, a
notable decrease in the yield was observed, as well as a more mild decrease in enantioselectivity (compare
entries 2 and 3 with entry 1). With this observation, the optimal reaction temperature was determined to be

room temperature (22°C).

Table 2.7. Cu-catalyzed borylative aminoallylation reaction temperature optimization. !

PhthN&'% NPhth AcOH NPhth
j 21 . _PMP © s pup
PMP 6 mol LEO(II%JRC);-%?BPE (pin)8  OH OH
2.2a B, (pin),, NaO'Bu 2.3a 2.42a
Entry Temp. (°C) % Yield of 2.4al! Dr of 2.4al"! Er of 2.4al%
1 22 53 99:1 92.5:7.5
2 40 40 99:1 91:9
3 60 38 98:2 87:13

lElAldehyde 2.2a (0.100 mmol, 1 equiv), allene 2.1 (0.105 mmol, 1.05 equiv), CuCl (5 mol %), (R,R)-Ph-BPE (6 mol %),
NaO'Bu (0.100 mmol, 1 equiv), Bz(pin)2 (0.110 mmol, 1.1 equiv), in 0.6 mL of THF. [lDetermined by *HNMR
spectroscopy on the unpurified reaction mixture using dimethylfumarate as standard. [] Enantioselectivity determined by
chiral HPLC.

The effect of the base was then investigated (Table 2.3). The initial amount evaluated was 20 mol%
of NaO'Bu, as gathered from literature.**® Several catalytic amounts of NaO'Bu, as well as stoichiometric
and excess amounts were evaluated. Excess equivalents of base were determined to lead to the
decomposition of reaction components (entries 6 and 7). The optimal yield and enantioselectivity was
obtained when using 1 equivalent of NaO'Bu.

The cation of the base was also investigated, to determine if there was a cation effect that could be
exploited. The use of 1 equiv of KO'Bu or LiO'Bu led to lower yields overall (entries 8 and 9), however,

LiO'Bu generated the product with equal — if not slightly better — enantioselectivity compared to NaO'Bu.
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Table 2.8. Cu-catalyzed borylative aminoallylation base optimization.!

N
o Ph”‘N;?'% NPhth AOH NPhth
J . \‘/k/ PMP \/k/ PMP

PMP 6 mc‘?| I5)2O('FZ"A%-LIID%IBPE (pin)B  OH OH

2.2a B,(pin),, NaOBu 2.3a 2.4a
Entry NaO'Bu equiv % Yield of 2.4al" Dr of 2.4al’ Er of 2.4al%

1 0.04 10 95:5

2 0.2 37 95:5 89:11

3 0.5 475 99:1 83:17

4 0.75 47.1 99:1 95:5

5 1.0 53 99:1 92.5:7.5

6 2 Decomp. --

7 4 Decomp. --

8 1 equiv KO'Bu 22 99:1 83:17

9 1 equiv LiO'Bu 25 99:1 97:3

lElAldehyde 2.2a (0.100 mmol, 1 equiv), allene 2.1 (0.105 mmol, 1.05 equiv), CuCl (5 mol %), (R,R)-Ph-BPE (6 mol %),
NaO'Bu, Bz(pin)2 (0.110 mmol, 1.1 equiv), in 0.6 mL of THF. PlDetermined by HNMR spectroscopy on the unpurified
reaction mixture using dimethylfumarate as standard. [ Enantioselectivity determined by chiral HPLC.

The next aspect of the reaction to be evaluated was the solvent (Table 2.4). The analysis of the
reaction solvent demonstrated that the diastereoselectivity was not affected by solvent, as all generated the
branched product 2.4a with 99:1 diastereoselectivity. It can be assumed that the effect of the ligand on
diastereoselectivity outweighs the effect of the solvent in this case. Polar solvents, including ACN (entry
1), DMF (entry 2), and DCM (entry 3), generated the desired product in poor yields and with poor
enantiocontrol. THF (entry 5) gave the highest yield overall. The additional non-polar methyl of MeTHF
(entry 6) did not lead to any beneficial effects. However, the enantioselectivity could be increased when
switching from THF to MTBE (entry 5 vs 8). As a result, it was determined that by performing the reaction
in a 1:1 mixture of MTBE:THF, both enantioselectivity and yield could be improved providing desired

product 2.4a in 75% yield with high stereoselectivity (entry 10).
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Table 2.9. Cu-catalyzed borylative aminoallylation solvent optimization.[®!

o PhthN;T\'% NPhth ACOH NPhth
J : - PMP | . Xy . PMP
PMP 6 mol [’ZO(II;{OR():-%%IBPE (pin)B  OH OH
2.2a B.(pin),, NaO'Bu 2.3a 24a
Entry Solvent Bzpinz equiv % Yield of 2.4al”! Dr of 2.4al’] Er of 2.4al"
1 ACN 2 7 99:1 N.D.
2 DMF 2 37 99:1 50:50
3 CHCl2 11 7 99:1 42:58
4 1,2-DME 2 51 99:1 89:11
5 THF 2 65 99:1 95:5
6 MeTHF 2 64 99:1 94:6
7 Dioxane 11 29 99:1 89:11
8 MTBE 2 54 99:1 97.5:2.5
9 Toluene 11 41 99:1 85:15
10 50/50 MTBE/THF 2 75 99:1 98:2
11 50/50 MTBE/MeTHF 11 66 99:1 97:3

ElAldehyde 2.2a (0.100 mmol, 1 equiv), allene 2.1 (0.105 mmol, 1.05 equiv), CuCl (5 mol %), (R,R)-Ph-BPE (6 mol
%), NaO'Bu (0.100 mmol, 1 equiv), Bz(pin)z, in 0.6 mL of solvent. PlDetermined by tHNMR spectroscopy on the
unpurified reaction mixture using dimethylfumarate as standard. [ Enantioselectivity determined by chiral HPLC.

Finally, the boronate was investigated (Table 2.5). Initial investigation began with 1.1 equivalents
of Ba(pin),, as obtained from literature methods.*® Increasing the boronate to 2 equivalents (entry 2), led
to an increase in the yield of 2.4a, as well as the enantioselectivity. Additional amounts of B,(pin), (entries
3 and 4) led to a significant loss in yield. Other boronate esters were examined; each led to a drastic

reduction in yield, as well as a reduction in diastereo- and enantioselectivity (entries 5-8).
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Table 2.10. Cu-catalyzed borylative aminoallylation boronate optimization.!

o PhthN;T'% NPhth ACOH NPhth

) ’ . PMP | \/V\/ PMP

PMP 6 mo) Ezo(lls{aRc):-Llj:’%lBPE (bin)B  OH OH
2.2a B,(pin)y, NaOBu 2.3a 2.4a
Entry Diboron (equiv) % Yield of 2.4al’! Dr of 2.4a "] Er of 2.4ald

1 Bz(pin)z (1.1) 53 99:1 92575
2 B2(pin)2 (2) 75 99:1 98:2
3 B2(pin)2 (3) 52 99:1 955
4 B2(pin)2 (4) 52 99:1 98:2
5 B2(pg)2 (2) 28 95:5 88:12
6 B2(neo)2 (2) 19 99:1 88.5:11.5
7 B2(eg)2 (2) 24 88:12 -
8 B2(cat)2 (2) 20 97:3 -

l{lAldehyde 2.2a (0.100 mmol, 1 equiv), allene 2.1 (0.105 mmol, 1.05 equiv), CuCl (5 mol %), (R,R)-Ph-BPE (6 mol %),
NaO'Bu (0.100 mmol, 1 equiv), diboron in 0.6 mL of 50/50 THF/MTBE. [PlDetermined by *HNMR spectroscopy on
the unpurified reaction mixture using dimethylfumarate as standard. [’ Enantioselectivity determined by chiral HPLC.

Tl () Xt X

Ba(pin), B2(pg)2 Ba(neo),
[ - j @E - Ij
eg)z B(cat),
Following an extensive optimization campaign, examining various solvents, boronates, bases, and

stoichiometry of the reactants, the optimal conditions were identified, as laid out in Scheme 2.6.

C. Protonation Workup — Traditional branched 1,2-aminoalcohol generation

With the optimal conditions in hand, the generality of the borylative aminoallylation reaction with
aldehydes was next investigated using a protonolysis workup of borylated intermediate 2.3 to afford product
2.4, the product of formal reductive coupling with a hydride reductant (Scheme 2.6). This is significant
because aldehydes are problematic substrates in Cu-catalyzed reductive coupling with hydride-reducing
agents due to the preference for aldehyde reduction.1#6147:161 Qverall, this process also enables access to
identical products as produced by Krische’s® method (Scheme 2.4.1) without the use of expensive precious

metals or high reaction temperatures.
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Both electron-rich and electron-deficient aromatic aldehydes performed well (2.4a-f), and the
reaction was accommodating to heteroaromatic aldehydes (2.4g, h). The yield was somewhat decreased
when sterically hindered aromatic aldehydes (2.4d) or aliphatic aldehydes (2.4j-0) were utilized. Notably,
excellent diastereo- and enantioselectivities could be obtained when employing aliphatic aldehydes bearing
small R-groups (2.4j, k), and reduced diastereocontrol was only observed when R* was i-Pr (2.41) or THP
(2.4p). Overall, all of the reaction products were obtained with enantioselectivites of >90% ee except for
the case of cinnamaldehyde (2.4i). While enantiocontrol was reduced in this case, the ability of an a,f-
unsaturated aldehydes to participate in the reaction is notable considering the propensity of Cu to react in

conjugate addition type pathways with this class of electrophile.

Scheme 2.16. Enantioselective borylative aminoallylation employing the protonolysis workup. [

S
0 PhthN. Ses PhthN 1 AcOH PhthN
Jl - RO s X R
R 5 mol % CuCl, .= =
2.2 6 mol % (R,R)-Ph-BPE Bpin OH OH
B,(pin),, NaO'Bu 2.3 2.4
OM Cl
PhthN ® PhthN PhthN PhthN PhthN PhthN OO
A A A N A Br AN
OH OH OH OH Me OH OH
2.4a 2.4b 2.4c 2.4d 2.4e 2.4f
72% y; 97:3 dr 66% y; 91:9 dr 63% y; 95:5dr  45% y; >99:1 dr 51% y; 95:5dr 65% y; >99:1 dr
97:3 er 98:2 er 97:3 er 95:5 er >99:1 er 97.5:25er
PhthN (0] A PhthN f S PhthN PhthN PhthN PhthN  Me
X X \/K/EQ s P S A ncHy \/'\A WMe
OH OH OH OH OH OH
249 2.4h 2.4i 2.4j 2.4k 2.4l
65% y; 92:8 dr 69% y; >99:1 dr 62% y; 90:10 dr 48% y; >99:1 dr 60% y; 97:3 dr 54% y; 80:20 dr
98:2 er 99:1 er 84:16 er >99:1 er 97:3 er >99:1 er
PhthN PhthN NBoc  PhthN Me PhthN (0]
X X \/'\/'<'\'\A": X
OH OH OH OH
2.4m 2.4n 2.40 2.4p
57% y; >99:1 dr 49% y; 95:5dr 57% y; >99:1 dr 54% y; 66:34 dr
98:2 er 98.5:1.5 er 98.5:1.5 er 964 er

[ Aldehyde 2.2 (0.200 mmol), 2.1 (1.05 eq), CuCl (5 mol%), ligand (6 mol%), NaO'Bu (1 equiv), B2(pin)2 (2 equiv); see the
experimental methods section for details. Diastereomeric ratios (dr) were determined by *H NMR spectroscopy on the unpurified
reaction mixture.

Finally, selective formation of the anti-diastereomer in the reaction was confirmed by comparison

of 2.4i, 2.4k, 2.4n and 2.4p to the literature.®® This is in contrast to reductive boylative allylation reactions
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utilizing carbon-substituted allenes that afford the syn-diastereomer as the major isomer, as is discussed
further in Section 111-G: Stereochemical model.}*

D. Oxidation workup — Methyl ketone synthesis

While the described borylative aminoallylation followed by the protonation workup (Scheme 2.6)
allows access to valuable products of a formal hydrogenative reductive coupling, arguably the power of the
current transformation lies in the ability to functionalize the C-B bond present in 2.3 to a wide variety of
other motifs using well-established organoborane chemistry.'%¢-1%° At the end of the 24-hour reaction period,
prior to workup, the vinyl boronate intermediate 2.3 is the major product present; this gave the ability to
further functionalize/derivatize to a diverse array of products via a simple change in the workup. Towards
that end, subsequent oxidation of the C-B bond of 2.3 was next demonstrated to allow for additional
heteroatom incorporation into the final products (2.6, Table 2.6).

The oxidative workup method was optimized as described in Table 2.6. Various methods to oxidize
the C-B bond were examined; TMANO (entry 1) did not successfully oxidize the intermediate, and instead
yielded the protonolysis product. Sodium perborate (entries 2 and 3) led to an approximate 1:2 ratio of
protonation and oxidation products. The frontrunner was quickly identified as a workup with H,0O,.

From here, methods varying the source of peroxide were explored. Organic peroxide sources, such
as tert-butyl hydrogen peroxide (entry 4) and urea hydrogen peroxide (entry 5), did not successfully oxidize
the intermediate to 2.6a. Then, the use of increasing equivalents of hydrogen peroxide without pH 7 buffer
was observed to generate the methyl ketone product 2.6a in increasing degrees (compare entries 8, 9, 10,
11). The optimal workup method was then determined to be 20 equivalents of 30% H,O, added to the crude
reaction mixture directly after the 24-hour reaction period (entry 11). After 3 hours of stirring, the peroxide
was quenched with the addition of 10% sodium thiosulfate solution.

With the optimal oxidation workup method in hand, the substrate scope of the reaction was
explored (Scheme 2.7). Overall, the methyl ketone products could be obtained in equivalent yields and

enantioselectivities compared to that obtained when employing a protonolysis workup. The standard
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reaction with p-anisaldehyde 2.2a was scaled up and ran at an 1.00 mmol scale to generate 2.6a in 73%
yield, with a 99:1 er.

Table 2.11. Oxidative workup optimization. [

0 PhihN", Ses PhthN
B 24 > 23] 2 Me\ﬂ/v\/PMP
PMP 5 mol % CuCl z
2.2a 6 mol % (R,R)-Ph-BPE e} OH
B,(pin),, NaOBu 2.6a
Entry Oxidation workup % Yield 2.4al’ % Yield 2.6al"
1 Trimethylamine N-oxide (5 equiv), THF, 70 °C, 1 h 42 --
2 Sodium perborate (5 equiv) 24 43
3 Sodium perborate (5 equiv) with pH7 buffer 23 50
4 5 M TBHP in heptane (3 equiv) 12 10
5 Urea hydrogen peroxide (3 equiv) 10 16
6 30% H202 (5 equiv), pH7 buffer 7 63
7 Concentrate, then 30% H202 (5 equiv), pH7 buffer 22 52
8 2 equiv 30% H202 workup, without buffer, 3 h 34 29
9 5 equiv 30% H202, without buffer, 3 h 345 a7
10 10 equiv 30% H202, without buffer, 3 h 9 67
11 20 equiv 30% H202, without buffer, 3 h 15 69

llOxidation workup performed after GP-1 using 0.100 mmol of 2.2a. PIDetermined by 1IHNMR spectroscopy on the
unpurified reaction mixture using dimethylfumarate as standard.

Scheme 2.17. Enantioselective borylative aminoallylation, utilizing the oxidative workup. [

PhthN ™ Se PhthN PhthN
0 2.1 1 H20, 1
| RV = ° o e R
R? 5 mol % CuCl, .2 =
2.2 6 mol % (R,R)-Ph-BPE Bpin OH O OH
B,(pin),, NaO'Bu 2.3 2.6
OMe
PhthN PhthN PhthN PhthN PhthN
Me -
O OH OH Me
2.6a
67% y; 97:3 dr 59% y, 91 9dr 66% y, 95 5dr 38% y, 96 4 dr 47% y, 95 5dr
99:1 er 96.5:3.5 er 97:3 er 99:1 er >99:1 er
PhthN PhthN O™ PRt S PhthN
Me Me X Me : MBM
O OH o OH O OH O OH
2.6f 2.6g 2.6h 2.6k
70% y; 99:1 dr 72% y; 93:7 dr 69% y; >99:1 dr 67% y; 97:3 dr
98.5:1.5 er 991 er 98:2 er 99:1 er

[l performed using 0.200 mmol of aldehyde 2.2 (1 equiv); see the experimental methods section for details.
Diastereomeric ratios (dr) were determined by *H NMR spectroscopy on the unpurified reaction mixture. Enantiomeric
ratios were determined via chiral HPLC.
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E. Suzuki-Miyaura Cross-coupling — 1,1-disubstituted olefin synthesis

Due to the synthetic power of the Suzuki-Miyaura cross-coupling reaction for the preparation of C-
C bonds, 2164 we also examined the use of the vinyl boronate intermediate 2.3 in subsequent Pd-catalyzed
cross-coupling reactions to generate further functionalized chiral 1,1-disubstituted olefins (2.7, Table 2.7).

Development of the optimized reaction conditions was particularly trying. The optimal ligand, base,
and solvent were easily identified, Table 2.7, using the isolated vinyl boronate intermediate 2.3a and 4-
iodotoluene. The optimal base was identified as KoCOs (entry 1) with higher yield of the Suzuki product
generated, compared to KF (entry 2). A 4:1 ratio of organic solvent to water was examined for several
solvent options. THF and IPA both gave low yields (entries 3 and 5). The Suzuki reaction was attempted
using a 4:1 ratio of 50:50 MTBE/THF to water (2:2:1 MTBE/THF/H,0) (entry 6), as the initial reaction is
ran in 50:50 MTBE/THF, but the conversion to Suzuki product was unsatisfactory in this case. 1,4-Dioxane
was identified as the choice solvent (entry 4). With the optimal solvent system for this reaction in hand, the
optimal temperature and time of reaction was determined to be 50°C for 3 hours (entry 7), with a 90% yield
of the Suzuki product 2.7a generated from isolated vinyl boronate intermediate 2.3a.

However, isolation of the vinyl boronate intermediate long term is not ideal due to the sensitivity
of intermediate 2.3 to protonolysis during silica-gel chromatography, leading to heavy losses of the
intermediate. Because of this, a one-pot telescoped process was next examined.

Regrettably, this optimized system failed during initial attempts (Table 2.8, entries 1, 2, and 3).
Control experiments implied that leftover pinacol in the crude reaction mixture acted as a catalyst poison
inhibiting the cross-coupling reaction. To circumvent this problem, the aminoallylation workup was
modified to include a NalO. treatment (Table 2.8, entries 4-7) to convert remaining pinacol to acetone,
which is removed upon concentration.’®® Gratifyingly, this oxidative cleavage and removal of pinacol

allowed for successful telescoping of the crude aminoallylation reaction into the cross-coupling reaction.
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Table 2.12. Suzuki-Miyaura reaction optimization. [l

PhthN PhthN
PMP Suzuki-Miyaura PMP
z p-tol-I H
(pin)B OH OH
2.3a 2.7aa
Me
Entry Temp, run time Conditions Yield 2.7aal®! Yield 2.4al®!
1 60°C, 2 h As listed below 74 18
2 60°C,2h KF (2 equiv) as base 60 33
3 90°C, 2h IPA:Water 4:1 42 --
4 90°C, 2 h Dioxane:Water 4:1 81 --
5 90°C, 2h THF:Water 4:1 39 38
6 55°C,3h MTBE/THF:Water 4:1 25 75
7 50°C, 3 h Dioxane:Water 4:1 90 --

[l Reactions ran using the isolated (chromatography on SiO2) vinyl boronate intermediate 2.3a from the 0.1 mmol scale reaction
of 2.2a and phthalimido-allene 2.1. Workup following the reaction of GP-1with 2.2a at a 0.100 mmol scale. To the resultant
residue was charged a stir-bar and the vial was taken into the glovebox. To the vial was charged Pd(OAc)2 (0.003 mmol, 3 mol
%), (AmPhos) (0.006 mmol, 6 mol %), K2CO3(0.200 mmol, 2 equiv), aryl iodide (0.100 mmol, 1 equiv), and 0.5 mL of solvent.
[®] Determined by tHNMR spectroscopy on the unpurified reaction mixture using dimethylfumarate as standard.

Once proper telescoping methods were identified, the cross-coupling reaction was further
optimized, Table 2.9, via the examination of the palladium source and stoichiometry of the aryl halide. The
preformed commercial catalyst (entry 3) was examined and compared to the catalyst/ligand that was
allowed to stir and pre-complex (entry 6), and all reagents added at once (entry 5). The optimal method was
determined to be GP-4 (see experimental methods), utilizing 5 mol% Pd(AmPhos)G3 and 5 mol% AmPhos.

Once optimized Suzuki reaction conditions were identified, three aldehydes that each performed
well in the general reaction were chosen for cross-coupling with three chosen aryl halides, Scheme 2.8.
The Suzuki-Miyaura cross-coupling reaction of crude vinyl boronate intermediates performed fairly well.
Good overall yields could be obtained in the tandem process producing highly functionalized 1,1-
disubstituted chiral products in excellent levels of stereocontrol that would be difficult to prepare by other
means. An aryl bromide could also be successfully coupled in the developed protocol (2.7aa’), with

minimal modification.
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Table 2.13. Suzuki-Miyaura telescoping process optimization. [

PhthN o PhthN
PMP Suzuki-Miyaura PMP
B p-tol-| H
(pin)B OH OH
2.3a 2.7aa
Me
Entry  1lasource Yield 2.7aal® Yield 2.4al"!

1 Crude after citric acid workup (GP-1) 3 10
2 Crude — No workup 21 9
3 Crude — concentrated in vacuo 7 18
4 Crude after citric acid workup (GP-1) followed by treatment with 49 7

2 equiv NalOa4 (20 min), quench, extract, dry, and concentrated in

vacuo
5 Crude after citric acid workup (GP-1) followed by treatment with 49 20

4 equiv NalOs (20 min), quench, extract, dry, and concentrated in

vacuo
6 Crude after citric acid workup (GP-1) followed by treatment with 47 8

3 equiv NalO4 (1 hour), quench, extract, dry, and concentrated in

vacuo
7 Crude after citric acid workup (GP-1) followed by treatment with 46 8

5 equiv NalO4 (20 min), quench, extract, dry, and concentrated in
vacuo

[AIReactions ran using the vinyl boronate intermediate 2.3a from the 0.1 mmol scale reaction of 2.2a and phthalimido-allene 2.1.
Workup following the reaction of GP-1with 2.2a at a 0.100 mmol scale. To the resultant residue was charged a stir-bar and the
vial was taken into the glovebox. To the vial was charged Pd(OAc)2 (0.003 mmol, 3 mol %), (AmPhos) (0.006 mmol, 6 mol %),
K2CO3 (0.200 mmol, 2 equiv), aryl halide (0.100 mmol, 1 equiv), and 0.5 mL of 4:1 Dioxane/Water. The reaction was then
heated at 50°C in an oil bath for 3 h. ] Determined by *HNMR spectroscopy on the unpurified reaction mixture using
dimethylfumarate as standard.
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Table 2.14. Further optimization of the telescoped Suzuki-Miyaura reaction and Development of GP-4. [l

PhthN o PhthN
PMP Suzuki-Miyaura PMP
z p-tol-I H
(pin)B OH OH
2.3a 2.7aa
Me
Entry  Variance Yield 13aal®! Yield 5alb!

1 None (GP-4)E 64 -
2 1.3 eq 4-lodo toluene 57
3 5mol% Pd(Amphos)G3, 5mol% Amphos 58
4 5 mol % Pd(OAc)2, 2 eq 4-lodo toluene 60
5 2.5 mol% Pdz(dba)z and 5 mol% Amphos - - 25

**Added all suzuki reactants to reaction at once**
6 2.5 mol% Pdz(dba)s and 5 mol% Amphos - 62 15

**Added (pre-stirred ligand + Pd) to suzuki reactants**
7 5 mol % Pd2(dba)s as Pd source 78 3

l{Reactions ran using the vinyl boronate intermediate from the 0.1 mmol scale reaction of 2.2a and phthalimido-allene 2.1, 4-
iodo toluene as the aryl halide. Workup following the reaction of GP-1with 2.2a at a 0.100 mmol scale, followed by citric acid
workup 3 equiv NalO4 for 20 min. To the resultant residue was charged a stir-bar and the vial was taken into the glovebox. To
the vial was charged (amPhos)Pd-G3 (0.005 mmol, 5 mol %), (AmPhos) (0.005 mmol, 5 mol %), K2CO3 (0.200 mmol, 2 equiv),
aryl halide (0.100 mmol, 1 equiv), and 0.5 mL of solvent, unless otherwise noted. [PIDetermined by tHNMR spectroscopy on
the unpurified reaction mixture using dimethylfumarate as standard.
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Scheme 2.18. Enantioselective borylative aminoallylation, utilizing the Suzuki-Miyaura cross-coupling application. !
(Amphos)Pd-G3

X (5 mol %)
o Phtth AN PhthN 5 mol % AmPhos PhthN
i . R? R
R' 5 mol % CuCl oz Ar-l, K,CO =
2.2 6 mol % (R,R)-Ph-BPE Bpin OH dioxane/H,0 Ar OH
B,(pin),, NaOBu 2.3 50 °C 27

OMe PhthN

2.7ka

64% (62%)! 45% y
Me (:3(7-3 (;r) Y Me  g7.34r
99:1 er >99:1 er

PhthN

OH

2.7kb
60% y
F 97:3dr
>99:1 er

OMe s

2.7ac 2.7hc 2.7kc

75%y 46% y 45% y
FsC  97:3dr FsC  >99:1dr FsC  >97:3dr

99:1 er 99:1 er >99:1 er

[al performed using 0.200 mmol of aldehyde 2.2 (1 equiv); see the experimental methods section for details. Diastereomeric
ratios (dr) were determined by 'H NMR spectroscopy on the unpurified reaction mixture. Enantiomeric ratios were
determined via chiral HPLC. 1 Cross-coupling reaction was performed using 4-bromotoluene at 70 °C for 3 h.

F. Synthetic Applications — Aldol and Hydroboration

The powerful synthetic potential of the methodology developed stems from its ability to access
chiral aminoalcohol equivalents bearing additional functionality for further synthetic manipulations to
arrive at heteroatom-rich complex chiral architectures quickly from readily available starting materials. To
highlight this potential, the subsequent transformations described in Scheme 2.9 were performed.

The oxidation product 2.6a was first protected with TBSOTT, and subjected to a boron-mediated
aldol reaction®®® with benzaldehyde to afford 2.8 in 79% yield brsm, with moderate stereocontrol (72:28 dr)
at the newly formed stereocenter. Notably, this allows quick access to a stereodefined 1,3,5-O-2-N-

substituted carbon framework in only three synthetic steps from allenamide 2.1.
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Scheme 2.19. Further synthetic application of the reductive coupling products via a
diastereoselective boron-mediated aldol reaction and diastereoselective hydroboration.
1. TBSOTf, 2,6-lut.

PhthN
Phth CH,Cl,, 92% y
Me PMP Ph PMP
O OH 2. Bu,BOTf, DIPEA OH O OTBS
benzaldehyde
2.6a 61% y (79% brsm) 2.8
72:28 dr
PhthN PhthN
t BH3;eDMS t
PMP PMP
= then H,0O HO™ % =
Z 50, = z
p-tol  OH 57%y p-tol  OH
2.7aa (74% brsm) 29
>99:1 dr

The Suzuki cross-coupling product 2.7aa was further elaborated through a diastereoselective
hydroboration to afford a single diastereomer of the 1,4-O-2-N-substituted carbon synthon 2.9 bearing three
contiguous stereocenters.

G. Stereochemical Model

Finally, one intriguing feature of this borylative aminoallylation using the phthalimide-derived
allenamide 2.1 was the selective formation of the anti-diastereomer of product. Previous reports of Cu-
catalyzed borylative allylation reactions using C-based allenes with carbony! electrophiles*® preferentially
gave the syn-diastereomer, even when using the same ligand ((R)-BINAP, Table 2.1, entry 2).

We propose that this is due to the carbonyl of the phthalimide-allene being able to coordinate to
either the L.Cu-catalyst or boron, directing the reaction through the (E)-2.22 (Scheme 2.10).107.138150 |t js
well-established that Cu-catalyzed reductive allylation reactions proceed through a six-membered
Zimmerman-Traxler chair-like transition state80-84107.138.148150151155 The product selectivity of these
reactions are often controlled by Curtin-Hammett kinetics between rapidly equilibrating Cu(c-allyl)
complexes,®8 meaning that the pathway with the lowest energy transition state is the preferred pathway

to generate the major product.
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Scheme 2.20. Stereochemical model for preferential generation of the
anti-diastereomer over the syn-diastereomer.

Hiu .0 in)B
H’T'ﬂN 0 (pin)B” " N\ (pin)
: = N
LZCL\J\‘O/ . AN L CmPhth
(pin)B CuL 0 ?

2
221 (E)-2.22 (2)-2.22
lz.z ¢2.2

L B [F[ L Bein)

L/Cl{.,,/\& O
— \_NPhth =0
o\ N

t+

(E)-TS (2)-Ts NPhth
¥ ¥

anti-2.4 syn-2.4

(major) (minor)

For carbon-based allenes, it would be seen that the major syn-diastereomer of 2.4 is generated
through (2)-2.22 via (2)-TS.1*81% Borylcupration of allenes is proposed to occur at the more accessible,
least sterically hindered terminal olefin of the allene, away from the R-group on the C-based allene to
generate the C-based analog of (2)-2.22 selectively.148155167.1688 This pathway is arguably more favorable
due to the unfavorable sterics of the allene R-group and Bpin having a cis-relationship in (E)-TS.

In contrast, borylcupration may lead directly to (E)-2.22 through an N-phthaloyl-directed
intermediate 2.21 From here, 6-7-6 equilibration may not be possible, or the interaction of the N-phthaloyl
group with the vacant p-orbital of the B(pin) group of (E)-2.22 facilitates the reaction through (E)-TS to

afford the anti-diastereomer of 2.4 as the major product.

IV. Conclusions

In conclusion, we have developed a highly enantio- and diastereoselective Cu-catalyzed borylative
reductive coupling method for the synthesis of aminoalcohols from alleneamides and aldehydes. After a
long and tedious optimization process, rapid synthesis of highly functionalized chiral heteroatom-rich
organic compounds was achieved using readily available starting materials. The Cu-catalyst system utilized
is inexpensive and widely commercially available, and the reaction proceeds under ambient conditions to
provide good yields and excellent stereoselectivity. Notably, access to a wide array of different dissonant
chiral 1,2-aminoalcohol motif-containing products and diverse functionalities was achieved via CuB(pin)-

catalyzed reductive coupling from the same intermediate/starting materials. Simple changes in the post-
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reaction workup from the vinyl boronate intermediate 2.3 allows for access to the dissonant 1,2-
aminoalcohol scaffold 2.4, as well as the highly functionalized methyl ketone 2.6, 1,1-disubstituted olefin
suzuki products 2.7, aldol 2.8, and hydroboration products 2.9. We anticipate the method here provided to
serve as a platform for the use of cuproboration to access these dissonant aminoalcohol scaffolds and other

densely functionalized molecules.

V. Experimental Procedures

A. General.

'H NMR spectra were recorded on Bruker 600 MHz spectrometers. Chemical shifts are reported in
ppm from tetramethylsilane with the solvent resonance as an internal standard (CDCls: 7.26 ppm). Data are
reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, g = quartet,
p = pentet, h = hextet, hept = heptet, br = broad, m = multiplet), and coupling constants (Hz). *C NMR was
recorded on a Bruker 600 MHz (151 MHz) instrument with complete proton decoupling. Chemical shifts
are reported in ppm from tetramethylsilane with the solvent as the internal standard (CDCls: 77.0 ppm).
Chiral HPLC analyses were performed on a Shimadzu Prominence i-series LC-2030C using chiral Daicel
columns purchased from Chiral Technologies, Inc. Liquid chromatography was performed using forced
flow (flash chromatography) on silica gel purchased from Silicycle. Thin layer chromatography (TLC) was
performed on EMD silica gel F254 2.5x7.5 cm plates. Visualization was achieved using UV light, a 10%
solution of phosphomolybdic acid in EtOH, or potassium permanganate in water followed by heating.
HRMS was collected using a Jeol AccuTOF-DART™ mass spectrometer using DART source ionization.
All reactions were conducted in oven or flame-dried glassware under an inert atmosphere of nitrogen or
argon with magnetic stirring unless otherwise noted. Solvents were obtained from VWR as HPLC grade
and transferred to septa-sealed bottles, degased by Ar sparge, and analyzed by Karl-Fischer titration to
ensure water content was < 600 ppm. Allenamide 2.1 was prepared as described in the literature.®
Aldehydes were purchased from Sigma Aldrich, TCI America, Alfa Aesar, or Oakwood Chemicals and
used as received. All other materials were purchased from VWR, Sigma Aldrich, Combi-Blocks, Alfa-
Aesar, or Strem Chemical Company and used as received.

B. Experimental Procedures

GP-1: Cu-catalyzed reductive borylative aminoallylation (Tables 2.1 -2.9):

In an Ar-filled glove-box, to a crimp cap vial with a magnetic stir-bar was charged copper(l)
chloride (0.01mmol, 5 mol%), ligand (0.012 mmol, 6 mol%), NaO'Bu (0.200 mmol, 1 equiv), and solvent
(1.3mL/0.200mmol aldehyde). The resulting mixture was allowed to stir for 1 h followed by addition of
bis(pinacolato)diboron (0.400 mmol, 2 equiv). The obtained mixture was then allowed to stir for an
additional 30 min prior to addition of allene 2.1 (0.210 mmol, 1.05 equiv) and aldehyde 2.2 (0.200 mmol,
1 equiv). The crimp cap vial was sealed and removed from the glovebox, and the reaction mixture was
allowed to stir at room temperature for 24 hours. The crude solution was then worked up as described below
to access the different products described.
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GP-2: General protonolysis workup (Tables 2.1-2.5):

The Cu-catalyzed reductive borylative aminoallylation reaction mixture from GP-1 was quenched
with the addition of 4 mL of aqueous citric acid and allowed to stir for 15 min. The reaction mixture was
then extracted with CH,CI; (3x 5mL). The combined organic layers were then dried over anhydrous
Na,SOq, filtered, and concentrated under reduced pressure. To the crude residue was then charged 0.5 mL
of AcOH, and the resultant mixture allowed to stir for 30 min. To the mixture was then carefully added 7%
aqueous sodium bicarbonate solution (gas evolution) followed by extraction with CH,Cl, (3x 5mL). The
combined organic layers were then dried over anhydrous Na-SO., filtered, and concentrated under reduced
pressure. Purification of the crude residue by flash column chromatography on silica gel afforded the
desired product 2.4.

GP-3: General oxidative workup with H,O- (Table 2.6):

The Cu-catalyzed reductive borylative aminoallylation reaction mixture from GP-1 was oxidized
by the addition of 20 equiv of 30% H-0, and allowed to stir for 30 min. The resultant solution was then
quenched with 10% Ag. sodium thiosulfate solution over ice (EXOTHERMIC), extracted with CH2Cl (3x
4mL), dried with Na,SOa, and concentrated under reduced pressure. The crude mixture was purified by
flash silica gel column chromatography to afford the desired product 2.6.

GP-4: General Suzuki-Miyaura reactions (Tables 2.7-2.9):

The Cu-catalyzed reductive borylative aminoallylation reaction mixture from GP-1 was quenched
by the addition of 4 mL of aqueous 0.5M citric acid and 3 equiv NalO4 (oxidative cleavage of the remaining
pinacol — catalyst poison — to acetone) and allowed to stir for 20 min. Saturated brine (3 mL) was added
and the mixture was extracted with CH,Cl (3 x 4 mL). The combined organic layers were then dried with
anhydrous Na>SO, filtered, and concentrated into a 2-dram vial. The crude residue was then further dried
in vacuo (~3 torr) for at least 1 h before performing the cross-coupling reaction.

To the resultant residue was charged a stir-bar and the vial was taken into the glovebox. To the vial
was charged (amPhos)Pd-G3 (0.010 mmol, 5mol%), (AmPhos) (0.010 mmol, 5mol%), K>CO; (0.400mmol,
2 eq), aryl halide (0.200 mmol, 1 eqg), and 1.0 mL of 1,4-Dioxane/Water (4/1 ratio). The reaction vial was
then sealed, removed from glovebox and heated at 50 °C for 3 h with stirring in an oil bath. A color change
from a yellow/brown to a dark black/purple was observed. After heating for 3 h, the reaction was allowed
to cool to room temperature. Saturated brine (3mL) was added, and the mixture was extracted with CH,Cl,
(3 x 5 mL). The combined organic layers were dried with anhydrous Na.SO., filtered, and concentrated in
vacuo. The crude mixture was purified by flash column chromatography on silica gel to afford the desired
product 2.7.

Synthetic applications (Scheme 2.9):
TBSOTf, 2,6-lut.,

PhthN CH,Cly. 92% y PhthN
Me PMP Me PMP
O OH O OTBS
2.6a 2.6a-TBS

To a flame-dried round-bottom flask under inert atmosphere was charged 2.6a (500mg, 1.47 mmol
1 equiv), CH:Cl; (14 mL), and 2,6-lutidine (0.427 mL, 3.69 mmol, 2.5 equiv), under nitrogen. The reaction
was cooled to -78 °C and TBSOTT (508pL, 2.21 mmol, 1.5 equiv) was added dropwise. The reaction was
allowed to stir for 3 h. The reaction was quenched with the addition of 10% aqueous NaHCOs (10 mL). The
layers were separated, and the aqueous layer was extracted with CHCl (3 x 10 mL). The combined organic
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layers were dried over sodium sulfate and concentrated. The product was then isolated via column
chromatography (0-40% EtOAc/Hexanes) to provide 613 mg (92%) of 2.6a-TBS as a white foam. R= 0.30
(25% EtOAc/Hex). *HNMR (CDCls, 600 MHz) & : 7.67 (dd, J = 5.5 Hz, J = 3.5 Hz, 2H), 7.61 (dd, J =
5.5Hz,J=3.5Hz, 2H), 7.17 (d, J = 8.8 Hz, 2H), 6.64 (d, J = 8.8 Hz, 2H), 5.66 (d, J = 8.8 Hz, 1H), 4.96
(d, J=9.1Hz, 1H), 3.64 (s, 3H), 2.31 (s, 3H), 0.82 (s, 9H), 0.08 (s, 3H), -0.27 (s, 3H) ppm. *C NMR (126
MHz, CDCls): 6 201.6, 167.2, 159.2, 134.0, 132.6, 131.2, 128.3, 123.3, 113.3, 71.6, 64.1, 55.0, 29.0, 25.7,
17.9, -45, -5.0. HRMS (DART) m/z calcd for CzsH3oNO4Si [M-OH]": 436.1939; Found [M-OH]*:
436.1922.

Bu,BOTTf, DIPEA,

benzaldehyde PhthN
Me PMP ~ Ph PMP
- s o, B
O OTBS 61% y (79% brsm) OH O OoTBS
2.6a-TBS 2.8
72:28 dr

To a flame-dried round-bottom flask under inert atmosphere, was added 2.6a-TBS (38.5mg, 0.085
mmol, 1 equiv), Et;0 (0.3 mL), iProNet (21.1 pL, 0.121mmol, 1.4 equiv), and a stir bar. The solution was
cooled to -78 °C, and Bu,BOTf (116 pL, 0.116 mmol, 1.4 equiv) was added dropwise. The reaction was
allowed to stir and warm to room temperature for 30 minutes. The reaction mixture was then cooled to -
78° C and 1.4 eq of a 1M solution of benzaldehyde (12.3uL, 0.121 mmol) in Et,O was slowly added
dropwise. The mixture was allowed to warm to room temperature and stir for 3 h. The resulting solution
was placed at 0 ° C and 0.2 mL of a 1:2 v/v solution of 30% H0./MeOH. The reaction was then allowed
to warm to room temperature and stir for 1 hour. The solution was then diluted with Et,O (1mL) and water
(1 mL). The aqueous phase was extracted with Et,O (3 x 3mL) and the combined organic layers were
washed with sat. aqueous NaHCO; (3mL), followed by brine (3 mL), then dried over MgSQO, and
concentrated under reduced pressure. The product was then isolated via column chromatography (0-40%
EtOAc/Hexanes) to provide 29.1 mg (61%, 79% brsm) of 2.8 as a white foam as a 72:28 mixture of
diastereomers by 'HNMR. Ri= 0.26 (25% EtOAc/Hex). ): tHNMR (CsDg, 600 MHz) & : 7.38 (d, J = 8.4
Hz, 2H), 7.36-7.25 (m, 4H), 7.07-7.01 (m, 2H), 7.00-6.94 (m, 1H), 6.65 (dd, J = 5.5 Hz, J = 3.2 Hz, 2H),
6.54 (d, J = 3.2 Hz, 2H), 6.10 (d, J = 8.2 Hz, 1H), 5.36 (d, J = 8.9 Hz, 1H), 5.20-5.17 (m, 1H), 3.11 (dd, J
=17 Hz, J = 10 Hz, 1H), 2.90 (dd, J = 17 Hz, J = 3.3 Hz, 1H), 0.91 (s, 9H), 0.20 (s, 3H), -0.12 (s, 3H)
ppm. BC NMR (126 MHz, CsDs): 5 203.3, 167.3, 159.8, 143.7, 133.6, 131.5, 128.9, 128.47, 128.40, 127.5,
127.4,125.9,123.1, 113.7, 72.0, 70.4, 64.9, 54.3, 50.7, 26.0, 18.2, -4.3, -4.7. HRMS (DART) m/z calcd for
Cs2H37NO6Si [M-OH]*: 542.2357; Found [M-OH]*: 542.2397.

PhthN PhthN
BH3;eDMS
PMP 3 . Ho/\/k/PMP
= then H202 = =
p-tol OH 57%y p-tol OH
2.7aa (74% brsm) 29
>99:1 dr

To a flame-dried round bottom flask under inert atmosphere was added 2.7aa (32.0 mg, 0.072
mmol, 1 equiv) and anhydrous tetrahydrofuran (0.8 mL) with stirring. The reaction was cooled to 0 °C and
BHs3-Me,S in THF (2M) (21 pL, 3 equiv) was added dropwise. The reaction was allowed to stir at room
temperature for 5 hours. After five hours, the reaction was cooled back to 0 °C and a mixture of NaOH
(2M) (0.2 mL) and H.0. (33%) (0.1 mL) was added dropwise with stirring. The reaction was allowed to
warm to room temperature and stir for 2 hours. The reaction was then quenched by the addition of 2 mL of
sat. ag. Na»S,0s. The resulting solution was extracted with EtOAc (3 x 4 mL). The combined organic layers
were washed with 10 mL of brine. The mixture was dried over sodium sulfate, filtered, and concentrated
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under reduced pressure. The residue was isolated via column chromatography on silica (0-60%
EtOAc/hexanes)) to provide 19.1 mg (57%) of 2.9 as a white foam. Only a single diastereomer was observed
by tHNMR spectroscopic analysis. Rs=0.09 (25% EtOAc/hexanes). ): tHNMR (CDCls, 600 MHz) & : 7.57
(d,J=7.0Hz, 1H), 7.51 (t, J =7.0 Hz, 1H), 7.48 (t, J = 7.0 Hz, 1H), 7.43 (d, J = 7.7 Hz, 1H), 7.29 (d, J
= 8.2 Hz, 2H), 7.06 (d, J = 8.6 Hz, 2H), 6.90 (d, J = 8.6 Hz, 2H), 6.70 (d, J = 8.6 Hz, 2H), 5.46 (d, J=7.9
Hz, 1H), 4.86 (dd, J = 10.1 Hz, J = 7.9 Hz, 1H), 4.02 (qd, J = 11.9 Hz, J = 6.2 Hz, 2H), 3.89 (ddd, J =
10.8 Hz, J = 6.2 Hz, J = 4.7 Hz, 1H), 3.66 (s, 3H), 2.13 (s, 3H) ppm. *C NMR (126 MHz, CDCls): §
166.8, 159.2, 137.1, 136.4, 133.5, 133.2, 129.0, 127.8, 127.7, 123.0, 122.5, 113.7, 75.0, 65.6, 58.9, 55.1,
49.4,20.9. HRMS (DART) m/z calcd for CosH24NO4 [M-OH]*: 414.1711; Found [M-OH]*: 414.1704.

Relative stereochemistry of 2.9 was tentatively assigned according to the Houk®® model:

OMe HzB----H t
PhthN PhthN H NPhth  BH, 'H_-_NPhth
= v . = %Ar — l'—'{i[}:Ar
. R
Ar OH Ar R* R*
13 most
reactive
conformer
OMe
PhthN H,0, H . NPhth
H,B
HO™ Y ™ Ar
Ar  OH R*
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Reductive coupling product characterization data and HPL.C traces

OMe 2-((1S,2R)-1-hydroxy-1-(4-methoxyphenyl)but-3-en-2-yl)isoindoline-1,3-
w dione (2.4a): According to the general protonation procedure (GP-1/GP-2) using
X (R,R)-Ph-BPE, the product was purified by silica gel chromatography (eluent: 0
= — 40% EtOAcC in hexanes) to provide 46.4 mg (72%) of 2.4a as a clear oil as a
single diastereomer, as a 97:3 mixture of enantiomers. Absolute and relative
configuration was assigned by analogy to 2.4i, 2.4k, and 2.4n. R; = 0.28 (25%
EtOAc/hexanes). tHNMR (CDCls, 600 MHz) & :7.77 (dd, J = 5.3 Hz, J = 3.2 Hz, 2H), 7.68 (dd, J = 5.3
Hz, J = 3.0 Hz, 2H), 7.31 (d, J = 8.6 Hz, 2H), 6.78 (d, J = 8.6 Hz, 2H), 6.37 (ddd, J = 17.5 Hz, J = 10.5
Hz, J=7.7 Hz, 1H), 5.33 (d, J = 9.6 Hz, 1H), 5.28 (d, J = 17.5 Hz, 1H), 5.26 (d, J = 8.0 Hz, 1H) , 4.93 (t,
J = 7.3 Hz, 1H), 3.73 (s, 3H), 3.13 (br s, 1H) ppm. C NMR (126 MHz, CDCls): § 167.9, 159.2, 134.0,
132.3,131.7,131.4,127.7, 123.3, 120.0, 113.7, 73.3, 60.1, 55.1. HRMS (DART) m/z calcd for C1gH1sNO3
[M-OH]*: 306.1125; Found [M-OH]*: 306.1135.

Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 220 nm) tR = 12.8 (major), 15.6 (minor):

OH
2.4a

Racemate:
maL Max Intensity : 1,566,615
0nm.4nm Time 13.745 Inten -11.432]
15004
1250
1000+
750
00—
250]
3 - - 3
15 120 125 13.0 135 140 145 180 185 16.0 min
Ret. Time Area’l Height Conc.
12813 51.934 1575480 0.000
15.661 43.016 1155960 0.000
II 100.000 2735440 0.000
Asymmetric Reaction:
mal Max Intensity : 993 540
GUU—_ (Onm.4nm Time - 13.792 - Inten. -2.425]
.uu—f
400{
3004
200
1004
ol o v i v
12.0 125 13.0 135 140 145 15,0 185 16.0 185 17.0 "min
Ret. Time Area’l Height Conc.
12935 96.810 326672 0.000
16.062 3150 7070 0.000
100.000 333743 0.000
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2-((1S,2R)-1-(4-chlorophenyl)-1-hydroxybut-3-en-2-yl)isoindoline-1,3-dione
(2.4b): According to the general protonation procedure (GP-1/GP-2) using (R,R)-
Ph-BPE, the product was purified by silica gel chromatography (eluent: 0 — 40%
EtOACc in hexanes) to provide 46.8 mg (66%) of 2.4b as a clear oil as a 91:9 mixture
of diastereomers and the major diastereomer in a 98:2 mixture of enantiomers.
Absolute and relative configuration was assigned by analogy to 2.4i, 2.4k, and
2.4n. Rt = 0.67 (10% EtOAC/CH.Cly). *HNMR (CDCls, 600 MHz) & : 7.79 (dd, J = 5.3 Hz, J = 3.1 Hz,
2H), 7.71 (dd, J = 5.3 Hz, J = 3.1 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 6.32 (ddd, J
=17.4 Hz, J =10.3 Hz, J = 7.6 Hz, 1H), 5.33 (d, J = 10.2 Hz, 1H), 5.27-5.22 (m, 2H), 4.91 (dd, J = 7.3
Hz, J = 6.3 Hz, 1H), 3.47 (br s, 1H) ppm. °C NMR (126 MHz, CDCl5): § 168.1, 138.7, 134.2,133.7, 131 .4,
130.9, 128.5, 127.9, 123.5, 120.5, 73.37, 60.27. HRMS (DART) m/z calcd for C1gH13CINO, [M-OH]*:
310.0629; Found [M-OH]*: 310.0627.
Chiral HPLC Analysis (Chiralpak 1C-3 x 250 mm, heptane/isopropanol = 98/2, flow rate = 1.0
ml/min, A = 220 nm) tR = 35.3 (major), 39.0 (minor):

Cl
PhthN
AN

OH
2.4b

Racemate:
mal Wax Intensity : 1, 586,824
75 J220nm.4nm Time 34397 Inten. 91.858]
500
250
0 T *
320 3.0 37.0 38.0 39.0 40.0 aln 430 430 440 min
Ret. Time Area’™ Height Conc.
35.394 20.398 477355 0.000
39.067 49602 391143 0.000
100.000 318458 0.000
Asymmetric Reaction:
maL Max Intensity . 699 250
1000-2200m 2nm Time 35.985  nten. 598 565]
750
E-DD—:
250
o - L ke
340 320 8.0 37.0 330 380 4.0 410 420 430 440 a5 min
Ret. Time Area’ Height Conc.
35.956 58.108 BETGTY 0.000
40.297 1.852 14475 0.000
100.000 682157 0.000
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PhthN 2-((1S,2R)-1-hydrooxy-1-phenylbut-3-en-2-yl)isoindoline-1,3-dione (2.4c):
\)\/Q According to the general protonation procedure (GP-1/GP-2) using (R,R)-PhBPE, the
z product was purified by silica gel chromatography (eluent: 0 — 40% EtOAc in hexanes)

OH to provide 36.8 mg (63%) of 2.4c as a pale yellow oil as a 95:5 mixture of diastereomers

2.4c and the major diastereomer in a 97:3 mixture of enantiomers. Absolute and relative
configuration was assigned by analogy to 2.4i, 2.4k, and 2.4n. Rt = 0.30 (25% EtOAc/hexanes). 'HNMR
(CDCls, 600 MHz) &:7.78 (dd, J =5.8 Hz, J = 3.0 Hz, 2H), 7.69 (dd, J = 5.8 Hz, J = 3.0 Hz, 2H), 7.39 (d,
J=75Hz, 2H),7.27 (t, J=7.5Hz, 2H), 7.21 (t, ) = 7.3 Hz, 1H), 6.37 (ddd, J =17 Hz, J= 10 Hz, J = 5.3
Hz, 1H), 5.33 (d, J = 10 Hz, 1H), 5.29 (d, J = 6.6 Hz, 1H), 5.26 (d, J = 17 Hz, 1H), 4.98 (t, J = 7.1 Hz,
1H), 3.39 (s, 1H) ppm. C NMR (126 MHz, CDCls): § 168.1, 140.2, 134.1, 131.4, 131.3, 128.3, 128.0,
126.5, 123.3, 120.0, 73.91, 60.31 ppm. HRMS (DART) m/z calcd for Ci1sH1sNO, [M-OH]*: 276.1019;

Found [M-OH]": 276.1025.

Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 98/2, flow rate = 1.0

ml/min, A = 220 nm) tR = 31.0 (major), 40.9 (minor):
Racemate:
mél

Max Intensity : 54,613

754220nm 4nm

Time Inten.

25| /\
] ¥ & . b
25.0 27 30.0 32 37. 400 425 mn
Ret. Time Area™ Height Conc.
31.008 R0.887 47538 0.000
40.508 49113 31907 0.000
100.000 74895 0.000
Asymmetric Reaction:
mal Max Intensity : 304 415
1E-DD—_ Dnim.dnm Time 25683 Inten: -0.763
1000—:
500—:
[ - . a
7. 300 37 32, 375 40.0 425 min
Ret. Time Area’™ Height Conc.
31.366 56,959 203088 0.000
41912 3.001 24645 0.000
100.000 827733 0.000
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PhthN 2-((1S,2R)-1-hydroxy-1-(o-tolyl)but-3-en-2-yl)isoindoline-1,3-dione (2.4d):
S According to the general protonation procedure (GP-1/GP-2) using (R,R)-Ph-BPE, the
Y product was purified by silica gel chromatography (eluent: 0 — 40% EtOAc in hexanes)

OH Me to provide 27.3 mg (45%) of 2.4d as a pale yellow oil as a >99:1 mixture of

2.4d diastereomers and the major diastereomer in a 95:5 mixture of enantiomers. Absolute

and relative configuration was assigned by analogy to 2.4i, 2.4k, and 2.4n. Ry = 0.28 (25% EtOAc/hexanes).
'HNMR (CDCls, 600 MHz) & : 7.84 (dd, J = 5.3 Hz, J = 3.1 Hz, 2H), 7.73 (dd, J = 5.3 Hz, J = 3.1 Hz,
2H), 7.59 (d, J = 7.8 Hz, 1H), 7.20 (t, J = 7.0 Hz, 1H), 7.16 (t, J = 7.3 Hz, 1H), 7.12 (d, J = 8.1 Hz, 1H),
6.33 (ddd, J =18 Hz,J =10 Hz, J=6.8 Hz, 1H), 5.42 (dd, J=3.8 Hz, J=1.5Hz, 1H),5.28(d,J=10.4
Hz, 1H), 5.09 (d, J = 17.3 Hz, 1H), 5.03 (dd, J = 5.7 Hz, J = 4.3 Hz, 1H), 4.00 (br s, 1H), 2.34 (s, 3H) ppm.
13C NMR (126 MHz, CDCls): 6 168.5, 138.2, 134.9, 134.3, 131.5, 130.4, 130.2, 127.7, 126.3, 125.9, 123.5,
119.4,71.64, 58.78, 19.12 ppm. HRMS (DART) m/z calcd for C19H1sNO, [M-OH]*: 290.1176; Found [M-

OH]*: 290.1181.

Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 95:5, flow rate = 1.0
ml/min, A = 254 nm) tR = 13.4 (major), 19.3 (minor):

Racemate:
mAal Max Intensity . 54,096
4220nm.4nm Time &2.8589 Inten. 0.135
125
100
75
5o
25
0] ye ik
9.0 100 110 120 130 140 150 180 170 180 180 200 2.0 220 230 240 mn
Ret. Time Area™ Height Conc.
13633 49394 34090 0.000
19618 50.106 077 0.000
100.000 140167 0.000
Asymmetric Reaction:
méll Max Intensity : 1,232 530
J2200m.4nm Time: Intan.
1500
1000—:
E-UD—:
o - ! o ol
110 12.0 13.0 140 150 16.0 17.0 18.0 19.0 20.0 210 =
Ret. Time Area™ Height Conc.
13.437 95.385 1231721 0.000
19299 4611 40788 0.000
100.000 12725009 0.000
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2-((1S,2R)-1-hydroxy-1-(m-bromophenyl)but-3-en-2-yl)isoindoline-1,3-dione

(2.4e): According to the general protonation procedure (GP-1/GP-2) using (R,R)-
Y Ph-BPE, the product was purified by silica gel chromatography (eluent: 0 — 40%

OH EtOAc in hexanes) to provide 38.0 mg (51%) of 2.4e as a pale yellow oil as a 95:5

2.4e mixture of diastereomers and the main diastereomer in a 99:1 mixture of
enantiomers. Absolute and relative configuration was assigned by analogy to 2.4i, 2.4k, and 2.4n. Ry= 0.28
(25% EtOAc/hexanes). tHNMR (CDCls, 600 MHz) & : 7.82 (dd, J =5.3 Hz, J = 3.0 Hz, 2H), 7.72 (dd, J =
5.5Hz,J=3.0Hz, 2H), 7.58 (s, 1H), 7.36 (d, J = 7.5 Hz, 1H), 7.33 (d, J = 8.8 Hz, 1H), 7.16 (t, J = 8.0 Hz,
1H), 6.30 (ddd, J = 17.1 Hz, J = 10.5 Hz, J = 7.3 Hz, 1H), 5.33 (d, J = 10.5 Hz, 1H), 5.23 (br s, 1H), 5.21
(d, J = 15.0 Hz, 1H), 4.93 (t, J = 7.4 Hz, 1H), 3.71 (s, 1H) ppm. *C NMR (126 MHz, CDCl3): § 168.2,
142.6, 134.3, 131.4, 131.1, 130.4, 129.9, 125.1, 123.5, 122.4, 120.4, 73.5, 60.4. HRMS (DART) m/z calcd
for C1sH13BrNO, [M-OH]*: 354.0124; Found [M-OH]*: 354.0111.

Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 99/1, flow rate = 0.5
ml/min, A = 254 nm) tR = 70.6 (major), 82.3 (minor):

Racemate:

mAU
4220nm 4nm

PhthN
X 7 Br

Nax Intensity : 20,543
Time 89662 Inten. -1.158

70.0 725 75.0 775 80.0 825 85.0 875 min
Ret. Time Areal Height Conc.
74728 45509 22545 0.000
82.293 50.491 20373 0.000
100.000 42918 0.000
Asymmetric Reaction:
mal KMax Intensity : 596 712
1750 a0 Time $9.882 Tt 0.553
1500—5
1250-5
10005
rsu—f
500—5
250—5
” 7 L &
67. 70.0 725 780 775 80.0 825 8.0 875 min
Ret. Time Area’l Height Conc.
70.761 99,238 h91348 0.000
32 367 0.762 6297 0.000
100.000 557645 0.000
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2-((1S,2R)-1-hydroxy-1-(naphthalen-2-yl)but-3-en-2-yl)isoindoline-1,3-dione
(2.41): According to the general protonation procedure (GP-1/GP-2) using (R,R)-
Y Ph-BPE, the product was purified by silica gel chromatography (eluent: 0 — 40%
OH EtOAc in hexanes) to provide 44.2 mg (65%) of 2.4f as a thick glass as a >99:1
2.4f mixture of diastereomers and the major diastereomer in a 97.5:2.5 mixture of
enantiomers. Absolute and relative configuration was assigned by analogy to 2.4i, 2.4k, and 2.4n. Rs= 0.69
(10% EtOAc/ CH.Cl). *tHNMR (CDCls, 600 MHz) & : 7.87 (s, 1H), 7.74-7.80 (m, 5H), 7.67 (dd, J = 5.3
Hz, J = 3.1 Hz, 2H), 7.53 (dd, J = 8.3 Hz, J = 1.5 Hz, 1H), 7.42 (dd, J = 6.0 Hz, J = 3.1 Hz, 2H), 6.38
(ddd, J =17.0 Hz, J = 10.4 Hz, J = 7.3 Hz, 1H), 5.46 (d, J = 6.5 Hz, 1H), 5.33 (d, J = 10.7 Hz, 1H), 5.25
(d, J=17.0 Hz, 1H), 5.12 (t, J = 7.0 Hz, 1H), 3.59 (br s, 1H) ppm. *C NMR (126 MHz, CDCl5): 5 168.2,
137.6, 134.1, 133.1, 133.0, 131.4, 131.1, 128.2, 128.0, 127.6, 126.0, 125.96, 125.93, 124.1, 123.4, 120.0,
74.1, 60.1. HRMS (DART) m/z calcd for C22H1sNO2 [M-OH]*: 326.1187; Found [M-OH]": 326.1190.

PhthN
AN

Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 254 nm) tR = 15.6 (major), 20.5 (minor):
Racemate:

Max Intensity : 56,153
Time 14.460 Infen 1.358]

17.0 175 12.0

125 19.0 19.5

AU
Onm,4nm|
50
25|
0 .z N N - e e o T OpetApamama ey -
145 15.0 185 1.0 185

s 230

235" min

Ret_ Time Area’ .
15636 45929 55334 0.000
20573 20.071 41047 0.000
100.000 96381 0.000
Asymmetric Reaction:
mAU Max Intensity : 1,406,159
Onm.4nm Time: Inten.
12509
10004
7504
5004
2504
4 v
. 12.0 125 18.0 185 17.0 175 120 185 19.0 195 . 200 205 210 2{s min
Ret. Time Area™ Height Conc.
15,655 97 554 1404825 0.000
20573 2445 26926 0.000
100.000 1431751 0.000
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PhthN O 2-((1S,2R)-1-(furan-2-yl-1-hydroxy-but-3-en-2-yl)isoindoline-1,3-dione (2.49):
X ~ According to the general protonation procedure (GP-1/GP-2) using (R,R)-Ph-BPE, the
H product was purified by silica gel chromatography (eluent: 0 — 40% EtOAc in hexanes)

OH to provide 45.9 mg (65%) of 2.4g as a white foam as a 92:8 mixture of diastereomers

2.49 and the major diastereomer as a 98:2 mixture of enantiomers. Absolute and relative

configuration was assigned by analogy to 2.4i, 2.4k, and 2.4n. Rt = 0.24 (25% EtOAc/hexanes). 'HNMR
(CDCls, 600 MHz) 6 :7.82(dd,J=5.3Hz,J=3.1Hz, 2),7.71 (dd, J = 5.4 Hz, J = 3.1 Hz, 2H), 7.33 (d,
J=1.2Hz, 1H), 6.30 - 6.37 (m, 2H), 6.25 (dd, J = 3.0 Hz, J = 1.7 Hz, 1H), 5.35 (d, J = 1.5 Hz, 1H), 5.35
(d,J=6.2 Hz, 1H), 5.29 (d, J = 17.6 Hz, 1H), 5.15 (t, J = 7.1 Hz, 1H), 3.35 (br s, 1H) ppm. **C NMR (126
MHz, CDCls): 6 168.0, 152.7, 142.4, 134.2, 131.5, 131.3, 123.4, 119.9, 110.2, 107.7, 68.05, 57.74. HRMS
(DART) m/z calcd for C16H12NO3 [M-OH]*: 266.0823; Found [M-OH]*: 266.0846.

Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 254 nm) tR = 10.5 (major), 11.4 (minor):

Racemate:

mal Max Intensity : 1,163,267
Onm,4nm) Time: Inten

1000+

750+

500+

250+

o £ -

oko o5 10700 10725 10'50 1075 1100 11725 11'50 1175 12100 1225 1250 min

Ret. Time Area’™ Height Conc.
10.564 51.515 1137842 0.000
11.361 43.485 09751 0.000
100.000 2047593 0.000
Asymmetric Reaction:
mAU Max Intensity : 366,145
0nm,4nm Time Inten.
5004
2004
1004
0 i + *
Ret. Time Areal Height Conc.
10.657 58.045 361375 0.000
11.524 1.951 4324 0.000
100.000 365700 0.000
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PhthN ’
\)\/[Q
&H

2.4h

2-((1S,2R)-1-(benzo[b]thiophen-3-yl)-1-hydroxybut-3-en-2-yl)isoindoline-1,3-

dione (2.4h): According to the general protonation procedure (GP-1/GP-2) using
(R,R)-Ph-BPE, the product was purified by silica gel chromatography (eluent: 0 —
40% EtOAC in hexanes) to provide 48.0 mg (69%) of 2.4h as a yellow oil as a >99:1
mixture of diastereomers and the major diastereomer in a 99:1 mixture of
enantiomers. Absolute and relative configuration was assigned by analogy to 2.4i, 2.4k, and 2.4n. Rf=0.24
(25% EtOAc/hexanes). 'HNMR (CDCls, 600 MHz) & : 7.83 — 7.85 (m, 4H), 7.73 (dd, J = 5.4 Hz, J = 3.0
Hz, 2H), 7.58 (s, 1H), 7.39 (t, J = 7.4 Hz, 1H), 7.34 (t, J = 7.4 Hz, 1H), 6.35 (ddd, J = 17.1 Hz, J = 10.5
Hz, J = 6.6 Hz, 1H), 5.63 (d, J = 3.8 Hz, 1H), 5.30 (d overlapped with bs, J = 10.6 Hz, 2H), 5.10 (d, J =
17.1 Hz, 1H), 4.10 (br s, 1H) ppm. 3C NMR (126 MHz, CDCls): 5 168.5, 140.8, 136.8, 135.1, 134.4, 131.5,
130.3, 124.4, 124.3, 124.2, 123.6, 122.9, 121.7, 119.7, 70.82, 58.48 ppm. HRMS (DART) m/z calcd for
C20H14NO2S [M-OH]*: 332.0751; Found [M-OH]*: 332.0771.

Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 95/5, flow rate = 1.0
ml/min, A = 254 nm) tR = 29.2 (major), 32.3 (minor):

Racemate:

mAL

Max Intensity : 513 107

5009 0nm.4nm
400
300—3
2003

1004

Time: Inten

U:

280

32.0

33.0

340

T
37.0

T
38.0

Ret. Time Area Height Conc.
29.299 45970 508312 0.000
32250 50.030 417354 0.000
100.000 525666 0.000
Asymmetric Reaction:
¥ e L e
¢ /\ . W
Ret. Time Area™ Height Conc.
29.142 53.721 502458 0.000
32 665 1.279 12250 0.000
100.000 914748 0.000
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PhthN
OH
2.4i

2-((3R,4S,E)-4-hydroxy-6-phenylhexa-1,5-dien-3-yl)isoindoline-1,3-dione  (2.4i):
According to the general protonation procedure (GP-1/GP-2) using (R,R)-Ph-BPE,
the product was purified by silica gel chromatography (eluent: 0 — 40% EtOAc in
hexanes) to provide 41.3 mg (62%) of 2.4i as a pale yellow oil as a 90:10 mixture of
diastereomers and the major diastereomer as an 84:16 mixture of enantiomers. Rs =

0.39 (25% EtOAc/hexanes). Spectral data matched that of the literature and
Absolute configuration was confirmed by
comparison of the chiral HPLC data to that reported in the literature.™

confirmed the relative stereochemical configuration.™

Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 95/5, flow rate = 1.0
ml/min, A = 254 nm) tR = 31.8 (major), 45.6 (minor); Lit.[7 (OD-H Hexanes:IPA = 95:5, A = 230 nm): tR

= 47.5 (major), 68.2 (minor) min.

Racemate:
mal Max Intensity : 189,926
75 2200m, anm Time 25821 Inten Efi¥r]
28]
257 i 58 -
25 250 275 30.0 335 35.0 375 400 435 450 475 50.0 535 530 min
Ret. Time Area™ Height Conc.
31.835 45816 59112 0.000
45649 50134 45223 0.000
100.000 104335 0.000
Asymmetric Reaction:
mal Max Intensity : 722,008
Onm.4nm Time 25156 Inten 1.369]
500
&
250 275 30.0 335 330 s s 450 45 50.0 s25  min
Ret. Time Area™ Height Conc.
31629 84135 718511 0.000
45 664 15.365 94942 0.000
100.000 813453 0.000
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PhthN

\)\_/n-CsHﬂ

OH
2.4

2-((3R,4S)-4-hydroxynon-1-en-3-yl)isoindoline-1,3-dione (2.4j): According to the
general protonation procedure (GP-1/GP-2) using (S,S)-PhB-PE, the product was
purified by silica gel chromatography (eluent: 0 — 40% EtOAc in hexanes) to provide
27.2 mg (48%) of 2.4j as a pale yellow oil as a >99:1 mixture of diastereomers and
the major diastereomer as a >97:3 mixture of enantiomers. Absolute and relative

configuration was assigned by analogy to 2.4i, 2.4k, and 2.4n. R; = 0.36 (25% EtOAc/hexanes). HNMR
(CDCls, 600 MHz) &:7.86 (dd, J =5.3 Hz, J = 3.0 Hz, 2H), 7.74 (dd, J = 5.4 Hz, J = 3.0 Hz, 2H), 6.27
(ddd, J = 17.5 Hz, J = 10.5 Hz, J = 8.0 Hz, 1H), 5.31 (d, J = 10 Hz, 1H), 5.26 (d, J = 16.5 Hz, 1H), 4.70
(dd,J=7.7Hz,J =4.0 Hz, 1H), 4.05 (dd, J = 4.1 Hz,J = 2.5 Hz, 1H), 3.69 (s, 1H), 3.60 (br s, 1H), 1.16-
1.60 (m, 7H), 0.87 (t, J = 7.0 Hz, 3H) ppm. C NMR (126 MHz, CDCls): § 168.6, 134.2, 131.6, 131.1,
1235, 119.8, 72.1, 59.3, 34.1, 31.6, 25.3, 22.5, 13.9. HRMS (DART) m/z calcd for C17H22NOs [M + H]*:

288.1600; Found [M+H]*: 288.1618.

Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 95/5, flow rate = 1.0
ml/min, A = 254 nm) tR = 26.4 (minor), 27.5 (major):

Racemate:
mél Wax Intensity : 650,113
1220nm.4nm Time Inten.
600
-nu—f
400
3004
200
100—5
u— = ¥ ke
280 2 280 265 270 7 280 28, 28,0 285 " rmin
Ret. Time Area’l Height Conc.
26.366 50.288 410150 0.000
7745 45712 187416 0.000
100.000 797566 0.000
Asymmetric Reaction:
mAU Max Intensity : 1,569,826
2250-p20nm 4nm Time 26346 Inten. 18,375
2000]
1750
1500—;
1250—;
10005
750
s00]
zs.n-i
o . .
’ 250 2 26,0 28 270 7. 280 285 280 285 min
Ret. Time Areal Height Conc.
26.326 0.480 11725 0.000
27611 99.520 1511140 0.000
100.000 1522865 0.000
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PhthN
\)\/A

OH
2.4k

2-((1S,2R)-1-cyclopropyl-1-hydroxybut-3-en-2-yl)isoindoline-1,3-dione
According to the general protonation procedure (GP-1/GP-2) using (R,R)-Ph-BPE, the
product was purified by silica gel chromatography (eluent: 0 — 40% EtOAc in hexanes)
to provide 31.5mg (60%) of 2.4k as a pale yellow solid as a 97:3 mixture of diastereomers
and the major diastereomer as a 99:1 mixture of enantiomers. R = 0.21 (25%
EtOAc/hexanes). Spectral data matched that of the literature and confirmed the relative
stereochemical configuration.Xl Absolute configuration was confirmed by comparison of the chiral HPLC
data to that reported in the literature.™

(2.4K):

Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 95/5, flow rate = 1.0
ml/min, A = 254 nm) tR = 12.0 (major), 13.8 (minor); Lit.! (OD-H Hexanes:IPA = 95:5, A = 230 nm): tR
=15.1 (major), 18.3 (minor) min.

Racemate:
mAU Max Intensity : 900,215
1250-E20nm 4nm Time 10.053 Tnlen. 0.070
10003
7503
s00]
250]
1 & 4
7 o
10.0 105 110 s 12,0 135 13.0 135 1do 1s 12.0 125 18.0 min
Ret. Time Area™ Height Conc.
12.030 50.073 399427 0.000
13.858 49927 745925 0.000
100.000 1645353 0.000
Asymmetric Reaction:
mA Max Intensity : 122,697
Onm,4nm Time 14962 Inten. -14.388]
125+
100+
75
50+
25
o
b Al
25 T "
1450 1175 1200 1225 1250 1275 1300 1325 1350 1375 1400 1425 1450 1475  min
Ret. Time Area’ Height Conc.
12.295 98.916 138860 0.000
14.366 1.084 1781 0.000
100.000 140641 0.000
Asymmetric Reaction + Racemic Co-injection:
maU Max Intensity : 87,733
4220nm.4nm Time 14557  Inten. 25.011
150—5
125—2
100%
=
50—5
=
U 7 2 7
15 120 125 13.0 135 140 145 min
Ret. Time Area™ Height Conc.
12307 64313 26071 0.000
14.315 35687 42198 0.000
100.000 128270 0.000
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PhthN
AN

Me

2-((3R,4S)-4-hydroxy-5-methylhex-1-en-3-yl)isoindoline-1,3-dione (2.41): According

to the general protonation procedure (GP-1/GP-2) using (R,R)-PhBPE, the product was

Y Me
OH
2.41

purified by silica gel chromatography (eluent: 0 — 40% EtOAc in hexanes) to provide
27.9 mg (54%) of 2.4l as a yellow oil as a 80:20 mixture of diastereomers and >99:1
mixture of enantiomers. Absolute and relative configuration was assigned by analogy

to 2.4i, 2.4k, and 2.4n. R = 0.62 (10% EtOAc/ CH,Cl,). 'HNMR (CDCls, 600 MHz) & : 7.84 (dd, J=5.5
Hz, J = 3.1 Hz, 2H), 7.73 (dd, J=5.5Hz, J = 3.1 Hz, 2H), 6.28 (ddd, J =17.7Hz,J=10.4Hz,J=7.6
Hz, 1H), 5.29 (dt, J = 10.4 Hz, J = 1.0 Hz, 1H), 5.26 (dt, J = 17.0 Hz, J = 1.0 Hz, 1H), 4.86 (dd, J = 7.5
Hz, J =5.1 Hz, 1H), 3.87 (t, J = 5.5 Hz, 1H), 3.16 (br s, 1H), 1.74 (hex, J = 6.6 Hz, 1H), 1.01 (d, J = 6.6
Hz, 3H), 0.98 (J = 6.6 Hz, 3H) ppm. *C NMR (126 MHz, CDCls): § 168.4, 134.2, 132.0, 131.7, 123.5,
119.6, 76.77, 30.40, 19.80, 16.75. HRMS (DART) m/z calcd for C1sH1sNO3z [M + H]*: 260.1287; Found
[M+H]*: 260.1281.
Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 220 nm) tR = 11.9 (major), 12.4 (minor):

Racemate:
mal Max Intensity : 514,651
J220nm.4nm Time 12156 Inten. 26551
125
100
75
50
ZEF: /\
E T A e
0]
25
15 1e 117 118 118 120 121 122 124 125 126 127 min
Ret. Time Area™ Height Conc.
11.695 20290 33445 0.000
12313 49710 31754 0.000
100.000 65195 0.000
Asymmetric Reaction:
mau Max Intensity : 99 882
. Onm,4nm Time 11.455 Inten. -105.631
1004
=
D_:
_50_5
150
1150 1175 1200 1225 1250 1275 13.00 13.25 1350 min
Ret. Time Area’™ Height Conc.
11.5948 0.165 631 0.000
12.465 %9.835 206534 0.000
100.000 207165 0.000
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2-((1S,2R)-1-cyclohexyl-1-hydroxybut-3-en-2-yl)isoindoline-1,3-dione

[M+H]*: 300.1601.

Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 95/5, flow rate = 1.0

ml/min, A = 254 nm) tR = 30.1 (major), 35.7 (minor):

(2.4m):
According to the general protonation procedure (GP-1/GP-2) using (R,R)-Ph-BPE, the
product was purified by silica gel chromatography (eluent: 0 — 40% EtOAc in hexanes)
to provide 34.9 mg (57%) of 2.4m as a yellow oil as a >99:1 mixture of diastereomers
and the major diastereomer as a 98:2 mixture of enantiomers. Absolute and relative
configuration was assigned by analogy to 2.4i, 2.4k, and 2.4n. Rt = 0.30 (25% EtOAc/hexanes). 'HNMR
(CDCls, 600 MHz) 6 : 7.85 (dd, J =5.5Hz, J = 3.1 Hz, 2H), 7.74 (dd, J = 5.5 Hz, J = 3.1 Hz, 2H), 6.28
(ddd, J=17.8 Hz,J =10.4 Hz, J = 7.4 Hz, 1H), 5.29 (d, J = 10.5 Hz, 1H), 5.24 (d, J = 17.6 Hz, 1H), 4.93
(dd, J=7.3Hz,J=4.5Hz, 1H),3.83 (dd, J=5.9 Hz, J = 4.6 Hz, 1H), 3.35 (br s, 1H), 1.94 (d, J =13.3
Hz, 1H), 1.78-1.70 (m, 2H), 1.63 (d, J = 10.3Hz, 1H), 1.46-1.37 (m, 1H), 1.3-1.0 (m, 5H), 0.90 — 0.74 (m,
1H) ppm. ¥C NMR (126 MHz, CDCls): & 168.5, 134.2, 131.8, 131.7, 123.5, 119.4, 76.07, 56.34, 40.34,
29.92, 27.33, 26.31, 26.23, 25.97. HRMS (DART) m/z calcd for C1sH22NO3 [M + H]*: 300.1600; Found

Max Intensity : 258 568

Inten.

Racemate:
maL
J220nm.4nm Time
1000
750
500
250 K
: \l-' /\ ‘\1"
ot £
i i P e e T
29.0 30.0 31.0 32.0 33.0 34.0 35.0 35.0
Ret . Time Areall Height Conc.
30.121 50.611 254202 0.000
35.751 45389 212174 0.000
100.000 466376 0.000
Asymmetric Reaction:
mal Max Intensity : 725,241
B004o70nm 4nm] Time inten.
mu—f
euu—f
E.uu—f
400—5
300—5
zuu—f
100—5
g: e
E - Jr~
275 30.0 325 380 375 min
| Ret. Time Area™. Height Conc.
| 30.090 97742 7255995 0.000
l 35.745 2258 16327 0.000
| 100,000 742325 0.000
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tert-butyl 4-((1S,2R)-2-(1,3-dioxoisoindolin-2-yl)-1-hydroxybut-3-en-1-
Boc yl)piperidine-1-carboxylate (2.4n): According to the general protonation
procedure (GP-1/GP-2) using (R,R)-PhBPE, the product was purified by silica gel
chromatography (eluent: 0 — 40% EtOAc in hexanes) to provide 39.5 mg (49%) of
2.4n as a pale yellow oil as a 95:5 mixture of diastereomers and 98.5:1.5 mixture
of enantiomers. Ry = 0.11 (25% EtOAc/hexanes). Spectral data matched that of the
literature and confirmed the relative stereochemical configuration.™™ Absolute configuration was confirmed
by comparison of the chiral HPLC data to that reported in the literature.[!!

Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 95/5, flow rate = 1.0
ml/min, A = 220 nm) tR = 16.2 (minor), 24.4 (major); Lit.!"! (OD-H Hexanes:IPA = 93:7, A = 230 nm): tR
= 29.2 (minor), 44.1 (major) min.

Racemate:

Max Intensity : 457,816

1220nm.4nm
50 U—E
50 Ué
400—5
300—5
zuu—f
1 uu—f

o]

Time . 12310 Inten.

-3.073

suu—f
400—5
300-5
200—5

100

15.0 175 225 250 275 300 min
Ret. Time Area™ Height Conc.
16.244 50.290 461516 50290
24 431 49710 331256 45710
100.000 T92772 100.000
Asymmetric Reaction:
mAl Max Intensity : 514,854
gog-J220nm.4nm Time 22729 | Inten. -0.668|
v v
T T
120 16.0 17.0 18.0 180 210 20 210 240 230 260 270 280 min
Ret. Time Areal Height Conc.
16.408 1.568 12064 0.000
24330 98.432 515227 0.000
100.000 527291 0.000
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2-((3R,4S)-4-hydroxy-5,5-dimethylhex-1-en-3-yl)isoindoline-1,3-dione (2.40):

TthN IVIeMe According to the general protonation procedure (GP-1/GP-2) using (R,R)-PhBPE, the
v~ "Me product was purified by silica gel chromatography (eluent: 0 — 40% EtOAc in hexanes)

OH to provide 30.9 mg (57%) of 2.40 as a pale yellow oil as a >99:1 mixture of

2.40 diastereomers and the major diastereomer as a 98.5:1.5 mixture of enantiomers.

Absolute and relative configuration was assigned by analogy to 2.4i, 2.4k, and 2.4n. R = 0.40 (25%
EtOAc/hexanes). tHNMR (CDCls, 600 MHz) & : 7.86 (dd, J = 5.5 Hz, J = 3.1 Hz, 2H), 7.74 (dd, J = 5.5
Hz, J = 3.1 Hz, 2H), 6.31 (ddd, J = 17.4 Hz, J = 10.4 Hz, J = 7.6 Hz, 1H), 5.22 (d, J = 10 Hz, 1H), 5.15
(d, J=17.5Hz, 1H), 5.10 (dd, J = 7.0 Hz, J = 1.0 Hz, 1H), 3.80 (br s, 1H), 3.60 (s, 1H), 1.01 (s, 9H) ppm.
13C NMR (126 MHz, CDCls): 6 168.5, 134.2, 132.6, 131.7, 123.5, 118.17, 80.6, 54.7, 35.1, 26.4. HRMS
(DART) m/z calcd for C16H20NO3 [M + H]*: 274.1443; Found [M+H]*: 274.1458.

Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 98/2, flow rate = 1.0
ml/min, A = 254 nm) tR = 19.0 (major), 20.1 (minor):

Racemate:
mal

Max Intensity : 353567

50J220nm. 4nm
40

304

Time_ 21.564 _Inien 0.253]

Al

o
-

1775 1800 1825 1850 1875 1800 1825 1950 1875 2000 2025 2050 2075 2100 2125 2150 2175
Ret. Time Area Height Conc.
19.032 50.007 679 0.000
20181 45993 30545 0.000
100.000 6o223 0.000
Asymmetric Reaction:
maU Max Intensity : 782,154
750} Onm.4nm Time 18213 Inten 420.581
00
250
650 1675 1700 1725 1780 1775 | 1800 1825 1850 1875  19.00 1925 19S50 1975 | 2000 2025 2050 2075 2100 min
Ret. Time Area Height Conc.
18.372 98.572 779048 0.000
19.560 1.428 12734 0.000
100.000 791782 0.000
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2-((1S,2R)-1-hydroxy-1-(tetrahydro-2H-pyran-4-yl)but-3-en-2-yl)isoindoline-1,3-
dione (2.4p): According to the general protonation procedure, the product was purified
by silica gel chromatography (eluent: 0 — 40% EtOAc in hexanes) to provide 54% of

2.4p as a clear glass as a 66:34 mixture of diastereomers and 96:4 mixture of
2.4p enantiomers. Spectra of isolated compound matched known literature (Ref -Krische).
HRMS (DART) m/z calcd for Ci7H2NOs [M + H]*: 302.1392; Found [M+H]":

302.1400.
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Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 254 nm) tR = 20.9 (major), 26.6(minor):

Racemate:
maL Max Intensity : 137 865
Onm 4nm Time 29.096 Inten. -1.777
0
30-
20
10-
o
i - N
175 20.0 25 280 75 " min
Ret. Time Area Height Conc.
20577 45243 26143 0.000
26.665 50752 21250 0.000
100.000 47353 0.000
Asymmetric Reaction:
mal Max Intensity : 1,067 325
Onm.4nm Time 17.118 nien. .09
1000}
750-]
500-]
250}
] &
9 T T =
175 20.0 25 25.0 275 300 min
Ret. Time Areal Height Conc.
2093 95877 1063934 0.000
26.654 4123 27674 0.000
100.000 1091608 0.000
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Oxidation Products
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[M+H]*: 340.1179.

2-((1S,2S)-1-hydroxy-1-(4-methoxyphenyl)-3-oxobutan-2-yl)isoindoline-
1,3-dione (2.6a): According to the general oxidation procedure (GP-1/GP-3)
using (S,S)-Ph-BPE, the product was purified by silica gel chromatography
(eluent: 0 — 40% EtOAc in hexanes) to provide 48.1 mg (67%) of 2.6a as a
thick glass as a 97:3 mixture of diastereomers and the major diastereomer in
a 99:1 mixture of enantiomers. Upon scaling this reaction to 1.00 mmol, the
product 2.6a was isolated as 252.4 mg (73.2%). Rf= 0.10 (25% EtOAc/hexanes). HNMR (CDCls, 600
MHz) 6:7.78 (dd, J =5.5Hz, J=3.1 Hz, 2H), 7.71 (dd, J = 5.5 Hz, J = 3.1 Hz,2H), 7.26 (d, J = 8.6 Hz,
2H), 6.74 (d, J = 8.6 Hz, 2H), 5.45 (d, J = 7.4 Hz, 1H), 4.93 (d, J = 7.4 Hz, 1H), 4.16 (br s, 1H), 3.71 (s,
3H), 2.14 (s, 3H) ppm. C NMR (126 MHz, CDCls): § 204.9, 167.4, 159.3, 134.4, 131.2, 131.0, 127.7,
123.6, 113.6, 71.5, 63.9, 55.1, 27.9. HRMS (DART) m/z calcd for C1gH1sNOs [M + H]*: 340.1185; Found

Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 90:10, flow rate = 1.0
ml/min, A = 220 nm) tR = 21.0 (minor), 22.7 (major):

Racemate:
maU Max Intensity : 423,030
500__ Onm.4nm Time 19.275 . Inten. -25.354|
400—5
300]
ZUU—E
100—2
”‘ L &
7100- T T T T T T T T T T T T T
19.0 19. 20.0 205 21.0 215 220 22 230 235 240 245 250 25! min
Ret. Time Area™ Height Conc.
21.024 51.013 296550 0.000
22794 43937 226012 0.000
100.000 he2562 0.000
Asymmetric Reaction:
maU Wax Intensity ; 606,020
1000-220nmdnm Time 23633 Tien. T18.127]
?50—:
E-DD—f
250—3
u—: 4
] ap qp
185 190 205 210 215 220 225 230 235 240 245 2.0 260 265 min
Ret. Time Area Height Conc.
21126 0.453 4432 0.000
22 459 %5542 631457 0.000
100.000 635979 0.000
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2-((1S,2S)-1-(4-chlorophenyl)-1-hydroxy-3-oxobutan-2-yl)isoindoline-1,3-

dione (2.6b): According to the general oxidation procedure (GP-1/GP-3) using
(R,R)-Ph-BPE, the product was purified by silica gel chromatography (eluent: O
— 40% EtOAcC in hexanes) to provide 40.8 mg (59%) of 2.6b as a white foam as
a 91:9 mixture of diastereomers and the major diastereomer in a 96.5:3.5 mixture
of enantiomers. Rt = 0.19 (25% EtOAc/hexanes). tHNMR (CDCls, 600 MHz) &

:7.80 (dd, J = 5.5 Hz, J = 3.0 Hz, 2H), 7.74 (dd, J = 5.5 Hz, J = 3.0 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H),
7.19 (d, J = 8.5 Hz, 2H), 5.47 (dd, J = 7.0 Hz, J = 2.5 Hz, 1H), 4.90 (d, J = 7.8 Hz, 1H), 4.25(d, J =25
Hz, 1H), 2.12 (s, 3H) ppm. *C NMR (126 MHz, CDCls): 6 204.6, 168.7, 137.5, 134.6, 131.1, 128.5, 128.0,
123.8, 71.4, 63.8, 27.8. HRMS (DART) m/z calcd for C1sHisCINO4 [M + H]*: 344.0690; Found [M+H]":
344.0717.
Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 95/5, flow rate = 1.0
ml/min, A = 220 nm) tR = 27.9 (major), 30.2 (minor):

Racemate:

mal

Max Intensity : 136,539

Onm.4nm

300+

250

200+

150+

100+

50+

Time 27.042 Inten 2.692]

e

04

e
iF

2700 2725

2775 2800 2825

2850 2875 29.00

2925 29050 2975

3000 3025 3050

3075 3100 3125 3150 min

Ret. Time Area’ Height Conc.
27.963 51.033 123353 0.000
30.287 48.561 115503 0.000
100.000 248761 0.000
Asymmetric Reaction:
maU Max Intensity : 491 656
1500-J220nm.4nm Time' 29.484 _Inten. 5.079]
1250—5
1000—3
750—5
snn—f
250—5
S * i
270 275 28.0 285 250 295 30.0 305 310 35 min
Ret. Time Areal Height Conc.
27.627 36.614 435561 0.000
30.423 3.336 20873 0.000
100.000 506434 0.000
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2-((1S,2S)-1-hydroxy-3-oxo-1-phenylbutan-2-yl)isoindoline-1,3-dione

(2.6¢):

According to the general oxidation procedure (GP-1/GP-3) using (R,R)-Ph-BPE, the
product was purified by silica gel chromatography (eluent: 0 — 40% EtOAc in
hexanes) to provide 41.1mg (66%) of 2.6¢c as a yellow oil as a 95:5 mixture of
diastereomers and the major diastereomer in a 97:3 mixture of enantiomers. Rs =
0.20 (25% EtOAc/hexanes). *HNMR (CDCls, 600 MHz) & : 7.78 (dd, J = 5.6 Hz, J
= 3.0 Hz, 2H), 7.71 (dd, J = 5.6 Hz, J = 3.0 Hz, 2H), 7.34 (d, J = 7.4 Hz, 2H), 7.22 (t, J = 7.4 Hz, 2H),
7.18 (t, J = 7.3 Hz, 1H), 5.48 (dd, J = 6.7 Hz, J = 2.3 Hz, 1H), 4.97 (d, J = 6.7 Hz, 1H), 4.26 (d, J = 2.4
Hz, 1H), 2.12 (s, 3H) ppm. *C NMR (126 MHz, CDCls): & 204.6, 167.5, 134.4, 129.3, 128.9, 128.29,
128.22,126.4,123.9,123.6,71.8, 64.0, 27.9. HRMS (DART) m/z calcd for C1sH1sNO4 [M + H]*: 310.1079;
Found [M+H]*: 310.1108.

For this reaction, a portion of the crude mixture was exposed to AcOH/protonation workup (GP-2)
to convert to 2.4c to analyze the enantioselectivity of the reaction.

Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 98:2, flow rate = 1.0
ml/min, A = 254 nm) tR = 30.94 (major), 40.68 (minor):

Racemate (2.4c):

mal

Max Intensity : 16,423

15.0—5
12.5—5
10.0—5
78]
s.u—f

2.5

J254nm 4nm

i

0.04

Time Inten.

A

300 310

320 330

380

8.0

370 380

4.0 ' 4z min

Asymmetric Reaction (2.4c):

39.0 410
Ret. Time Area’l Height Conc.
30.949 50.029 4462 0.000
40688 45571 3213 0.000
100000 7675 0.000
mal Max Intensity : 28,035
f54nm anm Time 33121 Inten. 7710
40
307
20—2
10—2
5
o &
] T T
’ 30.0 325 38.0 375 a0 425 min
Ret. Time Areal Height Conc.
11372 56.324 27310 0.000
41.895 3176 284 0.000
100.000 28694 0.000
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2-((1S,2S)-1-hydroxy-3-oxo0-1-(o-tolyl)butan-2-yl)isoindoline-1,3-dione  (2.6d):

PhthN
Me According to the general oxidation procedure (GP-1/GP-3) using (R,R)-Ph-BPE, the
Y product was purified by silica gel chromatography (eluent: 0 — 40% EtOAc in
O OH Me hexanes) to provide 24.0 mg (38%) of 2.6d as a pale yellow oil as a 96:4 mixture of
2.6d diastereomers and the major diastereomer in a 99:1 mixture of enantiomers. Rs =

0.20 (25% EtOAc/hexanes). *HNMR (CDCls, 600 MHz) & : 7.81 (dd, J = 5.6 Hz, J

= 3.5 Hz, 2H), 7.72 (dd, J = 5.6 Hz, J = 3.5 Hz, 2H), 7.54 (d, J = 7.8 Hz, 1H), 7.20 (t, J = 7.0 Hz, 1H),
7.16 (t, J = 7.3 Hz, 1H), 7.12 (d, J = 8.1 Hz, 1H), 7.06 (d, J = 7.5 Hz, 1H), 5.65 (dd, J = 5.6 Hz, J = 2.8
Hz, 1H), 5.10 (d, J = 5.6 Hz, J = 1.5 Hz, 1H), 4.38 (d, J = 2.6 Hz, 1H), 2.30 (s, 3H), 2.14 (s, 3H) ppm. *C
NMR (126 MHz, CDCls): 6 203.8, 167.8, 137.0, 135.4, 134.5, 131.3, 130.7, 128.0, 126.9, 123.7, 69.9, 63.8,
28.2,19.2. HRMS (DART) m/z calcd for C19H16NO3; [M-OH]*: 306.1136; Found [M-OH]*: 306.1145.

Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 220 nm) tR = 36.4 (major), 38.7 (minor):

Racemate:
mél Max Intensity : 207 520
ez0nm.2nm Time 37.970 Inten. 2.202]
125
100
754
50
25
o - L e
350 385 380 385 30 375 335 395 400 405 41.0 min
Ret. Time Area’ Height Conc.
36.409 hh 8300 118958 0.000
38736 44 200 38655 0.000
100.000 207613 0.000
Asymmetric Reaction:
mal Max Intensity : 1,048 679
4220nm.4nm Time 359.855 Inten. 33.172
1500
1250—5
1000@
750—5
500—5
250
L T & T L
35.0 3g 6.0 B/5 37.0 375 38.0 385 390 39, 400 "min
Ret. Time Area™ Height Conc.
36.316 0.735 8548 0.000
38767 55 261 1045459 0.000
100.000 1058407 0.000
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2-((1S,2S)-1-(3-bromophenyl)-1-hydroxy-3-oxobutan-2-yl)isoindoline-1,3-dione
(2.6e): According to the general oxidation procedure (GP-1/GP-3) using (R,R)-
PhBPE, the product was purified by silica gel chromatography (eluent: 0 — 5%
EtOAc in DCM) to provide 36.3 mg (47%) of 2.6e as a yellow oil as a 95:5 mixture
of diastereomers and the main diastereomer in a 99:1 mixture of enantiomers. Rs =
0.18 (25% EtOAc/hexanes). *HNMR (CDCls, 600 MHz) & : 7.81 (dd, J=5.4 Hz, J
= 3.1 Hz, 2H), 7.74 (dd, J = 5.4 Hz, J = 3.1 Hz, 2H), 7.48 (s, 1H), 7.31 (d, J = 8.0
Hz, 1H), 7.28 (d, J = 7.4 Hz, 1H), 7.10 (t, J = 8.0 Hz, 1H), 5.43 (dd, J = 6.8 Hz, J = 2.4 Hz, 1H), 4.90 (d,
J=7.0Hz, 1H), 4.33 (d, J = 2.7 Hz, 1H), 2.12 (s, 3H) ppm. 3C NMR (126 MHz, CDCls): § 204.2, 167.5,
14.3,134.6, 131.3,131.1, 129.9, 129.7, 125.0, 123.8, 122.4, 71.4, 64.0, 27.9. HRMS (DART) m/z calcd for
CisH1sBrNO4 [M + H]*: 388.0184; Found [M+H]*: 388.0213.
For this reaction, a portion of the crude mixture was exposed to AcOH/protonation workup (GP-2)

to convert to 2.4e to analyze the enantioselectivity of the reaction.
Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 99/1, flow rate = 0.5
ml/min, A = 240nm) tR = 74.7 (major), 82.2 (minor):
Racemate (2.4e):

mal

Max Intensity : 3,207

40nm,4nm

Time 75.803 Inten. 2358

3
2_
14
[
-1
2]
-3
70.0 725 75.0 775 80.0 825 82.0 875 min
Ret. Time Area™ Height Conc.
74.729 50.830 4324 50.830
82.270 49170 I&TT 45170
100000 a001 100 000
Asymmetric Reaction (2.4e):
mal Max Intensity : 121,012
1751240nm 4nm Time . 67.5635 Inten. 0.057]
150—5
1257
100—5
Tsé
50—5
zsé
" i £ =
67. 70.0 72 775 80.0 825 85.0 875 i
Ret. Time Area™ Height Conc.
70.762 59.224 1195593 59.224
82 260 0.776 1263 0.776
100.000 121261 100.000
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2-((1S,2S)-1-hydroxy-1-(naphthalen-2-yl)-3-oxobutan-2-yl)isoindoline-1,3-
dione (2.6f): According to the general oxidation procedure (GP-1/GP-3), the
product was purified by silica gel chromatography (eluent: 0 — 40% EtOAc in
hexanes) to provide 52.1mg (70%) of 2.6f as a yellow solid as a 99:1 mixture
of diastereomers and the major diastereomer in a 98.5:1.5 mixture of
enantiomers. Ry = 0.20 (25% EtOAc/hexanes). tHNMR (CDCls, 600 MHz) §
781 (s, 1H), 7.79-7.73 (m, 4H), 7.71 (d, J = 7.7 Hz, 1H), 7.67 (dd, J = 5.2 Hz, J = 3.1 Hz, 2H), 7.51 (d,
J = 8.5 Hz, 1H), 7.44-7.38 (m, 2H), 5.67 (dd, J = 6.3 Hz, J = 1.8 Hz, 1H), 5.14 (d, J = 6.5 Hz, 1H), 4.43
(d, J = 2.4 Hz, 1H), 2.13 (s, 3H) ppm. **C NMR (126 MHz, CDCls): § 204.2, 167.6, 136.4, 134.4, 133.1,
132.9, 131.2, 128.3, 128.0, 127.6, 126.13, 126.10, 125.9, 123.9, 123.7, 72.2, 64.3, 28.1. HRMS (DART)
m/z calcd for C»H1sNO3 [M - OH]*: 342.1136; Found [M-OH]*: 342.1138.

Chiral HPLC Analysis (Chiralpak IC-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 190 nm) tR = 28.6 (major), 38.9 (minor):

PhthN
Me

O OH
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Racemate:
mAal Max Intensity : 74,708
Time 45142 Inten. -3.145

11590nm,4nm

30.0 40.0 435

min
Ret. Time Areal Height Conc.
28624 458954 19622 458954
33 963 50.106 16350 50.106
100.000 35973 100.000
Asymmetric Reaction:
1000 oo T e g
750—:
E-DD—:
250—5
”‘ 3 % T .
275 30.0 325 3s. 375 40.0 i
Ret. Time Areal Height Conc.
28741 1.392 12118 1.352
38,702 53.603 526965 938.608
100.000 535083 100.000
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OH]*: 282.0772; Found [M-OH]*: 282.0762.

2-((1S,2S)-1-cyclopropyl-1-hydroxy-3-oxobutan-2-yl)isoindoline-1,3-dione (2.69):
According to the general oxidation procedure (GP-1/GP-3) using (R,R)-Ph-BPE, the
product was purified by silica gel chromatography (eluent: 0 — 40% EtOAc in
hexanes) to provide 43.3mg (72%) of 2.6g as a white foam as a single diastereomer
and the major diastereomer as a 99:1 mixture of enantiomers. Rt = 0.17 (25%
EtOAc/hexanes). *HNMR (CDCls, 600 MHz) & : 7.85 (dd, J = 5.5 Hz, J = 3.0 Hz,
2H), 7.75 (dd, J = 5.5 Hz, J = 3.0 Hz, 2H), 7.31 (dd, J = 1.8 Hz, J = 0.8 Hz, 1H), 6.35 (dt, J = 3.2 Hz, J =
0.7 Hz, 1H), 6.26 (dd, J = 3.2 Hz, J = 1.8 Hz, 1H), 5.51 (dd, J = 5.6 Hz, J = 2.6 Hz, 1H), 5.23 (d, J = 5.8
Hz, 1H), 4.42 (d, J = 3.1 Hz, 1H), 2.12 (s, 3H) ppm. *C NMR (126 MHz, CDCls): § 203.2, 167.7, 151.8,
142.5, 134.5, 131.3, 123.7, 110.5, 108.1, 67.0, 62.5, 27.7. HRMS (DART) m/z calcd for C16H12NO4 [M-

For this reaction, a portion of the crude mixture was exposed to AcOH/protonation workup (GP-2)
to convert to 2.4g to analyze the enantioselectivity.
Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A =190 nm) tR = 10.65 (major), 11.53 (minor):

Racemate (2.

m

49):

14U

Max Intensity : 548, 806

1000
750+

500+

[150nm.4nm

Time . 10.329 _ Inten.

Asymmetric

Ret. Time Area” Height Conc.
10573 5276 hZ27884 50276
11.360 49,724 455504 49,724
100.000 933388 100.000
Reaction (2.49):
méAL Max Intensity : 232,408
[190nmAnm Time 12241 Tnien.
975 1000 1025 105 1075 1100 1125 1150 1200
Ret . Time Areall Height Conc.
10.656 58.286 232418 58.286
11.531 1714 3015 1714
100.000 235433 100.000

9.75 10000 1025 10.50

075 1100

125 1150

1M75 1200
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using (S,S)-PhBPE, the product was purified by silica gel chromatography

O OH (eluent: 0 — 30% EtOAC in hexanes) to provide 50.7 mg (69%) of 2.6h as a white

2.6h foam as a >99:1 mixture of diastereomers and the major diastereomer in a 98:2

mixture of enantiomers. Rs = 0.20 (25% EtOAc/hexanes). tHNMR (CDCls, 600

MHz) &:7.77 - 7.81 (m, 4H), 7.71 (dd, J = 5.3 Hz, J = 3.3 Hz, 2H), 7.57 (s, 1H), 7.33 (t, J = 7.8 Hz, 1H),

7.29 (t, J = 7.8 Hz, 1H), 7.81 (dd, J = 5.3 Hz, J = 2.5 Hz, 1H), 5.32 (d, J = 5.3 Hz, 1H), 4.64 (d, J = 2.8

Hz, 1H), 2.14 (s, 3H) ppm. *C NMR (126 MHz, CDCls): 6 203.2, 167.9, 140.7, 136.6, 134.5, 134.2, 131.3,

124.8, 1245, 124.3, 123.7, 122.9, 121.9, 69.0, 63.7, 28.3 ppm. HRMS (DART) m/z calcd for C2H1:NO3S

[M-OH]*: 348.0689; Found [M-OH]*: 348.0674.

Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0

ml/min, A = 254 nm) tR = 43.63 (minor), 46.18 (major):

PhthN S 2-((1S,2S)-1-(benzo[b]thiophen-3-yl)-1-hydroxy-3-oxobutan-2-yl)isoindoline-
M e\ﬂ;\([@ 1,3-dione (2.6h): According to the general oxidation procedure (GP-1/GP-3)

Racemate:
mALl Max Intensity : 7,085
1.25-4254nm4nm Time 42,339 Inten. 0.759)
1.00—:
0.75—:
u.sn-:
0.2
] H &
T
u.uu—:
410 415 430 435 430 435 440 4d5 430 455 460 485 470 475 480 min
Ret. Time Area Height Conc.
43 699 45535 627 0.000
46175 20.061 607 0.000
100.000 1234 0.000
Asymmetric Reaction:
mél Max Intensity : 368,978
45_:"Einm 4nm Time 47.521 Inten. 4659
40—;
30—2
=
2n—§
1<
109
5]
e ¥ i + b
38.0 380 400 410 420 430 440 430 4.0 470 480 430 " min
Ret. Time Area’™ Height Conc.
43639 2.196 1078 0.000
45875 57.804 33398 0.000
100.000 34476 0.000

89



PhthN

MM

O OH
2.6k

2-((1S,2S)-1-cyclopropyl-1-hydroxy-3-oxobutan-2-yl)isoindoline-1,3-dione
According to the general oxidation procedure (GP-1/GP-3) using (R,R)-Ph-BPE, the
product was purified by silica gel chromatography (eluent: 0 — 40% EtOAc in hexanes)
to provide 37.4mg (67%) of 2.6k as a clear oil as a single diastereomer and the major
diastereomer as a 99:1 mixture of enantiomers.

(2.6K):

Rr = 0.14 (25% EtOAc/hexanes).

IHNMR (CDCls, 600 MHz) & : 7.91 (dd, J = 5.7Hz, J = 3.2 Hz, 2H), 7.80 (dd, J = 5.7 Hz, J = 3.2 Hz,
2H), 4.79 (d, J = 6.7 Hz, 1H), 3.79 (d, J = 3.8 Hz, 1H), 3.63 (ddd, J = 10.2 Hz, J = 7.4 Hz, J = 2.5 Hz,
1H), 2.23 (s, 3H), 1.00-0.91 (m, 1H), 0.58-0.47 (m, 1H), 0.43-034 (m, 1H), 0.31-0.22 (m, 1H), 0.1-0.03 (m,

1H) ppm. **C NMR (126 MHz, CDCls): § 205.1, 167.9, 134.6, 131.5, 123.8, 74.1, 63.0, 27.5, 14.4, 2.37,

2.32. HRMS (DART) m/z calcd for C1sH1sNO4 [M + H]*: 274.1079; Found [M+H]": 274.1071.

Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 95/5, flow rate = 1.0
ml/min, A = 220 nm) tR = 21.4 (major), 29.8 (minor):

Racemate:
maU Max Intensity : 188 270
J220nm,4nm Time Inten.
400-]
3004
2004
100-]
o] » &
190 200 210 220 230 240 2850 280 | 270 280 290 300 3.0 320 min
Ret. Time Area Height Conc.
21.452 45364 151182 0.000
29857 50.636 153375 0.000
100.000 344557 0.000
Asymmetric Reaction:
mal Max Intensity : 314,955
4220nm,4nm Time 30.373 Inten. 4341
1000+
750
00
250
] - & - i
200 210 220 230 240 280 280 270 280 280  30.0 310 320 "min
Ret. Time Area™ Height Conc.
21.205 598.961 813078 0.000
30.465 1.039 3486 0.000
100.000 816564 0.000

90



Suzuki products

2-((1S,2R)-1-hydroxy-1-(4-methoxyphenyl)-3-(p-tolyl)but-3-en-2-yl)iso-
indoline-1,3-dione (13aa): According to the General
procedure (GP-1/GP-4) using (S,S)-PhBPE, the product was purified by silica
gel chromatography (eluent: 0 — 40% EtOAc in hexanes) to provide 53.1 mg
(64%) of 13aa as a pale red/pink foam as a 97:3 mixture of diastereomers and
the major diastereomer as an 99:1 mixture of enantiomers. Absolute and relative
configuration was assigned by analogy to 5i, 5k, and 5n. Ry = 0.10 (25%
EtOAc/hexanes). tHNMR (CDCls, 600 MHz) & : 7.63 (dd, J=5.2 Hz,J=2.8

Suzuki-Miyaura

Hz, 2H), 7.58 (dd, J = 5.3 Hz, J = 2.9 Hz, 2H), 7.35 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 7.06 (d,
J=7.3Hz, 2H), 6.71 (d, J = 8.5 Hz, 2H), 5.90 (s, 1H), 5.75 (d, J = 9.1 Hz, 1H), 5.69 (s, 1H), 5.49 (d, J =
8.8 Hz, 1H), 3.69 (s, 3H), 2.59 (br s, 1H), 2.28 (s, 3H) ppm. **C NMR (126 MHz, CDCls): § 167.6, 159.3,
144.3, 137.6, 137.5, 133.7, 132.3, 131.2, 128.9, 127.9, 126.6, 123.0, 116.9, 113.6, 72.55, 58.24, 55.09,
21.03 ppm. HRMS (DART) m/z calcd for Ca6H22NO; [M-OH]*: 396.1605; Found [M-OH]*: 396.1580.

Chiral HPLC Analysis (Chiralpak IC-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 220 nm) tR = 19.44 (major), 26.50 (minor):

Racemate:
mél Max Intensity : 67,027
nm Time 17.180 Inten. 2133

TE—-

50|

J254nm.4

i

24.0

29.0 i

40
30

20

12.0 18.0 20.0 210 2.0 23.0 25.0 26.0 28.0
Ret. Time Area Height Conc.
19.445 50.271 64565 0.000
26 509 49725 48810 0.000
100.000 113374 0.000
Asymmetric Reaction:
mal Max Intensity : 26,279
E.U__"Einm 4dnm Time_ 24101 _Inten. 0.491
- + - L
17.0 1 SI.U 1 9:.0 ZUI.U 21‘.0 22‘.0 23!.0 24‘.0 ZEI-.U Zé.ﬂ ZTI.U ZSI.U 29‘.0 min
Ret. Time Areal Height Conc.
15.383 59.159 25621 0.000
25589 0.801 230 0.000
10:0.000 25851 0.000
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OMe

2-((1S,2R)-3-(4-fluorophenyl)-1-hydroxy-1-(4-methoxyphenyl)but-3-en-2-

yl)isoindoline-1,3-dione (13ab): According to the General Suzuki-Miyaura
procedure (GP-1/GP-4) using (S,S)-Ph-BPE, the product was purified by silica
gel chromatography (eluent: 0 — 40% EtOAc in hexanes) to provide 65.3mg
(76%) of 13ab as a pale red/pink foam as a 97:3 mixture of diastereomers and
the major diastereomer as an 99:1 mixture of enantiomers. Absolute and relative
configuration was assigned by analogy to 5i, 5k, and 5n. Ry = 0.17 (25%
EtOAc/hexanes). tHNMR (CDCls, 600 MHz) & : 7.63-7.66 (m, 2H), 7.58-7.60

(m, 2H), 7.39 (dd, J = 9.1 Hz, J = 6.2 Hz, 2H), 7.30 (d, J = 9.1 Hz, 1H), 6.93 (t, = 8.3 Hz, 2H), 6.71 (d,
J=8.6 Hz, 2H), 5.89 (s, 1H), 5.72 (d, J = 8.4 Hz, 1H), 5.62 (s, 1H), 5.45 (d, J = 8.4 Hz, 1H), 3.68 (s, 3H),
2.69 (br s, 1H) ppm. C NMR (126 MHz, CDCls): § 167.7, 162.3 (d, J = 245.8 Hz), 159.3, 143.7, 136.7
(d, J = 3.4 Hz), 133.9, 132.3, 131.1, 1285 (d, J = 7.6 Hz), 127.8, 123.1, 117.5, 115.0 (d, J = 22.0 Hz),

113.7, 72.6, 58.5, 55.1 ppm. *’FNMR (CDCls, 565 MHz) § : -114.74 ppm. HRMS (DART) m/z calcd for

C2sH1sFNO3 [M-OH]*: 400.1354; Found [M-OH]*: 400.1376.
Chiral HPLC Analysis (Chiralpak OD-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 220 nm) tR = 15.21 (major), 16.61 (minor):

Racemate:
mAL Max Intensity : 130,809
800-4220nm.4nm Time 17151 - Inten. 30.138
TDI.'I—E
8004
500
200
3003
200
100
u— . . ke
-100]
1 T T T T T T T T T
14.0 145 15.0 15.5 16.0 16.5 17.0 175 min
Ret_ Time Area™ Height Conc.
15.219 49.046 127446 0.000
16.615 50.954 113903 0.000
100.000 241349 0.000
Asymmetric Reaction:
Max Intensity : 636,817
Onm anm Time 13.253 Mten. 1278
750+
2504
¥ * &
135 140 145 150 1 180 185 170 17 min
Ret_. Time Areall Height Conc.
15.161 59 655 634739 0.000
16.403 0.345 2247 0.000
100.000 637036 0.000
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OMe 2-((1S,2R)-1-hydroxy-1-(4-methoxyphenyl)-3-(5-(trifluoromethyl) pyridin-2-
yl)but-3-en-2-yl)isoindoline-1,3-dione (13ac): According to the General
Suzuki-Miyaura procedure (GP-1/GP-4) using (S,S)-PhBPE, the product was
purified by silica gel chromatography (eluent: 0 — 20% EtOAc in CH,Cl,) to
provide 78.6 mg (75%) of 13ac as a off-white foam as a single diastereomer
and the major diastereomer as an 99:1 mixture of enantiomers. Absolute and
relative configuration was assigned by analogy to 5i, 5k, and 5n. Ry=0.12 (25%
EtOAc/hexanes). tHNMR (CDCls, 600 MHz) & : 8.81 (s, 1H), 7.92 (d, J = 8.0
Hz, 1H), 7.69 (dd, J = 6.7 Hz, J = 4.0 Hz, 2H), 7.67-7.62 (m, 2H), 7.59 (d, J =

8.6 Hz, 1H), 7.30 (d, J = 8.3 Hz, 2H), 6.71 (d, J = 8.3 Hz, 2H), 6.14 (s, 1H), 5.99 (s, 1H), 5.78 (d, J = 8.8

Hz, 1H), 5.68 (dd, J = 8.6 Hz, J = 3.0 Hz, 1H), 4.74 (d, J = 3.0 Hz, 1H), 3.70 (s, 3H) ppm. *C NMR (126

MHz, CDCls): 6 167.8, 159.2, 144.5, 134.1, 134.0, 132.7, 131.3, 127.9, 127.8, 123.9, 123.2, 121.4, 113.7,

113.6, 72.0, 58.3, 55.1. **FNMR (CDCls, 561 MHz) § : -63.36 ppm. HRMS (DART) m/z calcd for

CasH18F3N203 [M-OH]*: 451.1275; Found [M-OH]*: 451.1292.

Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 80/20, flow rate = 1.0
ml/min, A = 220 nm) tR = 38.1 (major), 41.5 (minor):

Racemate:
mAU Max Intensity - 99,671
1220nm, 4nm Time 41285 Inten. 73.274]
1000
7504
004
250-]
ko &
250
325 35.0 375 40.0 425 450 475 min
| Ret. Time Area”. Height Conc.
I 38163 R0 528 aa221 0.000
I 41.507 49472 TRE45 0.000
_I 100.000 166865 0.000
Asymmetric Reaction:
mal Max Intensity : 858 228
fz20nm,2nm| Time 41.736 inten 6.265|
1500
1250
1000
750
00-]
2504
o] - - v
s 370 375 380 385 390 395 400 #0s  alo el wda  wds 4o e35  mn
Ret. Time Area’l Height Conc.
37 5592 595675 554733 0.000
41328 0.325 RHEY 0.000
100.000 553564 0.000
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2-((1S,2R)-1-cyclopropyl-1-hydroxy-3-(p-tolyl)but-3-en-2-yl)isoindoline-1,3-dione
(2.7ka): According to the General Suzuki-Miyaura procedure (GP-1/GP-4) using (S,S)-
Ph-BPE, the product was purified by silica gel chromatography (eluent: 0 — 40% EtOAc
in hexanes) to provide 30.5 mg (45%) of 2.7ka as a pale red/pink foam as a 97:3 mixture
of diastereomers and the major diastereomer as a >99:1 mixture of enantiomers. Ry =
0.23 (25% EtOAc/hexanes). *HNMR (CDCls, 600 MHz) & : 7.76 — 7.80 (m, 2H), 7.66
—7.69 (m, 2H), 7.37 (d, J = 7.7 Hz, 2H), 7.08 (d, J = 7.7 Hz, 2H), 5.61 (s, 2H), 5.44 (d,
J=7.2Hz, 1H), 3.81 (t, J = 8.0 Hz, 1H), 2.78 (br s, 1H), 2.28 (s, 3H), 0.88 —0.91 (m,
1H), 0.45 — 0.50 (m, 1H), 0.34 — 0.38 (m, 1H), 0.22 — 0.27 (m, 1H), 0.17 — 0.20 (m, 1H) ppm. *C NMR
(126 MHz, CDCls): 6 168.4, 143.6, 137.6, 137.5, 134.2, 134.0, 131.4, 128.9, 126.6, 123.3, 116.5, 75.02,
57.99, 21.04, 15.56, 2.62, 2.47. HRMS (DART) m/z calcd for C22H20NO, [M-OH]*: 330.1500; Found [M-
OHJ*: 330.1499.
Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 220nm) tR = 34.12 (major), 41.28 (minor):

Racemate:
maL Max Intensity : 138,882
Onm.4nm Time. 35.081 Inten. 1.602
150
100}
504
o] » ) - o
30.0 25 380 375 400 425 min
| Ret. Time Area’. Height Conc.
| 34,128 50.050 136683 0.000
| 41282 45950 111704 0.000
_| 100.000 248387 0.000
Asymmetric Reaction:
mal WMax Intensity : 344 902
10004220nm,4nm Time - 30.176 - _Inten. 0.603]
FE-III—:
E-IIIIII—:
2504 /\J
0 - i
30.0 325 38.0 375 40.0 425 min
Ret. Time Area™ Height Conc.
H O 99.436 1729 0.000
41289 0.564 1520 0.000
100.000 343249 0.000
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2-((1S,2R)-1-cyclopropyl-3-(4-fluorophenyl)-1-hydroxybut-3-en-2-yl)isoind-oline-
1,3-dione (2.7kb): According to the General Suzuki-Miyaura procedure (GP-1/GP-4)
using (S,S)-PhBPE, the product was purified by silica gel chromatography (eluent: 0 —
40% EtOAcC in hexanes) to provide 42.4 mg (60%) of 2.7kb as a pale red/pink foam as
a 97/3 mixture of diastereomers and the major diastereomer as an 99:1 mixture of
enantiomers. Rt = 0.27 (25% EtOAc/hexanes). HNMR (CDCls, 600 MHz) 6 : 7.79 (dd,
F J=49Hz,J=3.0Hz, 2H), 7.70 (dd, J = 4.9 Hz, J = 3.0 Hz, 2H), 7.44 (dd, J = 8.6 Hz,
J=5.1Hz, 2H), 6.96 (dd, J = 9.1 Hz, J = 8.3 Hz, 2H), 5.63 (s, 1H), 5.57 (s, 1H), 5.39
(d, J =6.7 Hz, 1H), 3.79 (dd, J = 8.3 Hz, J = 7.2 Hz, 1H), 2.82 (br s, 1H), 0.91-0.83 (m, 1H), 0.51-0.47
(m, 1H), 0.39-0.32 (m, 1H), 0.30-0.22 (m, 1H), 0.22-0.15 (m, 1H) ppm. *C NMR (126 MHz, CDCl;): §
168.4, 162.4 (d, J = 247.4 Hz), 143.0, 136.7 (d, J = 3.5 Hz), 134.1, 131.3, 128.5 (d, J = 7.7 Hz), 123.3,
117.3, 115.1 (d, J = 21.1 Hz), 75.0, 58.2, 15.7, 2.6, 2.5. *FNMR (CDCls, 561 MHz) & : -114.52 ppm. H
HRMS (DART) m/z calcd for C21H17FNO, [M-OH]*: 334.1249; Found [M-OH]*: 334.1265.
Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 220 nm) tR = 25.85 (major), 42.95 (minor):
Racemate:

mAal Max Intensity : 355,143
600 nm,4nm Time - 25.531 - Inten. 19,148
s00]
400
200
200
1|:I|:I—E
03 - - e
L S S RS S NS N B I
25.0 2F5 30.0 325 35.0 3r5 40.0 42.5 min
Ret. Time Area’ Height Conc.
25.856 50.442 352477 0.000
42 556 49 558 211415 0.000
100.000 563856 0.000
Asymmetric Reaction:
mal Max Intensity : 278,650
J220nm 4nm Time 44294 Inten. 0.942]
400—:
300—:
zuu—:
100—:
& &
b0 T
25 250 275 30.0 325 350 375 425 450 min
Ret. Time Areal Height Conc.
25634 58.920 277608 0.000
44 8373 1.080 207 0.000
100.000 279815 0.000




2-((1S,2R)-1-cyclopropyl-1-hydroxy-3-(5-(trifluoromethyl)pyridin-2-yl)but-3-en-2-
yl)isoindoline-1,3-dione (2.7kc): According to the General Suzuki-Miyaura procedure
(GP-1/GP-4) using (S,S)-PhBPE, the product was purified by silica gel chromatography
(eluent: 0 — 40% EtOAcC in hexanes) to provide 23.1 mg (45%) of 2.7kc as a white foam
as a >97:3 mixture of diastereomers and the major diastereomer as an 99:1 mixture of
enantiomers. Ry = 0.14 (25% EtOAc/hexanes). tHNMR (CDCls, 600 MHz) & : 8.80 (dd,
J=1.6 Hz, J=0.8 Hz, 1H), 7.90 (dd, J = 8.5 Hz, J=2.5Hz, 1H), 7.81 (dd, J = 5.5 Hz,
J=3.0Hz, 2H), 7.71 (dd, J = 5.5 Hz, J = 3.0 Hz, 2H), 7.60 (d, J = 8.0 Hz, 1H), 6.03 (d,

J=0.6 Hz, 1H), 5.98 (s, 1H), 5.69 (dd, 8.6, 0.6, 1H), 4.08 (d, J = 3.7 Hz, 1H), 3.93 (td, J = 8.7 Hz, J = 3.5
Hz, 1H), 1.01-0.92 (m, 1H), 0.50-0.42 (m, 1H), 0.41-0.35 (m, 1H), 0.32-0.25 (m, 1H), 0.20-0.14 (m, 1H)
ppm. °C NMR (126 MHz, CDCls): 5 168.3, 161.8, 145.3 (q, J = 4.0 Hz), 143.8, 134.17, 134.14 (g, J = 4.0
Hz), 131.6, 124.0, 123.47 (q, J = 273.0 Hz), 123.40, 121.4, 73.4, 57.5, 15.3, 2.6, 1.6. *FNMR (CDCls, 561
MHz) & : -62.35 ppm. HRMS (DART) m/z calcd for Ca1HisFsN,Os [M+H]*: 403.1270; Found [M+H]*:

403.1250.

Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0

ml/min, A = 220 nm) tR = 21.9 (major), 38.3 (minor):

Racemate:
mal Max Intensity : 41,037
J254nm 4nm Time 30,127 Inten. 6.095
50
a0
]
20
104
] ke
:“‘?r‘ - &
™
25 250 215 30.0 32 350 37 400 min
Ret_ Time AreaZ Height Conc.
22.490 50.669 35254 0.000
38.942 49331 19640 0.000
100.000 54854 0.000

Asymmetric Reaction:

mal

Max Intensity : 61,526

4254nm.4nm

Time 34144 Inten 0.184

e

400 min

25 250 275 30.0 25 35.0 375
Ret. Time Area Height Conc.
21920 55.023 61362 0.000
38338 0577 364 0.000
100.000 61726 0.000
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2-((1S,2R)-1-(benzo[b]thiophen-3-yl)-1-hydroxy-3-(p-tolyl)but-3-en-2-yl)-
isoindoline-1,3-dione (2.7ha): According to the General Suzuki-Miyaura
procedure (GP-1/GP-4) using (S,S)-PhBPE, the product was purified by silica gel
chromatography (eluent: 0 — 20% EtOAc in CH,Cl,) to provide 68.6 mg (78%) of
2.7ha as a white foam as a single diastereomer and the major diastereomer as an
99:1 mixture of enantiomers. Rf=0.77 (10% EtOAc/CH,Cl,). 'HNMR (CDCls, 600
MHz) 6:7.90 (d, J=8.0 Hz, 1H), 7.73(d, J=8.0 Hz, 1H), 7.71 (dd, J = 5.3 Hz,
J = 3.0Hz, 2H), 7.63 (dd, J = 5.3 Hz, J = 3.2 Hz, 2H), 7.36 (t, J = 7.5 Hz, 1H),

7.30 (s, 1H), 7.28 (t, J = 7.5 Hz, 1H), 7.19 (d, J = 8.3 Hz, 2H), 6.95 (d, J = 7.8 Hz, 2H), 6.02 (dd, J = 6.5
Hz, J =25 Hz, 1H), 5.91 (d, J = 6.2 Hz, 1H), 5.68 (s, 1H), 5.58 (s, 1H), 3.69 (s, 1H), 3.59 (d, J = 2.1 Hz,
1H), 2.24 (s, 3H) ppm. °C NMR (126 MHz, CDCls): & 168.2, 144.0, 140.5, 137.5, 137.4, 136.8, 134.9,
134.1, 133.4, 131.3, 128.8, 126.5, 124.6, 124.2, 124.1, 123.4, 122.7, 121.9, 116.6, 69.6, 57.7, 21.0. HRMS
(DART) m/z calcd for C27H20NO.S [M-OH]™: 422.1220; Found [M-OH]": 422.1257.

Chiral HPLC Analysis (Chiralpak AD-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 220nm) tR = 9.35 (minor), 19.21 (major):

Racemate:
mal Wax Intensity . 218,359
J220nm.4nm Time 11.172 Inten. 2.835
100
75
50
25
III—:.- o A - iy
T T T T T T T T 1 T T T T "
5.0 [ 10.0 125 15.0 175 20.0 225 min
I Ret. Time Area’. Height Conc.
| 9.355 50.486 49207 0.000
| 19.211 49514 40877 0.000
| 100.000 50083 0.000
Asymmetric Reaction:
mau Wax Intensity : 708,785
J220nm,4nm Time 10228 Inten. 21123
100—-
75
50
25+
T T R T T T I T T T s T A P~ I S S P
Ret. Time Area’ Height Conc.
5533 0.538 2281 0.000
20205 55.062 51233 0.000
100.000 93514 0.000
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2-((1S,2R)-1-(benzo[b]thiophen-3-yl)-3-(4-fluorophenyl)-1-hydroxybut-3-en-2-
yl)isoindoline-1,3-dione (2.7hb): According to the General Suzuki-Miyaura
procedure (GP-1/GP-4) using (S,S)-PhBPE, the product was purified by silica gel
chromatography (eluent: 0 — 40% EtOAc in hexanes) to provide 63.5 mg (72%) of
2.7hb as a pale red/pink foam as a single diastereomer and the major diastereomer
as an 99:1 mixture of enantiomers. Rs = 0.26 (25% EtOAc/hexanes). *HNMR
(CDCls, 600 MHz) 6 : 7.84 (d, J = 8.0 Hz, 1H), 7.78-7.72 (m, 3H), 7.68 (dd, J =
5.3 Hz, J = 2.8 Hz, 2H), 7.37 (dd, J = 8.1 Hz, J = 7.1 Hz, 1H), 7.29 (dd, J = 8.1
Hz, J = 7.1 Hz, 1H), 7.27 (s, 1H), 7.22 (dd, J = 8.5 Hz, J = 5.5 Hz, 2H), 6.80 (t, J = 8.7 Hz, 2H), 5.95 (d,
J=5.5Hz, 1H), 5.89 (d, J = 5.5 Hz, 1H), 5.62 (s, 1H), 5.51 (s, 1H), 3.90 (br s, 1H) ppm. **C NMR (126
MHz, CDCls): 6 168.3, 162.2 (d, J = 249.9Hz), 143.2, 140.5, 136.58 (d, J = 3.0 Hz), 136.54, 134.8, 134.24,
131.19, 128.4 (d, J = 8.2 Hz), 1245, 124.2, 124.1, 123.4, 122.8, 121.7, 117.2, 114.9, 114.7, 69.6, 58.0.
YENMR (CDCls, 565 MHz) & : -114.64 ppm. HRMS (DART) m/z calcd for C6H17FNO2S [M-OH]*:
426.0970; Found [M-OH]": 426.0987.
Chiral HPLC Analysis (Chiralpak IC-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 190 nm) tR = 10.19 (major), 11.81 (minor):

Racemate:
mal Max Intensity . 5566 552
1190nm, 4nm Time. 9358 Inten. §.560
1250
1000
750
500
250
0 F % g .
_2EI:I_: T T T T T T T
85 10.0 10.5 11.0 115 12.0 12.5 min
Ret. Time Area’™ Height Conc.
10,197 49420 566011 49420
11.812 20.530 he7238 50.580
100.000 10832959 100.000
Asymmetric Reaction:
mal Max Intensity : 41,299
300_-190nm Anm Time 11.313 Inten. —54.708|
zuu—f
100—5
o]
-100 - & T -
’ 9.50 9.75 1000 1025 10'50 1075 11.00 1125 1150 175 1200 min
Ret. Time Area Height Conc.
10.200 59,957 136606 99.957
11.575 0.043 b2 0.043
100.000 137145 100,000
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2-((1S,2R)-1-(benzo[b]thiophen-3-yl)-1-hydroxy-3-(5-(trifluoromethyl) pyr-idin-
2-yl)but-3-en-2-yl)isoindoline-1,3-dione (2.7hc): According to the General
Suzuki-Miyaura procedure (GP-1/GP-4) using (S,S)-PhBPE, the product was
purified by silica gel chromatography (eluent: 0 — 40% EtOAc in hexanes) to
provide 44.5mg (46%) of 2.7hc as a pale red/pink foam as a >99:1 mixture of
diastereomers and the major diastereomer as an 99:1 mixture of enantiomers.
Absolute and relative configuration was assigned by analogy to 2.4i, 2.4k, and
2.4n. Ry = 0.24 (25% EtOAc/hexanes). 'HNMR (CDCls, 600 MHz) & : 8.66 (brs,
1H), 7.97 (d, J = 7.7 Hz, 1H), 7.87 (dd, J = 8.5 Hz, J = 2 Hz, 1H), 7.76-7.71 (m, 3H), 7.66 (dd, J = 5.5 Hz,
J =3.5Hz, 2H), 7.53 (d, J = 8.0 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H), 7.33 (s, 1H), 7.29 (t, J = 7.6 Hz, 1H),
6.25 (d, J = 7.0 Hz, 1H), 6.05 (d, J = 7.0 Hz, 1H), 5.99 (s, 1H), 5.92 (s, 1H) ppm. 3C NMR (126 MHz,
CDCls): 8 168.2, 161.6, 145.0 (q, J = 3.7 Hz), 144.1, 140.5, 137.1, 135.3, 134.1, 134.0 (q, J = 3.7 H2),
131.3,124.3,124.2,124.1,123.5,123.4,123.2 (q, J = 273.0 Hz), 122.6, 122.2, 121.4, 68.56, 57.51. *FNMR
(CDCls, 565 MHz) 6 : -62.43 ppm. HRMS (DART) m/z calcd for CzsH1sF3N20sS [M+H]*": 495.0990;

Found [M+H]*: 495.1001.

Chiral HPLC Analysis (Chiralpak IC-3 x 250 mm, heptane/isopropanol = 90/10, flow rate = 1.0
ml/min, A = 220 nm) tR = 14.12 (major), 23.60 (minor):

Racemate:
mALl WMax Intensity . 163,092
1o 20 Anm Time 25514 Tnien. 7547
1257
1004
75
5]
257
.
’ 140 12.0 18.0 170 18.0 19.0 20.0 210 230 230 240 280 " min
Time Area’l Height Conc.
14121 50.851 T076eT7 0,000
23630 45149 35783 0,000
100.000 110550 0.000
Asymmetric Reaction:
mAall Max Intensity | 242 765
F20nmanm Time 18325 Tnten. 5653
75
50
25
f | i
I
13.0 14.0 15.0 18.0 17.0 18.0 19.0 20.0 21.0 2.0 23.0 24.0 25.0 26.0 min
. Time Area’l Height Conc.
14 007 95.143 70859 0000
23334 0.857 ) 0,000
100.000 71406 0.000
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CHAPTER 3
Mechanistic Investigation into the Suzuki-Miyaura Cross-Couplings of Electron-Deficient Systems

I. Introduction

The Suzuki-Miyaura cross-coupling reaction is a widely utilized method for generating biaryl
organic molecules.162164170171 The palladium-catalyzed reaction couples an aryl halide with an aryl boronic
acid, forming a sp?-sp? C-C bond between two aromatic rings. This method is extensively used in industrial
applications’?1 for the synthesis of biaryl compounds of biological significance, due to the reaction’s
mild conditions, cheap and readily available starting materials, and the water tolerance of the reaction.'’
Reductive elimination, the final step of the Suzuki-Miyaura cross-coupling catalytic cycle, is sensitive to
the electronics and sterics of the two fragments being coupled, with electron-deficient systems being
increasingly slow to react.}’® This poses an issue and roadblock to accessing these electron-deficient biaryl
products.

During an effort to prepare a Schreiner’s thiourea'’” analog within a covalent organic framework
(COF) for investigations in heterogeneous catalysis applications, we sought the formation of the required
electron-poor biaryl linker for COF formation using a Suzuki-Miyaura cross-coupling reaction.
Surprisingly, initial efforts using 4-Bromo-3,5-bis(trifluoromethyl)aniline as the aryl halide yielded
exclusively boronic acid homocoupling rather than the desired cross-coupling product. Further study of this
process revealed that this homocoupling process occurred by a unique mechanism specific to the electron-
deficient aryl halide coupling partner employed in the reaction. While traditional generation of boronic acid
homocoupling products occurs through the presence of oxygen in the reaction,!®182 this was not the cause
for homocoupling observed in this example, as rigorous oxygen exclusion was performed. Through reaction
optimization, mechanistic studies, and stoichiometric analyses, a novel mechanism for the generation of
boronic acid homo-coupling product in the Suzuki-Miyaura cross-coupling reaction of electron-deficient
systems was discovered and is herein described.

Study of the cross-coupling reactions using a 2,6-bis(trifluoromethyl)-substituted aryl halide with
aryl boronic acids (Scheme 3.1) was evaluated as a model system and found to suffer from substantial
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amounts of boronic acid homo-coupling | Scheme 3.1. Suzuki-Miyaura Cross-coupling and competitive boronic

acid homocoupling.
Suzuki-Miyaura Cross-Coupling and Oxidative Boronic Acid Homocoupling:
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involvement of O,. The scope of this 3.10 3.1

boronic acid homocoupling reaction was investigated and shown to predominate with electron-deficient
aryl boronic acids. Finally, good yield of cross-coupling could be obtained by switching the ligand.

Il. Background

A. Heterogeneous vs. Homogeneous Catalysis

Catalysis can broadly be defined as the method of increasing the rate of reaction by the use of a
catalyst.*? There are two main categories of catalysis in organic synthesis: homogeneous and heterogeneous.
The two are named based on their differentiating factor: the phase of the catalyst. In homogeneous catalysis,
the catalyst is in solution with the reactants (i.e., same phase). On the other hand, heterogeneous catalysis
utilizes a solid-phase insoluble catalyst that remains in a different phase from the reactants throughout the
reaction and does not become consumed in the process.

In recent years, heterogeneous catalysis has become the preferred method of catalysis in the
pharmaceutical industry if good yield and selectivity can be obtained.'® Benefits of heterogeneous catalysis

include the ability to recover the catalyst from the reaction using simple filtration, as well as the ability to
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recycle the catalyst.’® Transition metal catalysts are quite expensive, and this recyclability leads to a
substantially lower cost of reaction and improves the reaction’s overall sustainability and contribution to
environmental protection.’®® As a result, the need to generate heterogeneous catalysts for industrial
applications is apparent.

B. Covalent-Organic Frameworks (COFs)

In recent years, covalent-organic frameworks (COFs) have risen in popularity immensely. First
reported by Yaghi in 2005, COFs are highly porous, crystalline carbon-based scaffolds used for a variety
of different applications, including gas storage and separation, small molecule adsorption, heterogeneous
catalysis, and drug delivery.®® Unlike metal-organic frameworks (MOFs), which are carbon-based
scaffolds linked together by a metal cation, COFs lack that metal center and instead are held together by
strong covalent bonds, leading to lower density and high thermal stability.*®” Some notable aspects of COFs
include their ability to self-heal or self-correct.!®18 Their innate ability to come together to form large
uniform patterns helps them withstand harsh reaction conditions, including acidic, basic, oxidative, and
reductive conditions.®® One commonly employed method to form a COF involves the polymerization
condensation of aldehyde-containing fragments with amine-containing linkers through generation of an
imine bond.*®

C. Fluorinated Pharmaceuticals

)
7\
F;C N
- ~ Q aol
/@/ NHMe \©/ Dej
5\/ NHMe
Prozac Tasigna Januvia Nexavar

(depression) (oncology) (diabetes) (oncology)

Figure 3.1. Fluorinated organic molecules as active pharmaceuticals.

Fluorinated organic molecules, such as those in Figure 3.1, are used extensively in medicinal
chemistry and the pharmaceutical industry due to the unique properties that arise with the incorporation of

the C-F bond into the active pharmaceutical ingredients (API). For example, incorporation of a fluorine
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into a molecule can increase both lipophilicity and metabolic stability.3191-1% [ ipophilicity is the
molecule’s ability to dissolve in fats, which plays a significant role in the absorption, distribution,
metabolism, excretion, and toxicity of the drug.!®® The incorporation of fluorine into a drug also changes
the molecule’s polarity, which then improves the bioavailability.%

As mentioned, C-F functionalized drugs are more metabolically stable than their non-fluorinated
counterparts. This is because the carbon-fluorine bond is not found in nature. Instead, fluorine is found in
nature in the form of minerals such as CaF2, known as Fluorite.’®” The human body, therefore, does not
have efficient mechanisms of processing or metabolizing the C-F bond, increasing the drug’s half-life in
the bodly, 130.191-104.1

The importance of organofluorine compounds and their beneficial pharmacological effects on drug
metabolism leads to the need to develop more practical methods of synthesizing these fluorine-containing
molecules. The Suzuki-Miyaura cross-coupling reaction lends itself as a practical and useful method for
generating fluorinated biaryl compounds and accessing potentially useful therapeutics.

D. Suzuki-Miyaura Cross-Coupling

i.  History

Awarded the Nobel Prize in Chemistry in 2010, the Suzuki-Miyaura cross-coupling reaction is one
of the most powerful and widely utilized methods for generating important biaryl compounds both in
industrial and academic settings, 162164170171

First reported'®®-2% in 1979 by Akira Suzuki and Norio Miyaura, the Suzuki-Miyaura cross-
coupling reaction is defined as the palladium-catalyzed cross-coupling reaction between organoboron
compounds and organic halides or triflates (Scheme 3.2).1%2 This reaction must take place in the presence
of a base and water.”> Some advantages of this reaction include its mild reaction conditions as well as the

wide commercial availability and stability of the required starting materials.
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Scheme 3.2. The overall reaction of the standard Suzuki-Miyaura Cross-coupling reaction.

R
R . | =\ R'
R B Pd-catalyst, Ilgand | —\ R 7\ %
e /O NG O~

base, solvent — :
. homo-coupling
H,0 cross-coupling (undesired byproduct)
3.2 3.3 3.4

Research developments in this area over the last 50 years have led to an in-depth understanding of
the mechanism that has allowed for the identification of widely applicable and efficient Pd-catalysts63201-
211 that can operate with low catalyst loadings, even in the ppm range, making the reactions suitable for
scale-up.’21* Many reviews have been published over the years, describing the versatility of the reaction
and the various developments to date.?*2

ii. Mechanism

The mechanism of the Suzuki-Miyaura Cross-coupling reaction, provided in Scheme 3.3, is
analogous to that of other transition-metal cross-coupling reactions. Beginning with Pd(0), (1) oxidative
addition of an organic halide forms the Pd(I1) complex 3.12. Next, (2) metathesis, or exchange of the anion
attached to palladium for the anion of the base occurs, followed by (3) transmetalation between Pd(I11)OH
complex 3.13 and the organoborate 3.14. Finally, (4) reductive elimination of the two R groups of 3.15

generates the cross-coupling product 3.3 and regenerates Pd(0), restarting the catalytic cycle.

Scheme 3.3. Mechanism of the Suzuki-Miyaura Cross-coupling reaction.
R

I —\ R’ R
7"\ =~ Br
cross-coupling L,Pd(0) =

3.3 3.1

R
@—L"Pd(ll)—@R' Suzuki Reaction / \ LPd(II)Br
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Na,CO5/H,0
HO\B,OH
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) L LPd(I1) OH

R +
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HO(
B =
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There are two transmetalation mechanisms that likely depend on the specific conditions of the
respective reactions. Transmetalation with Pd(OH) species 3.13 uses the free boronic acid 3.2, as confirmed
by Hartwig.?** The other transmetalation process as proposed by Miyaura?“ includes the use of base and
water to generate a charged borate species (not shown), which can then transmetallate with Pd-X species
3.12 directly to form 3.15. In this reaction, the base is essential for generating the borate 3.14 needed for
transmetalation with Pd(I1), and metathesis to generate the Pd(I1)-OH intermediate 3.13. Each step of the
mechanism is affected by various aspects of the reaction and can significantly affect the yield, rate, and
selectivity.

iii.  Factors that govern Oxidative Addition

Oxidative addition is governed by the strength of the C-X bond of the aryl halide, typically reacting
in the order of I>Br>OTf>>Cl, with iodo- compounds reacting the fastest.1’® The weaker the C-X bond, the
easier it is for palladium to insert itself into the bond. Additionally, the electronics of the aryl halide 3.1
affects the rate of oxidative addition. Electron-withdrawing groups on the aryl halide increases the rate,
while electron-donating groups make it more challenging, and thus reduce the rate.1’>2?!® The ligand can
also affect the rate of oxidative addition, with more electron-donating ligands facilitating this step.

iv.  Factors that govern Transmetalation

Suzuki cross-coupling reactions require water and base to facilitate the transmetalation step in the
mechanism. This is most likely due to the formation of the “borate” 3.14, or the formation of a Pd(OH)
species 3.13, which may then facilitate transmetalation.?'42'® Transmetalation is also facilitated by the use
of an electron-rich aryl boronate species.’®

v.  Factors that govern Reductive Elimination

Reductive elimination is traditionally the last step of the cross-coupling mechanism. It is governed
by the electronics of the system, as well as the sterics and electronics of the ligand/Pd complex.*™ In this
system, reductive elimination is facilitated when the two coupling partners have complementary electronics
— one electron-rich and one electron-deficient; this is referred to as matched electronics.?!” However, when
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the two fragments are similar in electronics, the reactivities of the two fragments hinder the process, and
this hindrance leads to the classification of this system as mismatched.

As the two fragments are brought together in complex 3.15, the bite angle of the ligand used will
affect reductive elimination, with larger bite angles forcing the fragments closer together, facilitating
reductive elimination. Because the metal accepts electrons in this step, electron-withdrawing ligands that
lower the electron density around the metal center, speed up reductive elimination. The main cross-coupling
catalytic cycle is largely influenced by the organic ligand used with the Pd-catalyst, and reaction outcomes
and product distributions can often be controlled by modifying the ligand employed.

While the cross-coupling products are desired, homo-coupling of the boronic acid is often an
unwanted side product that leads to poor cross-coupling yields and the need to separate these impurities
from the desired products. Other side products that can be generated include the dehalogenation of the aryl
halide, and protodeboration of the boronic acid.?'®??° To generate desired yields of the cross-coupling

product, the pathways that lead to these undesired products need to be mitigated and thus avoided.

E. Typical homocoupling mechanism with Oz

Traditionally, the homocoupling product of Suzuki-Miyaura coupling reactions is believed to occur
as a by-product from the presence of oxygen in the reaction (Scheme 3.4). Detailed mechanistic
investigations known in the literature!’8-182 shows that the presence of O, leads to a Pd(peroxo) species 3.5
that can undergo two sequential transmetalation processes to generate complex 3.16. After double
transmetalation, reductive elimination results in the homocoupling product 3.4 and generates Pd(0),
restarting the catalytic cycle. Because homocoupling is known to occur from the presence of oxygen,
strategic avoidance of oxygen is essential to avoid the generation of this by-product. As a result, special
precaution and rigorous exclusion of O2 should be performed to avoid this unwanted pathway and

generation of this undesired product.

106



Scheme 3.4. Traditional homocoupling mechanism in the Suzuki-Miyaura cross-coupling reaction.
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F. Electron-deficient coupling and why it is inherently difficult

As discussed previously with the mechanism, reductive elimination is governed by the electronics
of the two fragments to be coupled. The rate of reductive elimination is greatly reduced when attempting
to couple two fragments that are similar in electronics. Bonds are formed naturally between one fragment
that is electron-rich and another that is — to some extent — electron-poor. However, when attempting to bring
together two electron-deficient fragments, there is not enough electron density to readily form a bond,

making the rate of reductive elimination very slow.!
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I11.Experimental design and Reaction development

A. Initial Plan and Troubleshooting; Early Attempts

Initially, this project began with our desire to generate a derivative

CF, CF,
of Schreiner’s thiourea organocatalyst (3.17, Figure 3.2) for use in /@\ i /@\
FsC N“ON CF,

asymmetric catalysis. Schreiner’s thiourea catalyst was first published by Schreiner's Thiourea Catalyst
3.17

Peter Schreiner in 2002'"" and has primarily been used in organic synthesis

CF, CF,
- - - - - S
as a hydrogen-bond donor in the activation of carbonyls, imines, PR
FsC NTON CF,
H H

nitroolefins, and more.??! The molecule works to catalyze reactions by o

N

R™ R

Mode of carbonyl activation
via hydrogen bonding

activating the carbonyl via non-covalent interactions, demonstrated in

Figure 3.2, for use in a variety of organocatalytic transformations.*  pEETrEaBISTmemers

Thiourea catalyst and the

Schreiner’s catalyst 3.17, along with various analogs containing the 3,5- | carbonyl activation via
hydrogen bonding.

bis(trifluoromethylaniline group, works well in this purpose, due to the extreme electron-withdrawing

ability of the CFs-groups, which increases the catalyst’s overall polarity, acidity, and n-n interactions.???
The electron-withdrawing nature of the electron-deficient aryl CFs-groups leads to a highly active nitrogen
hydrogen-bond donor species, which is very efficient in the organocatalytic activation of carbonyls.

We sought to incorporate Schreiner’s H-bond donor catalyst into a solid support for heterogeneous
catalysis applications using COF technology. Our proposed plan was to utilize aniline 3.19 bearing an
aromatic aldehyde substituent so that after formation of the thiourea, a covalent-organic framework could
be produced using the polymerization condensation of the aldehyde motif with various amine linkers
(Scheme 3.5). We envisioned that the scaffold required to generate the COF 3.20 could be formed via a
thiocarbamate coupling/synthesis using thiocarbonyl diimidazole (TCDI) from biaryl 3.19. Biaryl 3.19
could be formed via the widely applicable Suzuki-Miyaura cross-coupling reaction, as previously

discussed, between the aryl boronic acid 3.2 and aryl halide 3.18.
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Scheme 3.5. Initial attempts at the formation of the thiourea-based organocatalyst precursors.
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Initial attempts at the cross-coupling reaction in Scheme 3.5 were unsuccessful, and instead, the
major products observed were the boronic acid homo-coupling product 3.4 and the protodehalogenation
product 3.9. The poor efficiency at affording the desired cross-coupling product under typical Suzuki-
Miyaura reaction conditions was hypothesized to be due to the electron-deficient nature of both coupling
partners caused by inhibition of the rate of reductive elimination by the strong electron-withdrawing nature
of the two coupling aryl fragments (vide supra).}’® As a result, homocoupling may compete. While the
typical mechanism for the generation of homo-coupling product is due to the presence of O in the
reaction,’®182 high quantities of homocoupling product generation was still observed, even with the
rigorous exclusion of O.. Furthermore, it was somewhat surprising that the reaction cleanly afforded only
the boronic acid coupling product 3.4a and protodehalogenation product 3.9 that implied an alternative
mechanism for homocoupling may be operable leading to the formation of 3.9. To probe this idea and to
find a system that would allow us to obtain the desired cross-coupling product needed to form the COF, an
optimization study was performed on a model system using aryl bromide 3.6 to avoid any effects of the
aniline-moiety (Table 3.1).

Initial studies began with a ligand survey to determine the highest performing ligand in the
reaction. Surprisingly, the use of (dppf)PdCl,, a commonly employed ligand for Suzuki-Miyaura cross-

coupling reactions, led to substantial homocoupling product generation (Table 3.1, entry 1).
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Monophosphine ligands in general performed poorly in this reaction (compare entries 2-7). Bisphosphine

ligands were examined due to their bite angle which is known to help facilitate the reductive coupling step

by forcing the two fragments closer together. The bite angle of the bis(phosphine) ligand, however, did not

seem to have a presiding effect on the reaction selectivity (Table 3.1, entries 8-11). On the other hand,

XantPhos (entry 12) yielded high cross-coupling product. This may have occurred due to the facilitation of

the reductive coupling step via the particularly wide bite angle of XantPhos.??® Buchwald’s Sphos ligand

(entry 14) also yielded high cross-coupling product generation, most likely also due to the bite angle effect.

Table 3.1. Ligand survey for the Suzuki-Miyaura Cross-Coupling reaction of the
electron-deficient system.

OHC—@B(OH>Z

3.21 CHO
CF; 3 mol % Pd(OAc), O O H
Br 6 mol % Ligand . LFiC CF,
o Vi ey O
3.6 90°C,2h
CHO
3.22 3.23 3.9
Entry Ligand % CCP % HC® % DesBr®

1 dppfd 17 78 65
2 PPhs 56 15 10
3 P(o-tol)s 5 60 71
4 P(CeFs)s <5 14 12
5 PCys <5 61 64
6 P(t-Bu)3 44 9 7
7 P(n-Bu)s <5 67 60
8 dppm¢ 8 42 38
9 dppe® <5 5
10 dppp®
11 dppb®
12 Xantphos® 82 7
13 XPhos 20 68 62
14 SPhos 93 10 6

aAryIBr 3.6 (0.325 mmol), ArB(OH)2 3.21 (0.650 mmol), Na2COs3 (0.650 mmol),
Pd(OACc)2 (3 mol %), ligand (6 mol %), 1,4-dioxane (0.7 mL), H20 (0.25 mL).
bYield determined by ®FNMR spectroscopic analysis of the unpurified reaction
mixture using a,o,o-trifluorotoluene as standard. °Yield determined by 'HNMR
spectroscopic analysis of the unpurified reaction mixture using dimethyl fumarate
as standard. 3 mol % (dppf)PdCl2 used as catalyst. €3 mol % of ligand used.
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Completion of the ligand survey in Table 3.1 showed that Buchwald’s SPhos ligand (entry 14)
afforded high yields of the desired cross-coupling product 3.22. We also noticed that regardless of the ligand
used, near equal amounts of homo-coupling 3.23 and protodehalogenation product 3.9 were generated for
each reaction, leading us to believe they may be connected mechanistically, rather than through the
traditional route of homo-coupling arising from the presence of O, in the reaction.

In an effort to further discount the homocoupling product formation by the presence of oxygen in
the system, additional experiments were performed. First, performing the reaction under an inert
atmosphere in an argon-filled glovebox with degassed solvent still led to no improvements providing
boronic acid homocoupling product 3.23 as the major product. Second, a control experiment utilizing
(dppf)PACI; as a catalyst in the absence of aryl halide 3.6 was conducted and only trace amounts of
homocoupling product 3.23 was obtained. This second result implies that aryl halide 3.6 is indeed required
for boronic acid homocoupling product 3.23 to be formed and taken together, the standard O,-induced

homocoupling mechanism is unlikely in this system.

B. Homocoupling

During the initial ligand optimization for this system, similar amounts of boronic acid
homocoupling (3.23) and protodehalogenation product 3.9 were generated, regardless of which ligand was
utilized. Based on these results, and the control experiments discussed above discounting Oz-involvement,
we hypothesized that the boronic acid homocoupling and protodehalogenation were linked mechanistically.
As a result, we proposed a mechanism resulting through a rare second transmetalation pathway,??42% that
was previously unknown in Suzuki-Miyaura cross-coupling, that can compete when the cross-coupling
reductive elimination rate is significantly slow (See section D). Since the observed boronic acid
homocoupling process in this system appeared to proceed through a unique mechanism, we decided to
analyze the substrate scope of this homocoupling reaction (Scheme 3.6) to determine its generality and gain

further insights into the possible reaction mechanism. The reaction scope with respect to the effect of the
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boronic acid fragment on the efficiency of boronic acid homocoupling vs cross-coupling was investigated
by employing electronically and sterically different boronic acids with (dppf)PdCl; as the catalyst. Because
(dppf)PACI; yielded high boronic acid homo-coupling product in the standard reaction, the results obtained
by varying the boronic acid reactant should directly reflect the effect of the electronics and sterics of the
boronic acid on the reaction’s homocoupling/cross-coupling generation ratio. In general, electron-deficient
boronic acids favored the formation of the boronic acid homocoupling product over the cross-coupling
product. Trends are highlighted below and are consistent with boronic acid homocoupling over cross-

coupling selectivity for coupling partners with expected slow cross-coupling reductive elimination rates.

i. Electronic effect

Fluorine and other halogens, when employed as aryl substituents, behave as mild deactivating
groups. As fluorine is electronegative and pulls electron density out of the ring, the substitution pattern
affects the reactivity in the corresponding positions across the ring.*22?6 When 4-fluorophenyl boronic acid
3.2h was employed, equal amounts of homocoupling and cross-coupling were obtained, however, when the
3-fluorophenyl derivative 3.2i was used, homocoupling increased. This result demonstrates a key electronic
effect, as the p-fluoro substituent’s electron-donating ability by resonance decreases the amount of
homocoupling generated. The m-fluoro substituent lacks this resonance effect, and therefore is strictly
electron-withdrawing in nature, generating major homocoupling product. Protection of the aldehyde
functional group as a 1,3-dioxolane (3.2m) led to a reduction in the ratio of homocoupling to cross-coupling
product. This is another example of the electronic effects of this reaction. The destruction of the conjugation
in the system that occurs when replacing the aldehyde with the dioxolane results in the reduction of the
electron-withdrawing ability and thus allows for the increase in the rate of reductive elimination to form
the cross-coupling product.

When electron-donating substituents (3.2j,k), or a simple phenyl ring was utilized (3.2n), cross-

coupling was the major product. This is due to the increased ease of bringing together and coupling two
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fragments with matched electronics. It is much easier to couple an electron-rich and an electron-deficient
group than to couple two highly electron-deficient groups. Therefore, more electron-rich arenes led to an
increase in the rate of reductive elimination, leading to higher cross-coupling generation.

ii. Steric effect

Boronic acids containing an ortho-substituent were either not tolerated, (3.2c, Scheme 3.6) or
solely generated homocoupling product (3.21). The cross-coupling product generated in this system is
already sterically hindered — containing two ortho-substituents from the aryl halide fragment 3.6. Therefore,
attempting to incorporate a third ortho-group in the biaryl cross-coupling product produced with an ortho-
substituted aryl boronic acid will be highly unfavorable, which is observed with the low tolerance/cross-

coupling ability with this system and ortho-substituted boronic acids.

Scheme 3.6. Boronic acid homocoupling reaction scope employing 3.6.
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3.2 90°C,2h cc
3.22 )
OHC, CHO
OHCOB(OH)Z GB(OH)Z @B(OH)Z MeOZC@B(OH)Z |E3<:4<;>—Es(om2
3.2a 3.2b 3.2c 3.2d 3.2e
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ow@mm NC@B<OH)Z F@B<OH)2 GB(OH» MeO—QB(OH)Z
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C. Stoichiometric studies to ensure and propose an anaerobic mechanism

To further determine a possible mechanism for boronic acid homocoupling and
protodehalogenation product generation without the presence of O, stoichiometric studies (Scheme 3.7)

were performed.

Scheme 3.7. Stoichiometric studies employing (CysP)2Pd.
Br

F3C. CF3  Na,COjy
(Cy3P),Pd(0) + ——> FsC CF; + 39
3.24 dioxane -
H,0, 90 °C CyaF’—PT—PCys

(1.0 equiv)
3.6 90 min Br
3.25
9FNMR: 97 : 3
CHO
CHO
BR2 O
3.6 O
Na,CO
(CysP),Pd(0) + —= + 39
dioxane | duct
Oeq o cHQ) 5 min O y
equiv CHO
g-ia{ E = OH 3.22a 3.4a
-£0:R=pin <5% 75% (R = OH)
49% (R = pin)

One possibility for homo-coupling product generation is the direct protodepalladation of the
bis(trifluoromethylaryl fragment from the oxidative addition Pd complex 3.25. To examine this possible
route, the reaction of aryl bromide 3.6 in the absence of a boronic acid coupling partner, with preformed
catalyst (CysP).Pd(0), as PCys generated high levels of homocoupling, was investigated. After 90 minutes
of heating at 90°C, a 97:3 ratio (by ®FNMR spectroscopy) of oxidative addition complex 3.25 and
protodehalogenation product 3.9 was observed. This result confirmed that the oxidative addition step occurs
successfully, but without the boronic acid coupling partner, the protodehalogenation product is only
generated in small quantities. In stark contrast, when this same reaction was repeated in the presence of aryl
boronic acid 3.2a, complete conversion of aryl bromide 3.6 to the protodehalogenation product was
observed by *!FNMR spectroscopy after just 5 minutes of heating, affording 75% yield of boronic acid
homocoupling product by NMR, with only traces of cross-coupling product 3.22. No other fluorine products

were present by °FNMR spectroscopy. This builds off the previous reaction, showing that the
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protodehalogenation product is not formed without the boronic acid coupling partner, but as soon as the
boronic acid fragment is added, the reaction is incredibly fast and generates high boronic acid
homocoupling product. Repeating this reaction using the aryl pinacol boronate ester 3.20 gave complete
conversion of the aryl bromide 3.6 to protodehalogenation product 3.9 after only 5 minutes of heating, with
minimal cross-coupling generated. The boronate ester, however, generated homocoupling to a lower extent
(49% yield by NMR) than the boronic acid, with unreacted aryl boronate still present.

D. Mechanistic insight and proposed pathway

A possible mechanism to account for all these results is a second transmetalation pathway.?24225
This would require Pd-C protonolysis?? to occur to enable aryl boronic acid transmetalation (Scheme 3.4).
Homocoupling product formation of the organometallic coupling partner through a second transmetalation
is well established for Negishi??* and Kumada®® coupling reactions. In these examples, the second
transmetalation occurs via a direct aryl-aryl exchange that prevails when the reductive elimination proves
to be slow. However, this pathway is not possible in Suzuki-Miyaura reactions, since transmetalation
between palladium and aryl boron is well-established to require a Pd-O-B interaction;?1%214.216.228-236
therefore, palladium is not expected to undergo direct aryl-aryl exchange with boronic acids. Alternatively,
protonolysis of the more sterically hindered 2,6-bis(trifluoromethyl)phenyl fragment of 3.27 generates 3.9
directly and provides 3.28 or 3.29, potentially competent intermediates?!3214216228-23% for 3 second
transmetalation with 3.2 to lead to homocoupling product 3.4 via 3.30. This is a surprising result, as Pd-C
bonds are relatively inert to protonolysis.??’ This pathway seems to be unique to this 2,6-
bis(trifluoromethyl) substitution. Furthermore, the boronate derivative is required since minimal formation
of dehalogenation product 3.9 was observed in the absence of boronic acid but was quickly generated in
the presence of boronate derivatives (Scheme 3.7). Protonolysis of the Pd complex 3.27 may occur directly
by the boronic acid to afford 3.29,%28 or could simply be facilitated by the presence of the second aryl group
of complex 3.27 that gets introduced after the first transmetalation. Because both boronic acid 3.2a and

boronate ester 3.20 provided fast dehalogenation of 3.27 (Scheme 3.7), the second scenario seems more
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likely. Additionally, the rate of transmetalation of aryl pinacol boronates is lower than the corresponding
boronic acid in Suzuki-Miyaura cross-coupling reactions.??® Because of this, use of boronate 3.20 in place
of boronic acid 3.2a should lead to a reduced rate of homocoupling formation in the stoichiometric reactions
in Scheme 3.7 if a second transmetalation is operating. The presence of unreacted boronate 3.20, and

reduced yield of 3.4a, when employing the boronate over boronic acid is fully consistent with this argument.

Scheme 3.8. Possible mechanism for Homocoupling formation in the
absence of Oz, via a protonolysis/2nd transmetalation pathway.

OH
®
HO\é Na
07 p-CHO-Ph

- 2 (zrm) |

(HC)

3.30 cHO 3.4a

Based on the proposed mechanism in Scheme 3.8, the ratio of cross-coupling to boronic acid
homocoupling product would be dictated by the rate of reductive elimination of 3.27 versus the outlined
homocoupling pathway. When the reductive elimination of 3.27 is slow, (for example, when the boronic
acid employed is more electron-deficient), homo-coupling 3.4a product should dominate.??4?% The results
obtained from the reaction investigation of 3.6 with boronic acids of variable structure when using
(dppf)PdCI; as catalyst (Scheme 3.6) further support this proposal.

Because of the high electron-withdrawing ability of the CFs-groups, reductive elimination from

complex 3.27 to generate the cross-coupling product would be increasingly slow when electron-deficient
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boronic acids are employed (e.g. 3.2a-g,i). This is due to the polarity mismatch in forming C-C bonds
between two electropositive carbon atoms. In addition to the electronics discussed previously, a steric effect
is present that inhibits cross-coupling due to the bis(ortho) arrangement of the 2,6-disubstitution pattern of
the CFs-groups. Because of this steric prevention of reductive elimination, the protonolysis followed by
second transmetalation can compete, leading to the preferential boronic acid homocoupling 3.4. In contrast,
electron-rich boronic acids (e.g. 3.2h,j,k) should increase the rate of reductive elimination from the
respective analogs of the unsymmetric Lo\Pd(Ar) Ar’ complex of 3.27, by minimizing the polarity mismatch
and lead to increased amounts of cross-coupling products, as was observed (Scheme 3.6). Finally, an
electron-rich, but sterically-hindered boronic acid (e.g. 3.2I), presumably would favor homocoupling due

to sterics.

Scheme 3.9. Proposed novel homocoupling mechanism.

0,

\ OO

\0
Reductive homo-coupling
L,Pd Elimination 3.4a
3.30
Jen

/
(o)

O CF;
No cross-coupling
OH 3.22a
]
|

B
Ho-BoH H0—BIOH Reductive LaPd(©)
Elimination Oxidative
Q Addition

2"d Transmetalation

OH F4C
L,Pd 5+ 3.26
L,Pd  CF;
Ly Suzuki Reaction szd
3.27 Mechanism
328 , _
4 o Na,CO3/H,0
Transmetalation Lde
T o OH NaBr + NaHCO;
Desbromination
3.9 HO\B
]
OH 3.2

Overall, the formation of boronic acid homocoupling by-products in the Suzuki-Miyaura cross-
coupling reaction of fluorinated arene 3.6 appears to be a result of the unique properties of this compound

that is produced by the high electron-withdrawing ability and the steric effect of the 2,6-disubstitution
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pattern of the two CFs-mioeties leading to a surprisingly quick and easy protonolysis event enabling a
second transmetalation to be possible. This problem is exacerbated when electron-deficient aryl boronic
acid partners are employed in the reaction.

The unique ability of intermediates, including 3.27, to undergo protonolysis of the 2,6-
bis(trifluoromethyl)aryl group warrants further investigation and is likely not facilitated by retro-CMD?’
enabled by the presence of HCOs', as control experiments utilizing other bases, such as NaOH or KF, failed
to afford an improvement in cross-coupling selectivity, see experimental information Table 3.S1.

High selectivity for boronic acid homocoupling using other aryl bromide partners, other than 3.6,
has not been identified. For example, preliminary studies using perfluorinated bromobenzene and boronic
acid 3.2a, or 2-bromo-1,3-dimethoxybenzene with boronic acid 3.2, afforded the respective cross-coupling
as the major product.

E. Cross coupling

Finally, conditions to successfully generate the cross-coupling product were determined. Use of
Buchwald’s SPhos ligand®’ with the standard reaction was identified as optimal ligand for cross-coupling
production. The substrate scope for the reaction of the electron-deficient aryl halide with electron-deficient

aryl boronic acids was further evaluated, as they were found to be difficult to couple (Scheme 3.10).

Scheme 3.10. Cross-coupling reaction of aryl halide 3.6 with electron-deficient

aryl boronic acids using SPhos as ligand.
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The cross-coupling conditions worked well for most of the electron-deficient aryl boronic acids
examined. However, ortho-substituted aryl boronic acids did not perform well, generating solely low
homocoupling product yield. This was likely due to destabilizing steric effects related to forging a hindered
biaryl axis (vide supra).?8-247

F. Future Work

Scheme 3.11. Future work with the aim of forming the Schreiner’s thiourea-based COF.

R
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e N

solid-supported heterogeneous
thiourea organocatalyst
3.20

Future directions in this project aims to optimize the reaction using the 4-Bromo-3,5-
bis(trifluoromethyl) aniline 3.18 as the aryl halide to form the biaryl 3.19. Then the next steps would be to
make the COF 3.20 from the biaryl 3.19 in Scheme 3.11. Efforts thus far have led to decent yields of 3.19a

and 3.19d, however, the thiourea coupling attempts to date have not been fruitful.

G. Project SEED — Bre’shon Dunson

This project spanned most of my first two years of graduate school. During the summer of 2019,
my first summer of research, I had the pleasure of mentoring Bre’shon Dunson, a local Richmond public
high school student, in the lab through ACS Project SEED. Throughout the summer that he was with us,
he learned how to set up Suzuki cross-coupling reactions, workup them up, and isolate products via

column chromatography.
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He was able to complete a good portion of the SPhos cross-coupling substrate table reactions and
isolated them via column chromatography. At the end of his summer with us, as a part of Project SEED,
Bre’shon prepared a research summary and presented his research progress via poster presentation to the
other Project SEED participants and mentors. He was a pleasure to have in the lab and his energy was

contagious.

V. Conclusions

In conclusion, we discovered and a novel mechanism for electron-deficient boronic acid homo-
coupling that occurs under anaerobic conditions in Suzuki-Miyaura cross-coupling reactions. This
homocoupling pathway is unique to the 2,6-bis(trifluoromethyl)substitution of the aryl halide 3.6, that slows
the rate of reductive elimination leading to cross-coupling when electron-deficient boronic acids are
employed. This electronic effect is consistent with the fact that electron-rich boronic acids gave more cross-
coupling product under the same conditions. Instead, the Pd cross-coupling complex 3.27 can undergo fast
protonolysis that then enables a second transmetalation. To the best of our knowledge, this represents the
first evidence of a second transmetalation process in Suzuki-Miyaura cross-coupling reactions, and we’ve
observed this pathway to be unique to the highly electron-deficient 2,6-bis(trifluoromethyl)-substitution of
the aryl halide. Finally, cross-coupling using electron-deficient boronic acids could be improved by
employing SPhos as the ligand in the Suzuki-Miyaura cross-coupling reaction.

Because of the significance of the Suzuki-Miyaura cross-coupling reaction and fluorinated organic
compounds, the discovery of this novel homocoupling pathway and optimization of the cross-coupling
reaction described, is vital to the future of the development of Suzuki-Miyaura cross-coupling reactions
with fluorine-containing arene partners. These results can also lend useful alternative mechanisms for
boronic acid homo-coupling product generation in Suzuki-Miyaura cross-coupling reactions where the rate
of traditional reductive elimination may be slow, such in the case of coupling fragments with multiple ortho-

substitutions.238-248
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V. Experimental Procedures

A. General.

'H NMR spectra were recorded on Bruker 600 MHz spectrometers. Chemical shifts are reported in
ppm from tetramethylsilane with the solvent resonance as an internal standard (CDCI3: 7.26 ppm, C6D6:
7.15 ppm). Data are reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t
=triplet, g = quartet, p = pentet, h = hextet, hept = heptet, br = broad, m = multiplet), and coupling constants
(Hz). C NMR was recorded on a Bruker 600 MHz (151 MHz) instrument with complete proton
decoupling. Chemical shifts are reported in ppm from tetramethylsilane with the solvent as the internal
standard (CDCls: 77.0 ppm, CeDs: 128.4 ppm). 1°F NMR was recorded on a Bruker 600 MHz (565 MHz)
instrument with complete proton decoupling and *'P NMR was recorded on a Bruker 600 MHz (243 MHz)
instrument with complete proton decoupling with shifts reported relative to 85% HsPOs. Liquid
chromatography was performed using forced flow (flash chromatography) on silica gel purchased from
Silicycle. Thin layer chromatography (TLC) was performed on glass-backed 250 um silica gel F254 plates
purchased from Silicycle / EMD silica gel F254 2.5x7.5 cm plates. Visualization was achieved using UV
light, a 10% solution of phosphomolybdic acid in EtOH, or potassium permanganate in water, followed by
heating. HRMS was collected using a Jeol AccuTOFDARTTM mass spectrometer using DART source
ionization. All reactions were conducted in oven- or flame-dried glassware under an inert atmosphere of
nitrogen or argon with magnetic stirring unless otherwise noted. Solvents were obtained from VWR as
HPLC grade and transferred to septa-sealed bottles, degassed by Ar sparge, and analyzed by Karl-Fischer
titration to ensure water content was < 600 ppm. Aryl halides and Aryl boronic acids were purchased from
Sigma Aldrich, TCI America, Alfa Aesar, or Oakwood Chemicals and used as received. All other materials
were purchased from VWR, Sigma Aldrich, Combi-Blocks, Alfa-Aesar, or Strem Chemical Company and
used as received.

B. Experimental Procedures

General procedure for the ligand survey (Table 3.1):

OHCOB(OH)Z CHO

3.2a CHO O
CF3 3 mol % Pd(OAc), H
Br 6 mol % Ligand FiC CF,
- + +
Na,CO3 (2.0 equiv
2C0; ( quiv) FiC CF,
CF;3 dioxane/H,0
3.6 90°C, 2 h
CHO
3.22 3.23 3.9

To a 20 mL crimp-cap vial with stir-bar was charged 95.7 mg (0.327 mmol) of 2-bromo-1,3-
bis(trifluoromethyl)benzene, 97.9 mg (0.653 mmol) of (4-formylphenyl)boronic acid, 69.2 mg (0.653
mmol) of sodium carbonate, 2.20 mg (0.010 mmol) of Pd(OAc)2, and 0.020 mmol of ligand. The vial was
then sealed with a crimp-cap septum, and made inert under nitrogen. To the vial was charged degassed 1,4-
dioxane (0.7 mL) and degassed water (0.25 mL). The vial was then immersed in an oil bath at 90°C for two
hours. To vial was allowed to cool to room temperature, then was charged water followed by extraction
with DCM (2x4mL). The combined organics were charged with 60.0 uL (0.488 mmol) of [1],[1,[1-
trifluorotoluene as an added standard, and an aliquot was diluted in CDCl; for analysis by °F NMR
spectroscopy to determine the yield of 3.22 and 3.9. The combined organic layers were dried with Na;SO4
and concentrated in vacuo. To the crude residue was charged dimethylfumarate (10 — 15 mg), and the
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mixture was diluted in ~0.5 mL of CDCls. Further dilution of an aliquot and analysis by NMR was used to
determine the yield of 3.23.

Additional Optimization data.?

HO\B/OH O
FsC CFs O
3 mol % (dppf)PdCl,
FsC cFy * * *
3 . 3 Na,CO3 (2 eq) F3C CF3
r
NS
3.6 (@]

Dioxane/Water (0.5M) ~ 3.9
3.2a 0 “
3.22 0
3.23
Entry Base % Yield 3.22° % Yield 3.4a° % Yield 3.9
1 Na2COs 16.7 77.9 65.2
2 NaOH 2.8 20.9 32.1
3 KF 2.3 155 22.7

aReactions performed as described in the general ligand survey procedure. ®Determined by
quantitative *HNMR and ®FNMR spectroscopic analysis on the unpurified reaction
mixture using dimethylfumarate and a,a,a-trifluorotoluene as standard, respectively.

General HC procedure employing (dppf)PdClI; as catalyst (Scheme 3.6):

To a 20 mL crimp-cap vial with stir-bar was charged 95.7 mg (0.327 mmol) of 2-bromo-1,3-
bis(trifluoromethyl)benzene, 97.9 mg (0.653 mmol) of (4-formylphenyl)boronic acid, 69.2 mg (0.653
mmol) of sodium carbonate, and 6.64 mg (0.010 mmol) of (dppf)PdCl,. The vial was then sealed with a
crimp-cap septum, and made inert under nitrogen. To the vial was charged degassed 1,4-dioxane (0.7 mL)
and degassed water (0.25 mL). The vial was then immersed in an oil bath at 90°C for two hours. To vial
was allowed to cool to room temperature, and water was then charged, followed by extraction with CH.Cl;
(2x4mL). The combined organic layers were dried with Na,SO, and concentrated in vacuo. The homo-
coupling and cross-coupling products, if present, were then isolated via silica gel column chromatography.

General CC procedure employing SPhos/Pd(OAC); as catalyst (Scheme 3.10):

To a 20 mL crimp-cap vial with stir-bar was charged 95.7 mg (0.327 mmol) of 2-Br-1,3-
bis(trifluoromethyl)benzene, 97.9 mg (0.653 mmol) of (4-formylphenyl)boronic acid, 69.2 mg (0.653
mmol) of sodium carbonate, 2.2 mg (0.010 mmol) of Pd(OAc), and 8.3 mg (0.020 mmol) of SPhos. The
vial was then sealed with a crimp-cap septum, and made inert under nitrogen. To the vial was charged
degassed 1,4-dioxane (0.7 mL) and degassed water (0.25 mL). The vial was then immersed in an oil bath
at 90°C for two hours. To vial was allowed to cool to room temperature, then was charged water followed
by extraction with DCM (2x4mL). The combined organic layers were dried with Na,SO4 and concentrated
in vacuo. The homo-coupling, if present, and cross-coupling products were then isolated via silica gel
column chromatography.
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1 Analytical data for the reaction using (dppf)PdCl.:
[1,1'-biphenyl]-4,4'-dicarbaldehyde (3.4a): According to the HC general

CHO
O procedure, the product was purified by silica gel chromatography (eluent: O-
25% EtOAcC in hexanes) to provide 53.2 mg (77.9%) of [1,1’-biphenyl]-
4,4’dicarbaldehyde as a white solid. Ry = 0.26 (25% EtOAc/hexanes).
OHC

'HNMR (CDCls, 600 MHz) &: 10.09 (s, 2H), 8.00 (d, J =8 Hz, 4H), 7.80
(d, J = 8 Hz, 4H) ppm. 3C NMR (150 MHz, CDCls) &: 191.7, 145.5, 135.9, 130.4, 128.0 ppm. HRMS
(DART) m/z calcd for C14H1002 [M + H]*: 211.0759; Found [M+H]*: 211.0788.

[1,1'-biphenyl]-3,3'-dicarbaldehyde (3.4b): According to the HC general
O CHO procedure, the product was purified by silica gel chromatography (eluent: 0-
OHC O 25% EtOAC in hexanes) to provide 40.5 mg (59.3%) of [1,1'-biphenyl]-3,3'-

dicarbaldehyde as a white solid. R = 0.45 (25% EtOAc/hexanes). *HNMR

(CDCls, 600 MHz) &: 10.12 (s, 2H), 8.15 (s, 2H), 7.92 (td, J =6 Hz,J =1
Hz, 4H), 7.67 (t, J = 8 Hz, 2H) ppm. C NMR (150 MHz, CDClIs) &: 192.0, 140.6, 137.0, 132.9, 129.8,
129.4, 127.9. HRMS (DART) m/z calcd for C14H1002 [M + H]*: 211.0759; Found [M+H]*: 211.0762.

[1,1'-biphenyl]-4,4'-dimethylester (3.4d): According to the HC
Me0,C COMe general procedure, the product was purified by silica gel

chromatography (eluent: 0-25% EtOAc in hexanes) to provide 47.5
mg (53.2%) of [1,1'-biphenyl]-4,4'-dimethylester as a white solid. Rr= 0.37 (25% EtOAc/hexanes). 'THNMR
(CDCl3, 600 MHz) 3: 8.12 (d, J = 7.6 Hz, 4H), 7.69 (d, J = 7.6 Hz, 4H) ppm. *C NMR (150 MHz, CDCls)
d: 166.8, 1443, 130.2, 129.7, 127.2, 52.2. HRMS (DART) m/z calcd for C16H1404 [M + H]*: 271.0970;
Found [M+H]*: 271.0958.

4,4'-bis(trifluoromethyl)-1,1'-biphenyl (3.4e): According to the HC, the
F3CCF3 product was purified by silica gel chromatography (eluent: 0-5% EtOAc in

hexanes) to provide 74.5 mg of an inseparable mixture of the homo-
coupling product, 14e (69.1 wt%, 52.7% yield) and the cross-coupling product, 13e (24.4 wt%, 15.1%
yield), as a white solid. Rf= 0.86 (25% EtOAc/hexanes). tHNMR (CDCls, 600 MHz) &: 7.73 (d, J = 8 Hz,
4H), 7.70 (d, J = 8 Hz, 4H) ppm. *C NMR (150 MHz, CDCls) &: 143.2, 130.3 (q, J = 33 Hz), 127.6, 125.9
(9, J=4Hz), 124.0 (g, J = 270 Hz). *F NMR (565 MHz, CDCls) 5: -62.84 ppm. HRMS (DART) m/z calcd
for C14HsFe [M + H]*: 290.0530; Found [M+H]*: 290.0559.

4,4'-dinitro-1,1'-biphenyl (3.4f): According to the HC general procedure,
02NN02 the product was purified by silica gel chromatography (eluent: 0-25%
EtOAc in hexanes) to provide 22.8 mg (27.8%) of 4,4'-dinitro-1,1'-
biphenyl as a white solid. Rt = 0.43 (25% EtOAc/hexanes). 'HNMR (CDCl;, 600 MHz) &: 8.36 (d, J =9
Hz, 4H), 7.78 (d, J = 9 Hz, 4H) ppm. *C NMR (150 MHz, CDCls) &: 148.0, 145.0, 128.3, 124.4 ppm.

HRMS (DART) m/z calcd for C1.HsNoO4 [M + H]*: 245.0562; Found [M+H]*: 245.0575.

[1,1'-biphenyl]-4,4'-dicarbonitrile (3.49): According to the HC general
NCCN procedure, the product was purified by silica gel chromatography (eluent: 0-
25% EtOAC in hexanes) to provide 49.4 mg (71.9%) of [1,1'-biphenyl]-4,4'-
dicarbonitrile as a white solid. R = 0.40 (25% EtOAc/hexanes). tHNMR (CDCls, 600 MHz) §: 7.78 (d, J
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= 8 Hz, 4H), 7.69 (d, J = 8 Hz, 4H) ppm. *C NMR (150 MHz, CDCls) 5: 143.4, 132.8, 127.8, 118.3, 112.3.
HRMS (DART) m/z calcd for C14HsO, [M + H]*: 205.0766; Found [M+H]*: 205.0785.

4,4'-difluoro-1,1"-biphenyl (3.4h): According to the HC general procedure, the
FF product was purified by silica gel chromatography (eluent: 0-25% EtOAcC in

hexanes) to provide 62.0 mg of a 50/50 inseparable mixture of 3.4h, (31.52
wt%, 30.6% yield) and the cross-coupling product, 3.22h, (58.2 wt%, 34.9% vyield), as a white solid. R; =
0.73 (25% EtOAc/hexanes). *HNMR (CDCls, 600 MHz) &: 7.49 (dd, J = 8 Hz, J = 6 Hz, 4H), 7.12 (t, J =
8 Hz, 4H) ppm. 3C NMR (150 MHz, CDCls) &: 162.3, 136.4, 128.7, 115.8. *°F NMR (565 MHz, CDCls):
6 -116.01 ppm. HRMS (DART) m/z calcd for Ci2HgF2 [M + H]*: 190.0594; Found [M+H]*: 190.0622.
Cross-coupling (3.22h): *tHNMR (CDCls;, 600 MHz) 8: 7.95 (d, J = 8 Hz, 2H), 7.62 (t, J = 8 Hz, 1 H), 7.22
(dd, J =8 Hz, J = 5 Hz, 2H), 7.08 (t, J = 8 Hz, 2H) ppm. *C NMR (150 MHz, CDCl;) 6: 162.6, 139.4,
131.8 (d, J =8 Hz), 131.5 (q, J = 29 Hz), 129.3 (q, J = 5 Hz), 128.4, 128.0, 123.1 (q, J = 275 Hz), 114.1.
F NMR (565 MHz, CDCls) &: -57.61, -113.73 ppm.

F 3,3'-difluoro-1,1'-biphenyl (3.4i): According to the HC general procedure, the
product was purified by silica gel chromatography (eluent: 0-5% EtOAc in hexanes)
O O to provide 54.2 mg of an inseparable mixture of the homo-coupling product, 14i (55.0
wt%, 46.7% yield) and the cross-coupling product, 13i (35.0 wt%, 18.3% yield), as a
F white solid. Rt = 0.83 (25% EtOAc/hexanes). tHNMR (CDCls, 600 MHz) 6: 7.41 (td,
J=8Hz, J=6Hz, 2H), 7.35 (d, J = 8 Hz, 2H), 7.27 (dt, J = 10 Hz, J = 2 Hz, 2H), 7.07 (td, J =8 Hz,J =2
Hz, 2H) ppm. 33C NMR (150 MHz, CDCls) &: 163.1 (d, 245 Hz), 142.1 (dd, J = 8 Hz, J = 2 Hz), 130.4 (d,
J=9Hz),122.7 (d, J =2 Hz), 114.6 (d, J = 22 Hz), 114.0 (d, J = 22 Hz). 1F NMR (565 MHz, CDCl;) &:
-112.9 ppm. HRMS (DART) m/z calcd for Ci2HgF2 [M + H]*: 190.0594; Found [M+H]*: 190.0613. Cross-
coupling (13i) : tHNMR (CDCls, 600 MHz) &: 7.96 (d, J =9 Hz, 2H), 7.64 (t, J = 8 Hz, 1H), 7.35 (m, 1H),
7.13 (td, J = 8 Hz, J = 2 Hz, 1H), 7.04 (d, J = 8 Hz, 1H), 6.99 (d, J = 9 Hz, 1H). 3C NMR (150 MHz,
CDCls) 8: 161.5 (d, J = 245 Hz), 138.7, 135.8 (d, J = 8 Hz), 131.2 (g, J = 30 Hz), 129.3 (g, J = 6 Hz), 128.5
(d, =9 Hz), 128.3,125.9 (d, J = 2 Hz), 123.1 (q, J = 275 Hz), 117.3 (d, J = 23 Hz), 115.4 (d, J = 23 Hz).
F NMR (565 MHz, CDCls) &: -57.51, -114.1 ppm.

CF, 4'-methoxy-2,6-bis(trifluoromethyl)-1,1'-biphenyl (3.22j): According to the

HC general procedure, the product was purified by silica gel chromatography

O O OoMe (eluent: 0-25% EtOAc in hexanes) to provide 49.9 mg (47.0%) of 4'-methoxy-

2,6-bis(trifluoromethyl)-1,1'-biphenyl as a white solid. Ry = 0.60 (25%

CF; EtOAc/hexanes). tHNMR (CDCls, 600 MHz) : 8.93 (d, J = 8 Hz, 2H), 7.59 (t,

J =8 Hz, 1H), 7.15 (d, J = 7.15 Hz, 2H), 6.90 (d, J = 8 Hz, 2H), 3.86 (s, 3H)

ppm. C NMR (150 MHz, CDCls) 8: 159.5, 140.4, 131.6 (q, J = 28 Hz), 131.0, 129.1 (q, J = 5 Hz), 127.7,

126.0, 123.4 (q, J = 275 Hz), 112.3, 55.12. °F NMR (565 MHz, CDCls) &: -57.62 ppm. HRMS (DART)
m/z calcd for CisH1oF6O [M + H]™: 321.0714; Found [M+H]": 321.0732.

3,3'-dimethoxy-1,1"-biphenyl (3.4k): According to the HC general procedure, the product was purified
OoMe by silica gel chromatography (eluent: 0-25% EtOAc in hexanes) to provide 62.9

mg of an inseparable mixture of the homo-coupling product, 3.4k ( 57 wt%,

Q O 49.8% vyield) and the cross-coupling product, 3.22k ( 49 wt%, 28.9% yield), as
MeG aclear oil. Ry=0.53 (25% EtOAc/hexanes). 'HNMR (CDCls, 600 MHz) §: 7.95
e
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(d, J = 8 Hz, 2H), 7.35 (t, J = 8 Hz, 2H), 7.20 (s, 2H), 7.18 (d, J = 8 Hz, 2H), 3.87 (s, 6H) ppm. C NMR
(150 MHz, CDCl3) &: 159.9, 142.6, 129.7, 119.7, 112.9, 112.8, 55.32. HRMS (DART) m/z calcd for
CisH1oFsO [M + H]*: 321.0714; Found [M+H]*: 321.0714. Cross-coupling (3.22k): ‘HNMR (CDCls, 600
MHz) &: 7.95 (d, J = 8 Hz, 2H), 7.61 (t, J = 8 Hz, 1H), 7.31 (td, J = 8 Hz, J = 2 Hz, 1H), 6.98 (d, J = 8 Hz,
1H), 6.87 (d, J = 8 Hz, 1H), 6.83 (s, 1H), 3.82 (s, 3H) ppm. *C NMR (150 MHz, CDCls) &: 158.2, 140.1,
135.1, 131.2 (g, J = 30 Hz), 129.2 (g, J = 5 Hz), 127.9 (d, J = 8 Hz), 123.4 (q, J = 275 Hz), 122.6, 115.9,
113.8, 55.26. 1°F NMR (565 MHz, CDCls) 8: -57.54 ppm.

2,2'-dimethoxy-1,1"-biphenyl (3.41): According to the HC general procedure, the product was purified by

MeO silica gel chromatography (eluent: 0-25% EtOAc in hexanes) to provide 49.9 mg

(69.6%) of 2,2'-dimethoxy-1,1'-biphenyl as a white solid. Rf = 0.53 (25%

O O EtOAc/hexanes). tHNMR (CDCls, 600 MHz) &: 7.33 (ddd, J =8 Hz, J=2Hz,J=0.8

Hz, 2H), 7.25 (dd, J = 7 Hz, J = 2 Hz, 2H), 7.00 (td, J = 7 Hz, J = 1 Hz, 2H), 6.98 (dd,

OMe J =8 Hz, J =0.8 Hz, 2H), 3.78 (s, 6H) ppm. *C NMR (150 MHz, CDCl;) &: 156.9,

131.4, 128.5, 127.7, 120.2, 111.0, 55.63. HRMS (DART) m/z calcd for C14H1:0, [M + H]": 215.1072;
Found [M+H]*: 215.1077.

o) o) 4,4'-di(1,3-dioxolan-2-yl)-1,1'-biphenyl (3.4m): According to the HC
E j general procedure, the product was purified by silica gel

o o chromatography (eluent: 0-25% EtOAc in hexanes) to provide 35.5 mg
(35.4%) of 4,4'-di(1,3-dioxolan-2-yI)-1,1'-biphenyl as a white solid. Ry = 0.42 (25% EtOAc/hexanes).
'HNMR (CDClIs, 600 MHz) 8: 7.60 (d, J = 8 Hz, 4H), 7.55 (d, J = 8 Hz, 4H), 5.87 (s, 2H), 4.19-4.12 (m,
4H), 4.10-4.03 (m, 4H) ppm. C NMR (150 MHz, CDCls) &: 141.6, 137.0, 127.2, 126.8, 103.5, 65.32.
HRMS (DART) m/z calcd for C1gH1504 [M + H]*: 3298.1205; Found [M+H]*: 298.1227.

CF, ‘ 2',6'-bis(trifluoromethyl)-1,1'-biphenyl (3.3n): According to the HC general procedure,

the product was purified by silica gel chromatography (eluent: 0-20% EtOAc in hexanes)

O to provide 55.7 mg (57.1%) of 2',6'-bis(trifluoromethyl)-1,1'-biphenyl as a white solid. R¢

CF, =0.69 (25% EtOAc/hexanes). tHNMR (CDCls, 600 MHz) 6: 7.95 (d, J = 7 Hz, 2H), 7.61

(t, J = 8 Hz, 1H), 7.46-7.34 (m, 3H), 7.25 (d, J = 8 Hz, 2H) ppm. **C NMR (150 MHz,

CDCls) 6: 140.3, 133.9, 131.2 (g, J = 29.6 Hz), 129.9, 129.1 (q, J = 5 Hz), 128.2, 127.8, 126.8, 123.3 (q, J

= 273 Hz). F NMR (565 MHz, CDCls) &: -57.50 ppm. HRMS (DART) m/z calcd for CisHgFs [M + H]*:
290.0530; Found [M+H]*: 290.0559.

Analytical data for the reaction using SPhos/Pd(OAc).:

CF, 2',6'-bis(trifluoromethyl)-[1,1'-biphenyl]-4-carbaldehyde (3.22a):

According to the CC general procedure, the product was purified by silica gel

O O CHoO chromatography (eluent: 0-25% EtOAcC in hexanes) to provide 84.6 mg (80.7%)

of 2',6'-bis(trifluoromethyl)-[1,1'-biphenyl]-4-carbaldehyde as a white solid. R¢

CF; =0.59 (25% EtOAc/hexanes). tHNMR (CDCls, 600 MHz) §: 10.09 (s, 1H), 7.99

(d, J=8Hz, 2H), 7.91 (d, J =8 Hz, 2H), 7.68 (t, J =8 Hz, 1H), 7.45(d,J =8

Hz, 2H) ppm. **C NMR (150 MHz, CDCls) : 191.8, 140.3, 138.7, 136.1, 130.9 (q, J = 30 Hz), 130.8, 129.4

(9, J = 5 Hz), 128.5, 128.2, 123.1 (g, J = 275 Hz). °F NMR (565 MHz, CDCls) &: -57.46 ppm. HRMS
(DART) m/z calcd for CisHsFsO [M + H]™: 319.0558; Found [M+H]": 319.0578.
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2',6"-bis(trifluoromethyl)-[1,1'-biphenyl]-3-carbaldehyde (3.22b): According to the CC general
procedure, the product was purified by silica gel chromatography (eluent: 0-25%

CF; CHO  EtOAC in hexanes) to provide 69.6 mg (67.3%) of 2',6'-bis(trifluoromethyl)-[1,1'-
Q O biphenyl]-3-carbaldehyde as a white solid. Rt = 0.57 (25% EtOAc/hexanes).
F3

3

IHNMR (CDCls, 600 MHz) &: 10.05 (s, 1H), 7.99 (d, J =8 Hz, 2H), 7.97 (d, J = 8
Hz, 1H), 7.78 (s, 1H), 7.68 (t, J = 8 Hz, 1H), 7.58 (t, J =8 Hz, 1H ), 7.54 (d, J = 8
Hz, 1H) ppm. C NMR (150 MHz, CDCls) &: 191.7, 138.6, 135.7, 135.3, 135.0,
131.3 (q, J = 29 Hz), 131.3, 129.6, 129.3 (g, J = 5 Hz), 128.5, 127.8, 123.1 (q, J = 274 Hz). 1°F NMR (565
MHz, CDCls) &: -57.36 ppm. HRMS (DART) m/z calcd for CisHsFO [M + H]*: 319.0558; Found [M+H]"*:
319.0574.

Cc

Cco,Me 2',6"-bis(trifluoromethyl)-[1,1'-biphenyl]-4-methyl ester (3.22d): According

CFs O to the CC general procedure, the product was purified by silica gel

chromatography (eluent: 0-25% EtOAc in hexanes) to provide 65.8 mg (57.4%)

of 2',6"-bis(trifluoromethyl)-[1,1'-biphenyl]-4-methyl ester as a white solid. Rs =

CFs 0.61 (25% EtOAc/hexanes). tHNMR (CDCls, 600 MHz) &: 8.07 (d, J = 8 Hz,

2H), 7.97 (d, J = 8 Hz, 2H), 7.65 (t, J = 8 Hz, 1H), 7.34 (d, J = 8 Hz, 2H), 3.95 (s, 3H) ppm. *C NMR (150

MHz, CDCls) é: 166.7, 139.1, 138.7, 131.0 (g, J = 29 Hz), 130.2, 130.1, 129.3 (q, J = 5 Hz), 128.3, 128.2,

123.0 (q, J = 274 Hz), 52.17. **F NMR (565 MHz, CDClIs) §: -57.37 ppm. HRMS (DART) m/z calcd for
CisH10F602 [M + H]*: 3349.0663; Found [M+H]*: 349.0653.

2,4' 6-tris(trifluoromethyl)-1,1'-biphenyl (3.22¢): According to the CC general procedure, the product
CF, Was purified by silica gel chromatography (eluent: 0-5% EtOAc in hexanes) to

CF; O provide 116.9 mg of an inseparable mixture of the homo-coupling product, 3.4e (15
wt%, 18% vyield) and the cross-coupling product, 3.22e (82.3 wt%, 80.8% yield), as

a white solid. Ry = 0.86 (25% EtOAc/hexanes). HNMR (CDCls, 600 MHz) &: 7.98

CF; (d, =8Hz, 2H), 7.75-7.64 (m, 3H), 7.39 (d, J = 8 Hz, 2H) ppm. *C NMR (150
MHz, CDCls) &: 138.7, 137.7, 131.1 (q, J = 27 Hz), 130.7 (q, J = 33 Hz), 130.4, 129.3 (q, J = 5 Hz), 128.5,
124.0 (g, J = 273 Hz), 124.0 (q, J = 4 Hz), 123.0 (q, J = 275 Hz), 122.2. *F NMR (565 MHz, CDCly) 5: -
57.43,-62.71 ppm. HRMS (DART) m/z calcd for CisH7F9 [M + H]*™: 358.0404; Found [M+H]": 358.0440.

4'-nitro-2,6-bis(trifluoromethyl)-1,1'-biphenyl (3.22f): According to the CC general procedure, the
No, Pproduct was purified by silica gel chromatography (eluent: 0-10% EtOAc in

CF3 O hexanes) to provide 101.9 mg (90.5%) of 4'-nitro-2,6-bis(trifluoromethyl)-1,1'-
biphenyl as a white solid. R = 0.46 (25% EtOAc/hexanes). HNMR (CDCls, 600

MHz) &: 8.27 (d, J =8 Hz, 2H), 8.00 (d, J =8 Hz, 2H), 7.71 (t, J = 8 Hz, 1H), 7.46

CF; (d, J =8 Hz, 2H) ppm. 3C NMR (150 MHz, CDCls) &: 148.0, 140.8, 137.6, 131.2,
130.9 (g, J =30 Hz), 129.5 (q, J = 5 Hz), 129.0, 122.9 (q, J = 275 Hz), 122.2. F NMR (565 MHz, CDCl5)
d: -57.36 ppm. HRMS (DART) m/z calcd for C14H7:FsNO, [M + H]*: 336.0459; Found [M+H]*: 336.0475.

126



CF CN 2',6"-bis(trifluoromethyl)-[1,1'-biphenyl]-4-carbonitrile (3.22g): According to the

3 O CC general procedure, the product was purified by silica gel chromatography (eluent:
0-25% EtOAC in hexanes) to provide 87.5 mg (82.6%) of 2',6'-bis(trifluoromethyl)-

O [1,1'-biphenyl]-4-carbonitrile as a white solid. Rr = 0.57 (25% EtOAc/hexanes).
CFs 'HNMR (CDCls, 600 MHz) §: 7.99 (d, J = 8 Hz, 2H), 7.70 (m, 3H), 7.39 (d, J = 8

Hz, 2H) ppm. *C NMR (150 MHz, CDCls) &: 138.8, 137.9, 130.9 (g, J = 29.6 Hz), 130.8, 129.4 (9, J = 5.6
Hz), 128.8, 122.9 (q, J = 273 Hz), 118.4, 112.6. °F NMR (565 MHz, CDCls) §: -57.37 ppm. HRMS

(DART) m/z calcd for CisH7FsN [M + H]*: 316.0561; Found [M+H]*: 316.0562.

Stoichiometric Studies (Scheme 3.7):

Br

F,C CF3  Na,CO, F3C CF3
(Cy3P),Pd(0) + — > F,C CF; +
3.24 dioxane
H,0, 90 °C CyaP—Pcli—PCya

(1.0 equiv)
3.6 90 min Br
3.25 3.9

To a microwave vial with magnetic stir bar was charged 10.0 mg (0.0341 mmol) of arene 3.6 and
7.2 mg (0.068 mmol) of Na,COs. The vial was then taken into a glove-box under an Ar atmosphere and
22.8 mg (0.0341 mmol) of (CysP).Pd 3.24 was charged. The vial was sealed with a crimp-cap septum and
removed from the glove-box. Degassed dioxane (0.25 mL) and water (0.07 mL) were charged and the vial
was inserted into an oil bath preheated to 90 °C. Aliquots were taken and analyzed by FNMR
spectroscopy. After 90 min, the vial was removed and cooled to rt. To the white slurry was then charged 2
mL of MTBE and the solid was collected by filtration and washed with water (2x2mL), IPA (2x1mL), and
MTBE (2x1mL). After further drying in vacuo 18.3 mg (56%) of complex 3.25 was obtained as a white
solid contaminated with a small impurity. Note that a control experiment performed in the same manner
but without the addition of Na,CO; and water provided the same product implying the material is not the
Pd-OH complex. HNMR (CDCls, 600 MHz) &: 7.55 (d, J = 7.7 Hz, 2H), 7.21 (t, J = 7.7 Hz, 1H), 1.0 —
2.23 (m, 66 H) ppm. 3C NMR (150 MHz, CDCls) 6: 146.4 (m), 139.2 (q, J = 28.0 Hz), 129.9, 124.8 (q, J
=272 Hz),123.7,35.78 (t, J = 8.2 Hz), 30.36, 27.82 (t, J = 4.9 Hz), 26.33 ppm. **FNMR (565 MHz, CDCl;)
5. —54.5 ppm. 3IPNMR (243 MHz, CDCl3) §: 18.1 ppm.

Na2003
(CysP),Pd(0) + dloxane
3.24 H,0, 90 °C FsC CF;
(1.0 equiv) CHO 5 min

(2 equiv) CHO
3.2a:R=0H 3223 3.4a
3.20: R =pin

To a microwave vial with magnetic stir bar was charged 10.0 mg (0.0341 mmol) of arene 3.6, aryl
boron derivative 3.2 (0.068 mmol), and 7.2 mg (0.068 mmol) of Na,COs. The vial was then taken into a
glove-box under an Ar atmosphere and 22.8 mg (0.0341 mmol) of (CysP).Pd 3.24 was charged. The vial
was sealed with a crimp-cap septum and removed from the glove-box. Degassed dioxane (0.25 mL) and
water (0.07 mL) were charged, and the vial was inserted into an oil bath preheated to 90 °C. After 5 min,
the vial was removed and cooled quickly to rt in an ice bath. An aliquot was taken and dissolved in CDCls;
and analyzed by *FNMR spectroscopy. To the mixture was then charged 2 mL of water followed by
extraction with CH,Cl, (2x2mL). The combined organics were dried with Na,SO4 and concentrated. The
yield was then determined by quantitative tHNMR spectroscopy using dimethyl fumarate as the analytical
standard.
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Appendix Al. Select NMR Spectra from Chapter 1

i.  Linear-selective with chiral auxiliary
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THSTRUM spect
PROBHD Z148658_0003 (
PULPROG zgpg30

TD 65536
SOLVENT cpcl3

s 1024

Ds 4

SWH 36231.883 Hz
FIDRES 1.105709 Hz
R2Q 0.9043968 sec
RG 199.73

DW 13.800 usec
DE 6.50 usec
TE 298.0 K
Dl 4.00000000 sec
D1l 0.03000000 sec
TDO 1
SFOl 150.8864644 MH=z
NuC1 13c

Pl 12.00 usec
PLW1 77.65699768 W
5F02 600.0074000 MH=z
NUCZ 1H
CPDPRG[2 waltzl6
PCPD2 70.00 usec
PLWZ 13.23200035 W
PLW1Z 0.64876997 W
PLWL3 0.32633001 W
F2 - Processing paramsters
ST 32768

SF 150.8713776 MHz
wow El

S5B 0

1B 1.00 Hz
GE 0

PC 1.40
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EHNMMNON A OYNEFPARODANNOCOOEMAO~ OO 0N A0 NO@MOA D
YN A0~ MaMAUNNANOOCOOOF YOI MNMNGOYOoFEOYS~Onnmae O Current Data Parameters
TEEmEmaafaaadadadaannaeeaaaaauadaadannnnn Ty e 5LG1-055_Fourth
| e S S e S e e e T S el e e e e e e T BT TS BT T BT B S s s s = R - o T o B o B o B B B B | EXPNO - 1
; i s PROCND L
F2 - Acquisition Parameters
Date_ 20150601
Time 21.07 h
'H NMR (CDCls), 600 MHz INETRUM apect
PROBHD  Z14BE58_0003 |
PULFROG 2930
Me OH Me ™ 65536
N SOLVENT cDeli
N NS 16
DS 2
SWH 12015.230 Hz
FIDRES 0.3667%8 Hz
N AQ 2.7262876 sec
(0] Ph RG 155,73
# oW 41.600 usec
DE £.50 usec
TE 254.5 K
(0] . D1 4.00000000 sec
1.3i¢ L
SFOL £00.0087050 MHz
MUCL 1H
67% (973 dr) j:38 15.50 usec
DLWL 13.23200035 W
>98:2 I:b F2 - Processing paramsters
51 65536
5F 600.0050161 MHz
WDW EM
55E 0
LE 0.30 Hz
GE 0
BC 1.00
ﬂ JU l I ﬁ II I\ o

T T T T T T T T T T T T
75 70 65 60 55 50 45 40 35 3.0 25 20

T
1.5 1.0 ppm
rledleile - =il - (=] il led (=]
WH AN OO AR DA LALLM AT AW NS WD Moo= me e = Current Data Parameters
WO OENT OO~ ODTOEDAO0RDOM ©OW MmN AS o NAME SLGL-060_4
MO MM AN CO~~ VYOO NA~YWYW AN O WY WWEn W, v psssieell -1
Lol ol ol ol S VR V- R R R T T T QT T T T R T I T T T T o S Ao I o I I R R o — PROCNO 1
N V /%/ \“ NW%/ N W ‘ F2 - Acquisition Parameters
Date_ 20150613
Time 17.42 h
1 INSTRUM spect
HNMR (CDCI3)1 600 MHz PROBHD  E148656_0003 (
PULEROG zg3l
Me, OH : ed3e
> SOLVENT cocl3
O MS 16
= DS 2
SWH 12015.230 Hz
FIDRES 0.366798 Hz
O N Ph O AQ 2.7262576 sec
RG 199.73
DW 41.600 use
DE .
O TE -
1.3k S
. DO 1
SFOL 600.0087050 MHz
0, ( - ) NUCL 1H
75A) 87'13 dr Pl 15.50 usec
982 I'b PLWL 13.23200035 W
= F2 - Processing parameters
51 65536
5F 600.0050128 MHz
WOW EM
558 0
LE 0.30 He
GB 0
PC L.o0
L..L.IL . “ A L—""ﬂ lk—-u‘u-..-..-__................._

T
75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
ol
=i

g RE ENE A R
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Current Data Parameters

FNMOMNODUOOET N AOYD N A0 0AMNNEOONMAYONNOEMNWOM OO0
HOO oML MO YWOHOMONOOONMOWST OO ONADDONOMWEOM@EM~WMmL, o NAME 5LG1-085_Column
TN N AA AN OO YO ON OO0 MO0 00 A A0 Wnm EXPNO 1
[ o e e e e R TR R T T T T T - A A T R I FROCHO B
NW F2 - Reguisition Parameters
Date_ 20190709
'H NMR (CDCls), 600 MH st sac
( 3), z INSTRUM spect
PROBHD 5 mm PATXI 1H/
PULPROG zg30
T 65536
AAEE .SDF{ SOLVENT Cneld
N F: 16
C)F{ ] 2
SWH 30 Hz
FIDRES 9 Hz
AQ & sec
N RG 194.75
O Ph oW 41.600 usec
DE . usec
TE 29 K
(@] D1 sec
TDO 1
1.3md
CHANNEL f£1
. 99.9587050
83% (90:10 dr) ey e
7.75 usec

94:6 I:b

IR

F2
81
gF
WOW
S5B
LB
GH
BPC

GhEE B

T
50 45 40

EelEC

11.99499989 ¥

Frocessing parameters
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. Branched-selective

rrent Data Parameters

W NI MEMMe0MNO AT RO OMAAMNOT OO WD D W o SLG1-081
O N AN O TN OOA~NNORN@E OSSO0 0OW NN WO~ 1
f"?:"’]mm(\]\"C)O(DCO[‘T‘V‘NNHHH-—(TI"TI'C]HF‘*\D\DQ‘W‘T‘@GTG\W(’)M "']‘RQCNO 1
r-.‘-[‘-l‘-l‘-l‘-r—_‘-\oaom:u)\g\o\okok:,uj\ommnmvvvw‘wvmmmmmm \—1?2 - Acquisition Parameters
M\// / \W%'// W%%// | Date_ 20191013
Time 12.56 n
INSTRUM spect
k PROBHD  Z148658_0003 (
O OMe | zoizroc zg30
65536
: cDel3
- 12
2
. 12019.230 Hz
< 0.366798 Hz
2.7262976 sec
Me OH 68.55
1 4b 41.600 usec
B 6.50 usec
298.0 K
63% (9451 dr) 2.00000000 sec
1
88:12 b:l 500.0087050 MHz
15.50 usec
13,23200035 W
Processing parameters
65536
600.0050135 MHz
EM
1 0
H NMR (CDCl3), . 0.30 &z
P 1.00
600 MHz
- lJ\JJ\w L_Lunm o - L UL‘L -
T T T T T T T T T T T T T T T T T )
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm
3|5 [ala|a| |2 |2 a |2 S| (& S| 2 & 5
el ==l o - sl ~l I i - o ]
oo o P Current Data Parameters
@l El X=] o 2 r’:; = 2 - NAME SLG-081
& @ @6 S m e - EXPNO 2
i a3 o 2R2 2 @ & PROCNO 1
\/ W\ [ ]| F2 - neqieition Parancrers
Date_ 20191013
Time
() INSTRUM
PROBI 2148658
k PULE
Ph o) OMe ™
SOLVENT
NS
13C NMR (CDCls), 151 MHz :
SWH 36231.883 He
FIDRES
3 A0 0.904
- RG
Me OH oE
TE
1.4b D1 2,00000000 sec
o D11 0.03000000 sec
- - TDO 1
63 A) (94'5'1 dr) SFO1 150.8864644 MHz
88.12 b.l NOC1 13C
. . P1 12,00 usec
PLW1 77.65699766 W
SFO02 &0 0074000 MH=z
Nocz 1H
CPDPRG[2 waltzlé
PCPD2 70.00 usec
PLWZ2
PLW12
PLW13
Fz
51
SF
WDW
SSB
i
GB
BC
A At -
T T T T T T T T T T T |
200 180 160 140 120 100 80 60 40 20 0 ppm
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Current Data Parameters

A= ANO N MO O M NE AN M0N0 AW = NAME
COWWYWWMMPEOAMADOWW ANOOWEWOoOrCADNNS oW O eTs] EXPNO
e B I I B I AP I e IR e B co B i L B L o B B B B B B S RSN N nwm oo omm m oM FR‘F\(‘N\'\
YO0 O0YWOYOYOYWOOWOoOmWmWmun s s s mMmm —

Date_

TUEsRR N (B = o
. ,[N p o

SCLVENT
NS
Ds

'H NMR (CDCl)3;, 600 MHz

Me bH RG
1.4g o
85% (82:18 dr) o

SLG1-083

1

F2 - Acquisition Parameters

20191013
13.01 b
spect

7148658_0003 {

12019.230 Hz
0,366798 Hz
2.7262976 sec

296.0 K
2.00000000 sec
1

. . SFO1 600.0087050 MHz
96:4 b:l HOCT
Pl 15.50 usec
PLW1 13.23200035 W
F2 - Processing parameters
51 65536
SF 6€00.00500%¢
WDW EM
55B a
LB 0.30 Hz
GB 0
PC 1.00
k-,_._\J\J\_MJ s \_J_ {S— LLQ__.._JL LN Y
T I e e o L e o e RN ey T BRI 1
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
(=] (@] <t |[ey o| (o = - =) o ©
=@ (2R afl< s e < < “@ ]
ool I~le = - e Sle= - - o o
Current Data Param rs
I E=1 @ HBT=m ™ o m HAME 5LG1-083
-e - awod W - w =] ~  EXENO 2
oo  aaam o S a o < PROCNO 1
28 R dddd o B Sde o 2 Y
- B i S R A [ - I el
F2 - Acquisition Parameters
Date_ 20191013
Time 13.07 h
INSTROM spect
PRCEBHD Z2148658_0003 {
PULPROG

O EIDJI‘\/F.N T
13C NMR (CDCls), :

151 MHz

me’ OH
1.49

SFOl

2.00000000 sec
0.03000000 sec

1
150.8864644 MHz
1

HUC1
85% (82:18dr) | I
PLWL 77.65699768 W
96:4 b:l P02 600.0074000 MHz
nuCz 10
CPDERG([2 waltzlé
PCPD2 70.00 usec
PLW2 13.23200035 W
PLW12 0.64876997 W
PLW13 0.32633001 W
F2 - Processing parameters
sI 32768
5 150.8713773 MHz
EM
1.00 Hz
1.4p

T T T T T T
160 150 140 130 120 110

T T T T T T T T

T T
170 100 90 80 70 60 50 40 30
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H NMR (CDCls), 600 MHz

)
<o

N

Ph

me’ OH
1.4h?

83% (96:4 dr)

92:8 b:l

[

I~
<
(o
[aal

—2.467
1.399

)

il 4
R T I I L L L B L B |
75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
8K §§j)'sj)88 g & BB B g g 5
13C NMR (CDCls), 151 MHz
(@)
)Qo
83% (96:4 dr)
92:8 bl
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

Current Data Param=te=rs

HEME SLG1-072_2
EXPNO 1
PROCHOD 1
F2 - Acquisition Parameters
Date_ 20190620
Time 16.48 h
INSTRUM spect
PROBHD Z148658_0003 (
PULPROG zg30
D 65536
SOLVENT cpels
Hs 16
DS 2
SWH 12019.230 Hz
FIDRES 0.366798 Hz
AQ 2.7262976 sec
RG 199.73
DW 41.600 usec
DE 6.50 usec
TE 283.5 K
Dl 4.00000000 sec
TDO 1
5FO1 600.0087050 MHz
HUCL 1H
Pl 15.50 usec
PLWL 13.23200035 W
F2Z - Processing paramsters
5T 65536
S5F 600.0050178 MHz
WDW B
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
Current Data Paramsters
NAME SLG1-072_2¢13
EXPNO 1
PROCNO 1
F2 - Ecquisition Parameters
Date_ 20190620
Tims 18.40
TS TRUM spect
PROBHD 5 mm PATXI 1H/
PULPROG zgpg30
™ 65536
SOLVENT epel3
Ms 96
DS 4
SWH 36057.691 Hz
FIDRES 0.550197 Hz
A0 0.9087659 sec
RG 194.75
DI 13.867 usee
DE 65.50 usec
TE 294.1 ¥
D1 2.00000000 sec
D1l 0.03000000 sec
TDO 1
CHANNEL £1 =
150.8738899 MHz
13¢
11.40 usec

176.19998695 n

CHENNEL £2 ==

SFO2 599.9573998 MHz
NUC2 1H
CEDPRG[2 waltzl6
PCPDZ 70.00 usec
PLWZ2 11.99499989 n
PLW12 0.14703000 W
PLUL3 0.07204500 W
F2 - Procsssing paramsters
ST 32768

5F 150.8588147 MHz
WoW EM
SSE 0

LB 1.00 Hz
GE 0

pC 1.40
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'H NMR (CDCls), 600 MHz us

Current Data Paramsters

WO NO NN LW oS

—oconmMmAunmm - NAME 5LG1-058

T T MM NN N NN EXENO 1

A A A A PROCNO 1
F2 - Zcquisition Parameters
Date_ 20190621
Time 18.11 h
INSTRUM spect
FROBHD Z855801_0104 (
PULPROG zg30
D 65536
SOLVENT cpcls

16

DS 2
SWH 12019.230 Hz
FIDRES 0.366798 Hz
20 2.7262976 sec
RG 194.75
DW 41.600 usec
DE 6.50 usec
TE 293.6 K
D1 4.00000000 sec
TDO 1
sFol 599.9587047 MH=z
Nucl 1H
Fl 7.75 usec
PLWL 11.99499989 W
F2 - Processing paramsters
ST 65536
SF 599.9550183 MH=z
WDW EM
5SB [
LB 0.30 Hz
GB ]
BC 1.00

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

ey mEf

5 (s

135



7.408

Ph

1.4
66% (75:13:12 dr)

83:17 bl
\‘ ; ‘ J
) e LI

S, J’L_.LJIJJ HLW

Mol .‘w

T T T T T
60 55 50 45 40 35 30
(=

iR 6 g

80 75 7.0 6
TS| R
~loill-l+lole

25 20 15 1.0 ppm

rameters
092 Rkxstos

RN 0%
13C NMR (CDCls), 151 MHz
Q 0
\
\ <
Me //OH
1.4
66% (75:13:12 dr)
83:17 b:l
I 260 1é0 1 éO 1 “lO 1 éO 1(|JO SID EIO 4‘0 2‘0 (; o] ] mI
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7.416
7.403
7.400
7.393
7.391
7.389

.344
7.331
7.319
7.25%6
7.253
6.884
6.872
6.188
6.176
6.171
6.159
4 709
4.693
4.678
4.429
4.414
1.873
1.861
1.850
1.838

0
=
q‘
—

1.444
0.553

—
N
™
—

7. 2 48
7.067

0
0
B
n

5 482
5.4¢68
5.466
5.225
5.224
5.197

el o
o o
H m
[ts] <

NWFWW&%%W Z/

3 979
3.964
3.948
3.436
3.420

o)
'H NMR (CDCl;), 600 MHz ph/(N X0

\/YPh
Et //OH
1.4k

70% (95:4:1 dr)
92:8 bl

|
Ll LJ__ B \ __JJ’LJM_JJlu LJ_

T
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

153.86
3

R\ |

13C NMR (CDCls), 151 MHz

ZH

\/th
Et //OH

1.4k o
70% (9541 dr) s ) 1,40
92:8 bl

s W

T T T T T T T T T T T T T T T T T 1
170 160 150 140 130 120 110 100 90 80 70 60 S50 40 30 20 ppm
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7.469
7.462

7.454

7.132
7.121
5.727
5.713

4.666
4.187
2.771
2.760
2.755
2.753
2.741
2.739
2.500

44¥ﬂ4J|LJJMN

H NMR (CDCls), 600 MHz
o)

<o

N

Ph

Me bHMe

1.419

35% (76:11:13 dr)
52:48 b:l

I
L LAM__.A‘,JdM 'LJ uhh-ulL‘AJ/ Lvl‘

2087

800,

13
12.2320002

[RURURIN W LTV, B
T T T T T T T T T T T T T T T 1
7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 ppm
iy g9 Faf 8 B EE g
QN =N S 22l |e 2 2 el = @S
o3 ledled ol el = - - ol les ol

Ph

Me bHMe

1.41°9

35% (76:11:13 dr)
52:48 b:l

13C NMR (CDCls), 151 MHz

Current Data Parameters

WNAME
EXPNO
PROCNO

F2
Date_
Time
INSTRUM
PROBHD
PULPROG
D
SOLVENT

NUCL

Pl

PLWL
SFO2
NUC2
CPDPRG[2
PCPD2
PLWZ
PLWL2
PLW13

F2
5T
EF
WD
85B
1B
SB
BCZ

T T T T T T T
170 160 150 140 130 120 110 100

T
90

80

T T T T T T T
70 60 50 40 30

ppm

- Praoc

SLG1-132 _Linearc
1

- Requisition Parameters

20191031
€.14 h

Sp
2148658_0002 |
zgpg 30
D13
500
4
36231.8823
1.105709
0.9043963

150.8864644
13¢

1z.00

7T .656%8768
600.0074000
1H

waltzlg
70.00

035

essing parameters
32768
150.8713812 MHz
EM
5
1.00 H=z
0
1.40
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N

|

|

PN

H NMR (CDCls), 600 MHz

0]
Ph \/QO

Me

W

Me OH
1.4i

62% (91:7:2 dr)

90:10 bl

TR

™

]

i Current Data Parameters

o NAME SLG1-102_88
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20190816
Time 12.37 h
INSTRUM spect
PROBHD 2855801_0104 (
PULPROG 2930
TD 65536
SOLVENT cDC13
NS 16
Ds 2
SWH 12019.230 Hz
FIDRES 0.366798 Hz
AQ 2.7262976 sec
RG 194.75
DW 41.600 usec
DE 6.50 usec
TE 296.1 K
D1 4.00000000 sec
TDO 1
SFOl 599.9587047 MHz
NUC1 1H
Pl 7.75 usec
PLW1 11.99499989 W
F2 - Processing parameters
SI
SF 599.9550156 MHz
WDwW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00

b

L]

T T T T T T
.0 55 50 45 40 35

HE M@E @

02

| .8.-16

3.0
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. Fused Phenyl NMR data:

Fused Phenyl Allene

Current Data Parameters

SLG2-054-1 NAME 5LG3-095
PROTON CDC13 {D:‘\nmrdata} Sieber 2 EXPNO 2
PROCNO 1
NONMFAmOoOOVUWLNWLD M A O O
FOWOMANA~> 00N A oCOo o FZ - Acquisition Parameters
A e Date_ 20220720
[ e e e e e el et el el ol o T T Time 9.26 h
INSTRUM spect
‘MW V PROBHD  214B658_0D003
PULFROG 2930
kil 65536
SOLVENT €Dcls
0 Ns 16
DS H
/%.\ SHH 12019.230 Hz
N ~— FIDRES 0.366798 Hz
AQ 2.7262976 sec
o) RG 199.73
oW 41.600 usec
DE 10.33 usec
TE 298.1 K
Dl 4.00000000 sec
TDO 1
SFO1 600.0087050 MHzZ
NuC1 1H
PO 5.17 usec
1.6 Pl 15.50 usec
PLW] 13.23200035 W
FZ - Processing parameters
51 65536
SF 600.0050153 MHz
WDW EM
558 o
1B 0.30 Hz
GB 0
PC 1.00

T T T T T T T T T T T T T

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
(I
Qv | o

Linear product with Fused Phenyl allene and Acetophenone

Current Data Farameters

SLG3-095a-col NAME SLG3-095
PROTON CDC13 {D:\nmrdata} Sieber 7 EXENO 16
A DM AW AN N OO NW A O om0 =, o O {¥e} FROCHO L
MmO maNNNCSo s sEEaagne2ee A b r2 - acquisition Parameters
[l sl sl sl ol e S e il - B« B U R BT RN Ty T BT T ] D ] — Tfm:’ 16.53 h
WMW | v INSTRUM speet
PROBHD  I148658_0003 (
PULBROG zg30
™ 65536
SOLVENT coell
NS 16
DS 2
Me OH SWH 1201%.230 Hz
S FIDRES 0.36E708 Hz
N AQ 2.7262976 sec
a RG 199,73
oW 41.600 usec
DE 10.33 usec
N TE 258.1 K
0 DL 4.00000000 sec
TDO 1
y SFOL 600.0087050 MHz
NUCL
O 1.7 FO 5.17 usec
. PL 15.50 usec
PLWL 13.23200035 W
F2 = Processzing parameters
sI 3151
SF 600.0050155 MHz
WoW EM
S5B o
LE 0.30 He
GB ]
PC 1.00
} i .

I S R B RS R EARS B RS RS RS LA R AR RARAN RS RS RARA
85 80 75 7.0 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

BaEl @ (e SN
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Current

Linear CF3 product

Data Parameters

PROTON CDC1l3 {C:\Bruker\TepSpin3.5pl7} Sieker 1 gig&] 5LGP15W§
PROCNO 1
AV A CEMNOMEOSIEDANOYN YN IMNUNHODNEODLO AN DMoWnm F2 - Aequisition Parameters
FOSMACOOOOEEMNN A YOO AN OCN0O0DOEE OO DE N o o0 0 Date 20200206
VOTTTTOANNNNNNNNNNNAN A A AAAA AT TTTTTAAAAD OO O Time 11.22 h
[ ol ol ol ol ol ol ol ol i Y= B V=R V- RV R - P T SV v Y T T I I B B e B B s B W R o INSTRUM spect
PROBHD ~ Z14865B_0003 (
PULPROG zg30
™ 65536
SOLVENT coCl3
WS 16
D3 H
SWH 1201%.230 Hz
FIDRES 0.3667%8 Hz
AQ 2.7262576 sec
RG 155,73
DW 41.600 usec
DE 6.50 usec
TE 296.3 K
[ £.00000000 sec
OO 1
5F01 600.0087050 MHz
NUCl LH
Pl 15.50 usec
PLWI 12.23200035 W
F2 - Procesging parameters
5T £5536
5F 600.0050158 MHz
WDW EM
55EB 0
LE 0.30 Hz
GE 0
PC 1.00

35 30 25 20
L

1
ppm

80 75 T.0
n(zcla =
geEsEE s

Linear CF3 product 1.8, 19%FNMR
F19CPD_wveu CDC13 {C:\Bruker\TopSpin3.5pl7} Sieber 1 g%ﬁo

PROCNO

F2 - Regu
Date_
Time
INSTRUM
PROBHD
BULPROG
™
SOLVENT
NS

bs

SWH
FIDRES
AQ

RG

Dw

-80.17

5FO1
NUCl

Pl

PLWL
SFO2
nuc2
CPDPRG[2
PCPD2
PLW2
FLW12

F2
;3
SF
WDW
S5B
LB
GB
BC

T T T T T T T
-20 -40 -60 -80 -100 -120 -140  -160 -180 ppm

Current Data Parameters

SLG1-18%-2F
1
1

isition Parameters
20200206

11.28 h
spect
I148658_0003 |
zgfhiggn. 2
131072
cpc13
16
4
123528.578
2.043588
0.4853355
199.73
3.733
6.50
2596.4
10.00000000
0.03000000
0.00002000

1

564.5123141

15%F

L5.00

6.76355554

&00.0074000

1H

waltzlé

70.00 usec
13.23200035 W
0.64876G97 W

MHz

uses
W
MHz

- Precessing parameters

65536
564.5687710 MHz
EM

o
0.30 Hz
o

1.00
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Appendix A2. Select NMR Spectra from Chapter 2
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13CNMR
C13CPD CDC13 {D:\nmrdata} Sieber 2
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——159.28
—113.71
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13C NMR (CDCls), 151 MHz
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PhthN
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200 180 160 140 120

T
100

T
80
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Current Data Paramsters

NAME SLE3-068
EXPNO 8
PROCHD 1
F2 - Acguisition Paramst
Dats_ 20220930
Tims 14.18
THSTRUN spect
PROBHD Z14BE58_0003 (
PULFROG 2g30
™ 65536
SOLVENT cocl3
s 16
DS 2
SWH 12019.230
FIDRES 0.366798
AQ 2.72629786
RG 135.87
pu 41.800
DE 10.33
TE 296.3
Dl 4.00000000
DO 1
SFO1 600.0087050
nocl 1H
PO 5.17
Fl 15.50
FLWl 13.23200035
F2 - Processing paramste
51 6553

SF G00.0050153
WoW EN
SSB 0
LE 0.30
GE 0
o 1.00

Current Data Parameters

NAME SLG3-068
EXPNO 11
PROCHO 1
Fz - Acquisition Params
Date_ 20221002
Time 14.42
THSTRUM spect
PROBHD ~ Z148658_0003 (
PULPROG zgpg30
™ 65536
SOLVENT CDC13
us 300
DS 4
SHH 36231.883
FIDRES 1.105709
a0 0.9043968
RG 199.73
N 13.800
DE 6.50
TE 297.9
D1 4.00000000
D11 0.03000000
DO 1
SFOL 150. 8864644
nuct 13C
PO 1.00
Pl 12.00
PLUL 77.65699768
SFO2 600.0074000
nucz 1H
CPDPRG[2 waltz6s
PCPD2 70.00

13.23200035
0.64876997

0.32633001
F2 - Processing paramst
ST 32768
SF 150.8713876
WD EM
S5B 0
LB 1.00
GB 0
PC 1.40

=rs

h

ussc
ussc
K
s=c
MHz
usee
ussc
W

rs

MHz

Hz

ters

h

ers

MHz

Hz
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Current Data Parameters

HMAME SLG3-068
MA OO ATFON AN A D ERPTHO 14
MmN AAmMAaNNN NN o & e T Frocte !
: . . . . . . . . . . : o : o : . F2 - Rcquisition Parameters
OO W W wWmwmwmLw mwmn N s s s mMm Dﬂté_q 20221008
\ﬂ%ﬁ}ﬁ% Time 19.53 h
INSTRUM spect
PROBHD  2148658_0003 (
PULPROG Zg}u
TD B5536
SOLVENT cpel3
1 Ms 16
Ds 2
H NMR (CDCls), 600 MHz e 12019230 Ha
FIDRES 0.368798 Hz
20 2.7262976 nee
CI RG 199.73
D 41.600 nsec
PhthN o 10.33 usee
= 296.5 K
e b1 4.00000000 sec
TDO 1
7 SFO1 &00.0087050 MH=z
- HuCl 1H
—~ FO 5.17 usec
OH Pl 15.50 usec
2.4b PLIL 13.23200035 ©
F2 - Procs=ssing paramst=rs
51 B5536
sF 600.0050168 MH=
WDW EM
EEB 0
LB 0.30 H=z
GE 0
i 1.00

IR

-068b 1

Cl3CcPD CDCl32 [D:“nmrdata)l Siebe

@
o -
+a
(2]
N
-

Data Faramsters

Currant

H
=

PROBHD
FULPROG
TT

FIDRES

B

Cl

1
150. 964644
130

T
140

T T
120 100 80
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Current Data Paramstesrs

CNOMNOS M ANMOEL AR N0 oM AN D MANE SLE3_034
fo Aol Bl e B o B s (o e BT T B B R o s B s = B e e
WO WWarmM AN MMM Mmoo N o O M EXFHO 13
L e e e Sl Sl i ol e V=R =t - R (=Rt R - T R T R RV I ISR To NS U U FrROCHS *
Dates_ 20221102
Tims 17.35 h
INSTRUM spect
PROBHD Z148658_0003 |
PULPROG zg30
D 65536
SOLVENT cpels
1 g 18
H NMR (CDCls), 600 MHz bs 2
SWH 12019.230 Hz
FIDEES 0.366798 Hz
2Q 2.7262976 sec
RG 199.73
PhthN Dw 41.800 usec
DE 10.33 us=c
\ TE 296.2 K
Dl 4.00000000 sec
- TDO 1
= sFOl G00.0087050 MHz
OH Nucl 1H
PO 5.17 us=c
2 4C Pl 15.50 ussc
" PLW1 13.23200035 W
FZ - Procsssing paramstsrs
S 65536
SF 600.0050166 MH=z
WDW EN
S5E 0
LE 0.30 Hz
GE 0
FC 1.00

| J |

T T T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

G B omE W

||| -

| W/ |
13C NMR (CDCls), 151 MHz

PhthN

1 1
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 ppm
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OH Me
2.4d

H NMR (CDCls), 600 MHz

Current Data Paramstsrs

NAME SLE3-034_2
EXPNO [
PROCHO 1

F2 - Acquisition Paramsters
Date_ 20220503

Tims 16.46 h
THS TRUM spsct
FROEHD Z148658_0003
PULFROG zg30

D 65536
SOLVENT epels

ns 16

Ds 2

SWH 12019.230 H=z
FIDRES 0.366798 Hz
AQ 2.7262976 s=c
RG 199.73

D 41.600 usec
DE 10.33 usec
TE 296.1 K

Dl 4.00000000 s=c
TDO 1

sFol 600.0087050 MH=z
nucl 1H

PO 5.17 us=c
Pl 15.50 usec
PLWL 13.23200035 W

F2 - Processing paramsters
ST

SF 600.0050158 MH=z
WD EM

S5E [

LB 0.30 Hz
GE 0

PC 1.00

T T T T T T T T
80 75 70 6.0 .5 40 35 30 25

T T T T
20 15 1.0 0.5 ppm

6.5 55 50 4
™~ - o
RlEEE B EsEE [ 5
8LG3-034b-col-13CNMR Current Data Parameters
C13CPD CDCl3 {D:\nmrdata} Sieber 21 SLG3-034
EXPNO 19
PROCNO 1
o onnuaodoonT
o SELEAELLELS 3 2 o F2 - Acquisitiol
2 EEEEEE R = w a Date_
1 SOCZCSD233333 I 2 o Time D
INSTRUM spect
PROBHD ~ 2148658_0003 (
PULPROG pg30
™
SOLVENT
ns
DS 4
SWH 36231.883 Hz
FIDRES 1.105709 Hz
20 0.9043968 sec
RG 199,73
DW 13.800
DE 6.50
- = 297.8 K
= D1 6.00000000 sec
OH Me D1l 0.03000000 sec
TDO
2 4d SFOL
- NUC1
13 o
Pl 2
C NMR (CDCls), 151 MHz 1
SFO2 600,0074000
NuC2 1H
CPDPRG[2 waltz65
PCPD2 70.00 usec
3.23200035
0.64876997
0.32633001 ¥
ing parameters
32768
150.8713828 MHz
1.00 Hz
{ 1.40
L i
T T T T T T T T T T T T T T T T T T 1
180 170 160 150 140 130 120 110 100 S0 380 70 60 50 40 30 20 ppm
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H NMR (CDCls), 600 MHz

PhthN
A

OH
2.4e

| [,

T T T T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0

SLG3-034c-recol
Cl3CPD CDCLl3 {D:‘nmrdata} Sieber 2

@

ppm

NS |
PhthN
X b Br
OH
2.4e
13C NMR (CDCls), 151 MHz
2&0 1;0 1t|30 14;0 1;0 130 BIO 6|0 4‘0 2|0 6 ppm

Current Data Paramsters

HRHE SLG3-023

EXPHO 14

PROCHO 1

F2 - Acquisition Paramsters

Date_ 20221103

Time 15.14 h

THS TRUM spect

PROBEHD %1 48658_0003

PULPROG zg30

D 65536

SOLVENT cpels

S 20

E] F

SWH 12019.230 H=

FIDRES 0.366798 Hz

AQ 2.7262976 s=c

RG 199.73

oW 41.600 ussc

DE 10.33 ussc

TE 296.3 K

Dl 4.00000000 s=c

TDO 1

sFol 600 . 0087050 MH=

Hucl 1H

FO 5.17 usesc

Fl 15.50 usesc

PLW1 13.23200035 w

FZ - Processing paramstsrs

5T 655536

5F B00 . 0060157 MH=

WO EM

SSE ]

LE 0.30 H=

GE ]

PC 1.00
NRME _3
EXPND 10
FROCHC 1
F2 - Acquisiticn Paramctcrs
Date_ 202210
Time= 1
INSTRUM
FROEHD
FULFRCG
™
E0LVENT

NE

FCFD2Z

&.00000000
0. noonoo
1

150.666

waltzf5
70.00

20

150.B

D.00T4000




Current Data Paramsters

HAME SLG3-040_3
EXPHO 15
PROCHO 1
FZ - Roquisition Paramsters
Date_ 20221102
Time 17.58 h
THS TRUH spect
PROEHD Z148658_0003
PULPROG zg30
™D 65536
SOLVENT CcpCl3
1 s 16
H NMR (CDCls), 600 MHz ps Loo1e 25 s
FIDRES 0.366798 Hz
AQ 2.7262976 s=c
PhthN RG 199.73
oW 41.600 vs=c
DE 10.33 us=c
\ TE 296.2 K
Dl 4.00000000 s=c
- DO 1
- SEOL 600.0087050 MHz
OH Hucl 1H
el 5.17 uas=c
2 4f Pl 15.50 ussc
b PLWL 13.23200035 W
FZ - Procsssing paramsters
ST 65536
SEF 600.0050152 MHz
WO EM
S5E 0
LE 0.30 Hz
GE o
PC 1.00
(il i I 2
. " "

T T T T T T T T T T T T T T T T T 1
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

Gezedf  fH  [aeas :

Current Data Parameters

51.63-040_3
2
= oMo FEBEoONE NN T e 1
b 350835858880 9338 o o
@ P B R - 2 L
] NANARMASNNNNNANS E g F2 - Requisition Parameters
Dat=_ 20221103
INSTRUM spect
PROBHD  Z855801_0104 (
PULPROG zgpg30
™D 65536
SOLVENT cpcl3
s 800
Ds 4
PhthN SWH 36231.883 Hz
FIDRES 1.105709 Hz
X 20 0.9043968 sec
RG 194.75
e pu 13.800 usec
st DE 5.50 usec
OH TE 297.6 K
D1 4.00000000 sec
2.4f D1l 0.03000000 sec
DO 1
sFOl 150.8738906 MHz
nucl 13¢
13C NMR (CDCI3), 151 MHz PO 3.80 usec
Pl 11.40 usec
PLHl 176.19999695 W
sFo2 599.9573998 MHz
HMUC2 1H
CPDPRG[2 waltz65
PCPD2 70.00 usec
PLU2 11.99499989 W
PLULZ 0.14703000 W
PLWL3 0.07395500 W
F2 - Processing paramesters
ST 32768
5P 150.8588129 MHz
WDW EM
SSB 1]
LE 1.00 Hz
GB ]
PC 1.40
T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 0 ppm
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Current Data Parameters

WM N O FNMWNWMWS NOM=WL MW WON M WS W HAME S5LG3-038
AN A A A NO WO T NN DWW S NSO 0w W EXPNO 10
gannononoananoonaaaannnanaT TS0 PROCHD 1
Ll i e e e e = B+ R eV« BN+ V- BN« RN+ N« RN+ RV T o R o B Vs RN Vo T RN TS R TS T+ B ]
F2 - Acquisition Parameters
Date_ 20211214
Time 14.39 h
IS TRUM spect
PROBHD ~ %855801_0104 (
PULPROG zg30
™ 65536
SOLVENT cnel3
ns 16
Ds 2
SWH 12019.230 Hz
PhthN O FIDRES 0.366798 Hz
\ a0 2.7262976 sec
RG 194.75
NN N W 41.600 usec
DE: 6.50 us=c
z TE 296.5 K
= pl 4.00000000 s=c
OH DO 1
SFOL 599.9587047 MHz
2 4g Huel 1H
- Fl T.75 usee
PLHL 11.99499989 W
F2 - Processing paramsters
ST 65536
'H NMR (CDCl3), 600 MHz sF 5999550173 1
WDW EM
S5B ]
LE 0.30 Hz
CB ]
PC 1.00
L A
T T T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1
2 -] [--] ~
8l 8 g8 gag g
51G3-038e-col-13C X Current Data Parameters
C13CPD CDC1l3 {D:\nmrdata} Sieber 4 NAME SLG3-038_2
EXPNO 2
PROCHNO 1
9 S EomNy o w0
8 Z 5 ORHEY 3R a8 e n +
@ o d o Mmoo RS < n ¥2 - Acquisition Paramsters
3 g P R R s ==} g 5 20220503
E 22.09 h
TMSTRUM spect
PROBHD  Z148658_0003 (
PULPROG zgpg30
D 65536
SOLVENT cpcl3
13C NMR (CDCl5), 151 MHz ns 300
Ds
SWH 36231.883 Hz
PhthN O FIDRES 1.105709 Hz
\ 20 0.9043968 sec
RG 199.73
NN = pw 13.800 usec
DE 6.50 usec
- TE 298.0 K
= D1 6.00000000 s=c
OH D11l 0.03000000 sec
TDO 1
2 4 SFO1 150.8864644 MHz
49 nucl 13¢
B0 4.00 usec
Pl 12.00 usec
PLIL 77.65699768 W
SFOZ 600.0074000 MHzZ
NuC2 1H
CPDFRG[2 waltzB85
BPCPD2 70.00 usec
PLWZ 13.23200035 W
PLWLZ 0.64876997
PLWL3 0.32633001 W
F2 - Processing parameters
ST 32768
SF 150.8713820 MHz
WDW EM
58B 0
LE 1.00 Hz
GE ¢}
BC 1.40
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

148



SLG3-001k-1
PROTOMN CDCL1l3 {C:“\Bruker\TeopsSpin3.bpl7} Sieber 3

WMNOoOWMOND 0 O0LW NN NWEe S Mo Mo
NN OOGOOWU MM W M) oG oG mMmo o
el R R B I B B A R B B B B B R B B R R L R i
e S e I TR R R TR T R T T T T T T T

TR NemE—

H NMR (CDCls), 600 MHz

e R

OH
2.4h
13C NMR (CDCls), 151 MHz

Current Data Paramcters
NAME SLGZ-001
EXFNO 3
FROCHC 1

F2 - Acguisiticn Faramcters
Date_
Time
INSTRUM
FROEHD
PULFROG
el
SOLVENT
NE

NUC1
F1
FLW1

rz
81
EF
WDW EM
SEE o
LB 0.30 Az
GE o
FC l.c00

T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60

ppm
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SLG3-006-1

Current Data Paramsters

PROTON CDC13 {C:\Bruker\TopSpin3.5pl7} Sieber 12 HAME SLGI-006
EXENO 2
PROCNO 1
F2 - Acquisition Parameters
COWHCRWWOoOXAA-ONMNWOWL MMV TOWMO MM TR0 pate_ 20210930
N AN 1000 NORN™ OEWH TN OmMEW oo o OWm s ool Time 16.12 h
SO ANNNNADYOOMNM MM NN A0 N ®0 MM TNSTRUM spect
PROBHD 2855801 0104 (
-0 0 QW00 WWOWWOWWWINLWLW LN S s s s o m PULEROG 2930
B N N N e Iy (2830
SOLVENT cpcl3
Hs 16
DS 2
SWH 12019.230 Hz
FIDRES 0.366798 Hz
AQ 2.7262976 sec
RG 194.75
1 gl
3 ¥4 DwW 41.600 usec
’ DE 6.50 usec
TE 298.0 K
D1 4.00000000 sec
PhthN :
SFO1 599.9587047 MHz
Hucl 1H
\ \ Ph Pl 7.75 usec
PLW1 11.99499989 w
—~ F2 - Processing parameters
OH ST 65536
. SF 599.9550160 MHz
2.4i WD EM
SSB 0
LB 0.30 Hz
GBE 0
FC 1.00
L_JLM U 1 .Y
[ T T T T T T T T T 1
9 8 7 6 5 4 3 2 1 ppm
™~ | ol IS ©
§(512(8(]) [B[84|2 = |3 ]
alcilailele=l l=l=lal= - -
SLG3-057c-col
PROTON CDCLl3 {D:‘\nmrdata} Sieber 1 Current Data Parameters
! HAME 5LGI-057
EXFHE ']
PROCHO 1
s o B I  l l =R I RE I R e R e e A R R T
WO WD W o mp om0 o R O WD e 0 a—_ P oW ul oM O Moo i oh 00 o 0 [~ D w F2 - Roguisiticn
000 06 80 [ [~ [~ [~ M 0 000 e ' - e R e e L LR LR Dat =
[ e o ol o S S Y I Y Y T T ST T T TS T L S A QN R S e R P PR e T

SOLVENT
NS

1
FIDEES
AQ

B

PhthN ow
n-CsHq4

TE

OH
2.4j

Proce

H NMR (CDCls), 600 MHz

T T T T T T T T T T T T T T T T 1
80 75 7.0 65 60 55 50 45 40 35 3.0 25 20 15 1.0 ppm

8 | EE @ A s (2
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SLG3-057c-col

C13CPD CDC13 {D:\nmrdata} Sieber 7 Current Data Farameters
NAME SLG3-057
EXPHO 5
PROCHO 1
w Moo - ol - F2 - Rcguisition Paramsters
A 842 o A ER Date_ 20221022
Tims 12.42 h
| | | \ TNSTRUN spect
FPROBHD Z148658_0003
PULPROG z2gpg30
D LEEEL
SOLVENT cpels
s 400
DS 4
n.CSH11 SWH 36231.883 Hz
FIDRES 1.105709 Hz
Z EQ 0.9043968 s=c
- RG 199.73
OH D 13.800 us=c
DE 5.50 usec
2 4j TE 297.9 K
- D1 5.00000000 sec
D11 0.03000000 sec
13 TDO 1
C NMR (CDCls), 151 MHz ool 1808584521 HHa
FO 4.00 usec
Pl 12.00 usec
PLWL T7.65699768 W
SFO2 B00.0074000 MHz
nNucz 1H
CPDPRG[2 waltzG5
FPCPD2 70.00 usec
PLWZ 13.23200035 w
PLW1Z 0.64876997 W
FLW13 0.32633001 w
F2 - Processing paramsters
ST 32768
SF 150.8713850 MH=z
WDW EM
SSE ]
LB 1.00 H=z
GB [
FC 1.40
T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 0 ppm
NEMOENEMoOENoOOT A0S0 MTOINMUALYYOATOTAON TN Currsnt Data Paramstsrs
LU F SN MAN OO OFNNIDDC 0O ANDCONFTASHONDD DD NAME SLGI-041_2
KOO TTITTOOMMOMMACDROTTIONADNRROWOWOOTTOMOMOM N A A EXPNO -1
POV YUOOOON NS TFFMOIMOIMNMO00000000C00000 000 PROCHO 1
;%Nk\w N\'\%‘w Z/ F2 - Acquisition Paramesters
Date_ 20221023
Time 9.29 h
IHS TRUN spect
FROEHD Z148658_0003 (
PULPROG zg30
TD 65536
SOLVENT cpels
s 16
DS 2
SIH 12019.230 Hz
FIDEES 0.366798 Hz
AQ 2.1262976 sec
RG 199.73
PhthN oW 41.600 usec
DE 10.33 usec
TE 296.3 K
\\\ Dl 4.00000000 sec
v DO 1
- sFOl 600.0087050 MHz
= nucl 1H
OH PO 5.17 usee
Pl 15.50 usse
2.4k PLIL 13.23200035 W
F2 - Processing paramsters
51 65536
1 SE G00.0050160 HHz
H NMR (CDCl;), 600 MHz e
LB 0.30 Hz
eE 0
PO 1.00
Mk,

© ]
o
~

218
228

5 4 3 2 1 ppm
8 |5 5|3 3| 2l
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SLG3-041lc-col

C13CPD CDC13 {D:\nmrdata} Sieber 5

PhthN

—— 115,89

OH
2.4k
13C NMR (CDCls), 151 MHz

Current Data

Paramstsrs

h

Hz
Hz
sec

uzsec
uzsec

s=c
sec

MHz

uzsec
uzsec

MHz

usec
)
W
W

MHz

Hz

NAME SLG3-041_2
EXPNO 2
o PROCHO 1
H iR
a ool F2 - Acquisition FParamsters
Date_ 20221022
| v Time 11.51
THS TRUM spect
PROEBHD Z148658_0003 (
PULPROG zgpg30
TD FELELY
SOLVENT cpels
s 400
DS 4
SWH 36231.883
FIDRES 1.105708
AQ 0.9043968
RG 199.73
D 13.800
DE &.50
TE 297.8
Dl 6.00000000
D1l 0.03000000
TDO 1
SFO1 150.8864644
nucl 13¢
FO 4.00
Fl 1z.00
PLIL 17 .65699768
SFO2 600.0074000
nNuC2 1H
CPDPRG[2 waltz65
FCFD2 70.00
FPLWZ 13.23200035
PLW12 0.64876997
FLW13 0.32633001
F2 - Procsssing paramsters
s8I 32768
SF 150.8713835
WDi EM
S5E [
LE 1.00
GE 0
FC 1.40

200 180 160 120 100 80 60 40 20 0 ppm
5LG3-038c-col . ¢ Date B .
- . . urrent Data Parameters
PROTON CDC13 {D:‘nmrdata} Sieber 8 NANE 5LE3-038_2
EXPNO ]
PROCHNO 1
MO O AYWOE NA0UFATONOSHMACSHNS OO N O NoOoh oMWW moN
T TN AC SN OO REEE NN ©WOr© O IR I e R =1
WWWECC-CMM NN NN NN N NN YOy 00Co 000 0000 00 [“[“[“[“[“[“DDG\@FZ—;.Cqul.zit.\.DnFurametErz
Ll e S el S e i @ Ve R U R e G e e B e A I A s R R I O R T T 40 ] \—|\—|\—|\—|\—1\—1\—|\—|OO$::|:_ 20221022.‘_‘
W w W%% | W/ w/ THSTRUM spect
PROBHD Z148658_0003 |
PULPROG 2930
™o 65536
SOLVENT cocl3
us 16
DS z
SWH 12019.230 H=x
FIDERES 0.366798 Hz
20 2.7262976 s=c
RG 199.73
DWw 41.600 us=c
DE 10.33 us=c
PhthN  Me e 2964
Dl 4.00000000 sec
TDO 1
NN sFO1 £00.0087050 MKz
Me nucl 1H
Z PO 5.17 usec
= Pl 15.50 ussc
OH PLWL 13.23200035 W
2.41 F2 - Procsssing paramsters
51
SF 600.0050210 MHz
1 WDW El
H NMR (CDCls), 600 MHz 538 0
LB 0.30 Hz
GE 0
PC 1.00
| Il 1 I,
T I I T I T T T T I T I T T
80 75 70 65 60 55 50 45 40 35 30 25 20 15 ppm
5|3 & 5 8 2
53 g ﬁ‘a g g g 8 818
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SLG3-038c—col
13CHMR
C13CcPD CDC13

{D:\nmrdata} Sieber

132.01

— 16E. 48
131.

_ 13428

13C NMR (CDCls), 151 MHz

PhthN Me

Y Me
OH
2.41

3.50

12

Current Data Paramsters

8 MAME SLG3-038_2
EXFNO 8
PROCHO 1
- F2 - Acquisition Paramsters
© o =] o Date_ 20221009
| g "] S P Tims 13.54 h
- ! o o INSTRUN spect
‘ | PROBHD #148658_0003 |
PULEROG zgpg30
D EEEL
SOLVENT cpels3
s 1024
Ds 4
SWH 36231.883 Hz
FIDRES 1.105709 Hz
AQ 0.9043968 s=c
RG 199.73
o 13.800 us=c
DE 6.50 us=c
TE 298.2 K
51 4.00000000 s=c
D11 0.03000000 s=c
TDO 1
SFO1 150.8864644 MHz
wucl 13c
0 4.00 ussc
1 12.00 us=c
PLW1 77.65699768 W
SFO2 600.0074000 MHz
HuC2 1H
CPDPRG[2 waltz5
PCPD2 70.00 us=c
PLWZ 13.23200035 w
PLW1Z 0.64876997 W
PLWL3 0.32633001 W
F2 - Processing paramsters
ST 32768
SF 1508713819 MHz
WDW EM
S5B 1]
LE 1.00 Hz
GB 1]
FC 1.40

T T T T T
140

200 180 160 120 100 80 60 40 20 0 ppm
SLG3-034d-col
PROTON CDC13 {D:\nmrdata} Sieber 2 Curr=nt Data Paramsters
NAME SLG3-034_2
EXPHO 1L
O YW AFNOEM A TNYD AWM THFONONSXTOSTURERSNM O MO O FROCHO 1
WO WS srsrMEe A0 00O AN NN MO NN WS SN MO0 TN O
0000 COOD M [ )0 O O8] o0 O e OO Of Gy Gy 0% 00 00 00 00 I [ M 40 = o5 00 O & A o A o A F2 - Acquisition Paramsters
ime .58 h
w N/ N W \&/ N&%W THSTRUM spect
PROBHD Z148658_0003
PULFROG zg30
D 65536
SOLVENT cocl3
s 16
DS 2
S 12019.230 Hz
FIDRES 0.366798 Hz
RQ Z.7282976 =m=c
RG 199.73
Dw 41.6800 usec
DE 10.33 usec
TE 296.5 K
Dl 4.00000000 s=c
TDO 1
PhthN SFOl 600.0087050 MHzZ
el 1H
PO 5.17 usec
\ Fl 15.50 usec
FLW1 13.23200035 w
= F2 - Processing paramsters
OH s1 B5536
SF 600.0050196 MHz
2'4m wWDW EM
ssB 0
1B 0.30 Hz
'H NMR (CDCl;), 600 MHz en s
FC .

S | S

ok

T T T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1

.0 ppm
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SLG3-034d-col

Cl3CPD CDC1l3 {D:\nmrdata} Sisber 2
14 I\
13C NMR (CDCls), 151 MHz
PhthN
A
OH
2.4m
" 200 18 160 140 120 100 8 6 40 20 0 ppm

PhthN

OH
2.4n

NBoc

'H NMR (CDCls), 600 MHz

N
i i

oo
e

i

LN . [} - - .I. A_Ill_,\d ; e M A
r T T T | T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 2.0 1.5 ppm
JIL L L Y | J
32 g EENE 13 (gl ]5-3| [aﬁéﬁ:a

Current Data Paramsters

HAME SLE3-034_2
EXPNO 12
FROCHO 1
F2 - Acquisition Paramsters
Dates_ 20221009
Tims 1.58 h
THETRUM spect
PROEHD  Z148658_0003 |
PULFROG zgpg30
TD 65536
SOLVENT cpcl3
s 300
DS 1
SWH 36231.883 Hz
FIDEES 1.105709 H=z
20 0.9043968 s=c
EG 199.73
DH 13.800 us=c
DE 6.50 usec
TE 297.8 K
Dl 6.00000000 sec
Dll 0.03000000 sec
DO 1
SFOL 150.8864644 MH=z
HuCl 13cC
PO 4.00 usec
Fl 12.00 us=c
PLIL 77.65699768 W
SFOZ 600.0074000 MHz
HUC2 1H
CPDPRE[2 waltz65
PCPD2 70.00 usec
PLIZ 13.23200035 W
PLIL2 0.64876997 W
PLI13 0.32633001 W
F2 - Processing paramsters
ST 32768
SF 150.8713805 MHz
WDW EM
SSE 0
LB 1.00 Hz
GE 0
PC 1.40

Data Paramstsrs

Current

BHD
ULPROG

Z14E658_

600, DOE

ocessing paramsters
65536

GO0, 0050254 MMz
EM
o

0.30 Hz

o
1.00
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SLG3-040e-2-col

Current Data Paramesters

C13CPD CDC13 {D:\nmrdata} Sieber 4 NAME 51G3-040_3
EXPNO 14
PROCHO 1
F2 - Acquisition Paramsters
b T n8h T3 o 5 5 gm2 Date_ 20221022
2 2 ARE N8 @ 0 < s axd Tims 21.24 h
K ] 2zo 48 22 2 E TS TRUM spect
| | \V | | | | \’/ PROBHD z148658_0003
PULPROG 2gpg30
™ 65536
SOLVENT cpel3
ns 1200
Ds El
SWH 36231.883 Hz
FIDRES 1.105709 Hz
20 0.9043968 s=c
RG 199.73
oW 13.800 usec
DE §.50 us=c
PhthN NBoc TE 297.9 K
Dl §.00000000 sse
N D1l 0.03000000 s=c
TDO 1
- sFol 150.8864644 MHz
= Mucl 13c
OH PO 4.00 usec
Pl 12.00 usesc
2.4n PLHL 77.65699768
sFO2 §00.0074000 MHz
13 NUC2 1H
CPDFRG[2 waltz65
CNMR (CDCIS)i 151 MHz PCPD2 70.00 us=c
PLWZ 13.23200035 W
PLW1Z 0.64876997 W
PLWL3 0.32633001 W
F2 - Processing paramsters
ST 32768
SF 150.8713844 MHz
WDW EM
55B 0
LB 1.00 Hz
GB 0
PC 1.40
T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm
P R R RN R R e e R B R R g g gt A Current Data Paramsters
WO WMEEEEMMM MM AN A A A OO0 @®m WY o o MAME 5LG3—D33_§
O OO0 00 DYWL LW LN NN MM MMM — Eéz?‘zo 1
w W \‘NW:%% F2 - Acquisition Paramstsrs
Date_ 20221023
Tims 9.18 h
THETRUM spect
PROBHD  Z148658_0003 (
PULFROG zg30
D 65536
SOLVENT cpcls
Ns 18
Ds 2
SWH 12018.230 Hz
FIDRES 0.366798 Hz
22 2.7262976 s=c
RG 176.24
D 41.500 us=c
1 DE 10.33 ussc
TE 296.3 K
H NMR (CDCls), 600 MHz R A oppaE 3 E
DO 1
sFOL 500.0087050 MHz
nucl 1H
PhthN Me FO 5.17 us=c
Me Pl 15.50 usze
PLIL 13.23200035
z Me FZ - Processing paramsters
— 8T 65536
OH sE 500.0050171 HHz
WDW EIM
2.40 >
LE 0.30 Hz
GB 0
PC 1.00
U_‘ 1 “i | ekl
I T T T T T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 ppm
el g R =g g
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SLG3-038d-1

C13CPD €DC1l3 {D:‘\nmrdata} Sieber 3

— 16E
—— 118.17

OH
2.40

13C NMR (CDCls), 151 MHz

L

54.7

.1

SLG3-110-col
Hivac
FROTON CDC13 D:\\ Sieber 1

M O ) U
- O W N m
[ e il 2l ol S oGS I e
[ e e e e i i ]

TSV

PhthN

)

5.466
5.454

OH
2.6a

_~4.938

TT—4.926

OMe

'H NMR (CDCls), 600 MHz

—4.167

—3.712

ppm

2.144

Current Data Paramst=rs
HAHE SLE3-038_3
EXENO 4
PROCINO 1

F2Z - Acquisition Paramsters
Dat=_ 20221022

Tims 3.56 h
IHSTRUN spect
PROBHD  %148658_0003 |
PULPROG zgpg30

™D 65536
SOLVENT coell

us 1024

DS 4

STH 36231.883 Hz
FIDRES 1.105709 Hz
20 0.9043968 sec
RG 199.73

Di 13.800 us=c
DE: 6.50 ussc
TE 297.9 K

Dl 6.00000000 s=c
D11 0.03000000 s=c
DO 1

sFol 150.8864644 HHz
Hucl 13c

FO 4,00 usec
Pl 12.00 usec
PLHL 77.65699768 1
SFO2 600.0074000 HHz
Hucz 1H
CFDPRG[2 waltzBh
PCPDZ 70.00 usec
PLE2 13.23200035 ©
PLW1Z 0.54876997 W
PLW13 0.32633001 ©

FZ - Processing paramsters
ST 32768

SE 150.8713848 HHz
WDH El

SsB 0

LE 1.00 Hz
GE 0

PC 1.40

Current Data Paramsters
A

HAME SLG63-110
EXPNO 3
PROCIO 1

F2 — Acquisition Paramsters
Date_ 20220918
Time 10.49 h
INSTRUM spect
PROBHD Z855801_0104 |
PULPROG zg30

TD 65536
SOLVENT CDC13

Hs le

Ds 2

SWH 12019.230 Hz
FIDRES 0.366798 Hz
AQ 2.7262976 sec
RG 194.75

D 41.600 usec
DE 11.65 usec
TE 296.2 K
Dl 4.00000000 sec
TDO 1
SFO1 599.9587047 MHz
HUCl 1H

PO 2.58 usec
Pl ussc
PLI1 W

F2 - Processing paramsters

5T 65536

5F 599.9550155 MHz
WDW EM

S5B 1)

LB 0.30 Hz
GB 1]

PC 1.00

85 80 75 7.0 65 6.0 55

o s ] =]
- < -
o [od ] o

5.0

=]
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SLG3-110-col

C13CPD CDC13 {D:‘\nmrdata}

04,52
7.4

M
PhthN OMe
Me -

O OH
2.6a

13C NMR (CDCls), 151 MHz

Sieber 10

27.92

200 180 160 140 120 20 ppm
SLG3-058a-col-hivac
PROTON CDC13 {D:‘\nmrdata} Sieber 11
O HoWn4w0wr-mem S~ nMm A o [~ >
O oW =Moo o (=Rl aal Y I R ] = o~
W o= -0 ooy A = oSt s s O Oy o ™ —
R e T R T I
Cl
PhthN
Me
0] OH
2.6b
H NMR (CDCls), 600 MHz
o I..u. i J n
T T T T T T T T T T T T T T T T
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
=2} B
5% Eﬁﬁ 8 B & g

Current Data Paramsters

TRME SLGE3-110_2
EXPHO 2
PROCHO 1
F2 - Requisition Parameters
Date_ 20221021
Tim= 23.49 h
IS TRUH spect
FROEHD Z148658_0003
PULPROG zgpg30
D 65536
SOLVENT cpel3
us 300
DS 4
SWH 36231.883 Hz
FIDRES 1.105709 Hz
AQ 0.9043968 sec
RG 199.73
DW 13.800 ussc
DE 6.50 usec
TE 297.8 K
Dl 5.00000000 sec
D1l 0.03000000 sec
TDO 1
sFOl 150.8864644 IMH=z
nuclL 13c
FO 4.00 usec
Fl 12.00 ussc
FLWL TT.685699768 W
SFO2 B00.0074000 MH=
nucz 1H
CEDPRG[2 waltz65
FCFPD2 70.00 ussc
PLW2 13.23200035 w
FLW1Z 0.64876997 W
FLWL3 0.32633001 W
F2 - Processing parameters
ST 32768
SF 150.8713872 MH=z
WDW EH
SSB 0
LB 1.00 Hz
GR 0
BC 1.40

Current Data Paramsters

MAME SLE3-058

EXPNO 10

PROCHO 1

F2 - Bequisition Paramsters

Date_ 20221101

Tims 17.20 h

TS TRUM spect

FROEHD Z148658_0003 ¢

PULPROG zg30

D 65536

SOLVENT cpels

Hs 16

DS 2

SWH 12019.230 Hz

FIDRES 0.366798 Hz

RQ 2.7262976 sec

RG 199,73

D 41.600 ussc

DE 10.33 usec

TE 296.2 K

Dl 4.00000000 sec

TDO 1

SFOl 600.0087050 MHz

Huel 1H

FO 5.17 usec

Fl 15.50 usec

FLIW1 13.23200035 W

F2Z - Procsssing paramsters

51 BRE3AE

EF 600.0050159 MHz

WD EM

S5E 0

LE 0.30 H=z

GE 0

PC 1.00
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= 0 o
- = T = “
& A [RE.] G Current Data Paramsters
| | NAME 5LE3-058
EXPHO 8
PROCHNO 1
F2 - Acquisition Paramsters
Date_ 20221031
Time 19.37 h
INSTRUM spect
FROEHD Z148658_0003 (
PULPROG zgpg30
TD 65536
Cl SOLVENT cpels
PhthN s 1024
DS 4
SWH 3B231.883 Hz
Me FIDRES 1.105709 Hz
BQ 0.9043968 sec
- RG 199.73
= oW 13.800 us=c
O OH DE 6.50 ussc
TE 297.8 K
D1 5.00000000 se=c
2.6b D1l 0.03000000 s=c
TDO 1
13 SFOl 150.8864644 IHz
C NMR (CDCls), 151 MHz
PO 4.00 ussc
Pl 12.00 use=c
FLW1 77.65699768 W
SFO2 600.0074000 MH=z
nuc2 1H
CEDPRE[2 waltz65
FCFDZ 70.00 ussc
PLWZ 13.23200035 w
FLWLZ 0.64876997 W
PLWLE 0.32633001 w
F2 - Procsssing paramsbers
ST 32768
SF 150.8713810 IMH=
WDwW EM
SSE 0
LB 1.00 Hz
GE 0
PC 1.40
T T T T T T T T T 1
220 200 180 160 140 120 100 60 40 20 ppm
Current Data Paramstsrs
TN WNLN M OO M W o 0 T O @ HAME SLEI-055
R I o B o s B N B IR e e R e e B I e (e BT IV S| -
[ e o S o B o oV I oV R e B B B T e M S R X — ELPHO f
[ e e e o e el ol ol ol o e T BT T T N R N o~ FROCHO
Date_ 20220203
Time 18.00 h
TIN5 TRUN spect
PROBHD ZBR5B01_0104 |
PULPROG zg30
D B5536
SOLVENT cpels
s 16
Ds 2
SWH 12019.230 Hz
1 FIDEES 0.366798 Hz
AQ 2.7262976 sec
H NMR (CDCI3), 600 MHZ RG 194.75
oW 41.6800 usesc
DE 11.65 usec
TE 296.8 K
PhthN Dl 4.00000000 s=c
TDO 1
sFol 599.9587047 MH=z
Me nucl 1H
FO 2.58 ussc
= Pl 7.75 ussc
O (_)H PLWL 11.99499989 W
F2 — Processing paramst=rs
2.6¢ o1
SF 599.9550172 MH=
WDH EM
S5E i
LE 0.30 Ha
GE 0
PC 1.00
l .
T T T T T T T 1
9 3 7 6 5 4 3 2 1 ppm
~|ofr - @
§258 8 =18 5 g
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204,65

o Current Data Paramsters

— T1.EZ2
— 64,01

MAME 5LG3-055_2
EXPNO 5
PROCHNO 1
F2 - Rcquisition Parameters
Dats_ 20221021
Time 0.23 h
IS TRUM spect
PhthN PROBHD  Z148658_0003 (
PULPROG 2gpg3l
™D 655386
Me SOLVENT coel3
us 1024
Z Ds 4
= SWH 36231.883 Hz
O OH FIDRES 1.105709 Hz
20 0.9043968 s=c
2.6¢c RG 199.73
D 13.800 us=c
DE 6.50 usec
13¢ NMR (CDCl3), 151 MHz v 570
D1 5.00000000 s=c
D1l 0.03000000 s=c
DO 1
sFO1 1508864644 1Hz
wucl 13¢
PO 4.00 usec
Pl 12.00 us=c
PLIL 77.65699768 1
sF02 600.0074000 MHz
wucz 1H
CPDPRG[2 waltz65
PCPD2 70.00 usec
PLIZ 13.23200035
PLILZ 0.64876997 W
PLNL3 0.32633001 W
F2 - Procsssing paramsters
s1 327
sF 150.8713876 Hz
WDW EN
SSB i
LB 1.00 Hz
cB i
PC 1.40
" L .J A | Ll " iJI

180 160 140 120 100 80 60 40 20 0  ppm
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SLG3-055b-2

PROTON CDC13 {C:\Bruker\TopSpin3.6.2} Sieber 4
NM-MmMoWHOMMEeE PN ~-0NWN M= oW o
N A= OMM NN SO0 MN—=W0Wwwnwno o oo
oo~ AAAAA AT O WO OO AOMM
[l e O e i R L N T BT ol

N g e

PhthN
Me

OH Me
2.6d

)

H NMR (CDCls), 600 MHz

b1

—2.304

Current Data Paramsters
NEME 5LG3-055
EXPNO 8
PROCHO 1

L

=~ R AT

= F2 - Rcquisition Paramsters

. Date_ 20220203

o~ Time 18.10 h

} INSTRUM spect
PROBHD Z855801_0104 (
PULPROG zg30
D 65536
SOLVENT cpels
NS 16
DS 2
SWH 12019.230 Hz
FIDRES 0.366798 Hz
aQ 2.7262976 sec
RG 154.29
DW 41.600 usec
DE 11.65 usec
TE 296.7 K
D1 4.00000000 sec
TDO 1
SFOL 599.9587047 MHz
Nucl 1H
PO Z.58 usec
Pl 7.75 usec
PLWL 11.99499989 w
F2 - Processing paramsters
ST 65536
SF 599.9550155 MHz
WoW B
SSB 0
LB 0.30 Hz
GB 0
BC 1.00

I T T T T T T T T 1
9 8 7 6 5 4 2 1 ppm
Njo|lo|o|~|o o w0 o |
] e Dt ] ] Q ] = =1 =
G B e B - - - oi|es
o Current Data Paramst=rs
a2 MANE SLG3I-070
EXPNO 23
‘ PROCID 1
F2 - Acquisition Paramsters
Date_ 20221028
Time 21.16 h
INSTRUN spect
PROBHD 658_0003 |
PULPROG zgpg30
TD 65536
SOLVENT cpels
us 1200
PhthN ps H
SH 36231.883 Hz
FIDRES 1.105709 Hz
Me AQ 0.9043968 sec
RG 199.73
Z Dl 13.800 us=c
~ DE 6.50 ussc
() OH Me TE 297.8 K
Dl 6.00000000 sec
D11 0.03000000 s=c
2 6d DO 1
- SFOL 150.8864644 MHz
mucl 13c
13C NMR (CDCls), 151 MHz "
Pl 12.00 ussec
PLWL 77.65699768 W
sFo2 £00.0074000 MHz
ez 1
CEDPRG[2 waltz65
PCPDZ 70.00 ussc
PLUZ 13.23200035 W
PLULZ 0.64876997 W
PLW13 0.32633001 w
F2Z - Procsssing paramstsrs
SI 32768
SF 150.8713795 MHz
WDW EN
35B 0
LE 1.00 Hz
GE 0
PC 1.40
I T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 0 ppm
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7.874
7.870
7.867
7.815
7.811
7.792
7.789
7.746
7.742
T.721

|

7.526
7.489
7.342
7.321
7.308
7.296
7.283
7.260
7.240
7.227
7.167
7.143
7.130
7.115
7.102
7.089
5.437
5.428
5.295
5.267
5.249
4,908
4,897
4,497
4.333
2.486
2.266
2.126
2.088
1.603

—7.569

PhthN

Me

o)

2,

OH
6e

Br

H NMR (CDCls), 600 MHz

1.249
1.236
1.225

i ——

9 8 7 6 a4 3 2 1 ppm
= (-]
EECAE | Al fg :
13C NMR (CDCls), 151 MHz
Br
PhthN
Me
(0] OH
2.6e
I T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

Current Data Parameters

NAME SLG3-123
EXPNO 3
PROCHO 1
F2 - Acquisition Paramsters
Date_ 20221105
Time 20.38 h
INSTRUM spect
PROBHD Z855801_0104 |
PULPROG z2g30
TD 65536
SOLVENT cpels
HE 16
DS 2
SWH 12019.230 Hz
FIDRES 0.366798 Hz
2.7262976 sec
125.31
41.600 usec
11.65 usec
296.5 K
4.00000000 s=c
1
599.9587047 MHz
1H
2.58 usec
7.75 usec

11.99499989 W

F2 - Proc=ssing paramsters
5T 65536
5F 599.9550165 MHz
WDW B
SS5B 0
LE 0.30 Hz
GE 0
PC 1.00

Current Data Parameters

E SLG3-123
EXPHNO 4
PROCHO 1
F2 - Zequisition Parameters
Date_ 20221105
Time 23.10 h
INSTRUM spect
PROBHD Z855801_0104
PULPROG zgpg30
D 65536
SOLVENT cpel3
NS g00
D§ 4
SWH 36231.883 Hz
FIDRES 1.105709 Hz
AQ 0.9043968 s=c
RG 194.75
DW 13.800 usec
DE 6.50 usec
TE 297.8 K
= 6.00000000 sec
D11 0.03000000 s=c
TDO 1
SFOl 150.8738906 MHz
Nucl 13¢C
PO 3.80 usec
Pl 11.40 usec
PLW1 176.19999695 W
SF02 599.9573998 MHz
Nuc2 1H
CPDPRG[2 waltz65
PCPD2 70.00 ussc
PLWZ 11.99499989 W
PLW12 0.14703000 W
PLW13 0.07395500 W
F2 - Processing paramstesrs
ST 32768
SF 150.8588103 MHz
WoW EM
SSB 0
LB 1.00 Hz
GE 0
PC 1.40
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7.765
7.760
7.756
7.751
7.734
7.723
7.719
7.684
7.679
7.675
7.670
7.537
7.534
7.523
7.520
7.433
7.430
7.423
7.417
7.413
5.687
5.683
5.676
5.672
5.164
5.153
4,455
4.451
2.141

e

H NMR (CDCls), 600 MHz

PhthN
Me

O OH
2.6f
H NMR (CDCls), 600 MHz

9 8 7 6 5 ! 3 2 1 ppm
LI o 8 B g
| S |
PhthN
Me
O OH
2.6f
13C NMR (CDCl), 151 MHz
20 18 160 140 120 100 8 6 40 20 0 ppm

Current Data Paramsters

MAME SL83-048

EXEPHO

PROCHO 1

F2 - Rcquisition Parametsrs

Dat=_ 20221030

Tims 14.14 h

THS TRUN spect

PROBHD ~ Z148658_0003 |(

FULFROG zg}ﬂ

™ 65536

SOLVENT cpels

us 16

DS 2

SWH 12019.230 Hz

FIDEES 0.366798 Hz

AQ 2.7262976 =s=c

RG 157.38

bW 41.600 vsec

DE 10.33 us=c

TE 296.2 K

Dl 4.00000000 sec

TDO 1

sFol 600.0087050 MHz

nucl 1H

FO 5.17 usec

Pl 15.50 usec

PLEL 13.23200035

F2 - Processing paramsters

s1 6553

S5F 600.0050099 MH=

WDW EM

SSB [

LE 0.30 Hz

GE 0

PC 1.00

Current Data Paramsters

NAME 5LGI-048

EXPHO 9

PROCHO 1

F2 - Acguisition Paramsters

Date_ 20221030

Time 16.29 h

THS TRUM spect

PROBHD  Z855801_0104 |

PULPROG zgpg30
65536

SOLVENT cpel3

s 1024

D& 4

SWH 36231.883 H=z

FIDRES 1.105709 Hz

AQ 0.9043968 s=c

RG 194.75

D 13.800 us=e

DE 6.50 usec

TE 297.9 K

D1 6.00000000 see

D1l 0.03000000 sec

TDO 1

sFol 150.8738906 MHz

nucl 13¢

FO 3.80 usec

Pl 11.40 usec

LWL 176.19999695 W

SFO2 599,9573998 IMHz

nNuc2 1H

CPDPRG[2 waltz65

FCFPD2 70.00 usec

PLWZ 11.99499989 W

PLW12 0.14703000 w

PLWL3 0.07395500 W

F2 - Processing parameters

ST 32768

SF 150.

WOW

SSB

LE

GE

PC
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NN or-odQ o= o0 oM S0 b=}
WuowOWowmwm 400~ AdA00Ssmo o o™
0EWMMEMSMMMME NN W WNWNWN AN S — g?:‘;f"tudtdl’“fzfgt;:;
|l e el e B S S B (= e i o B e BT o I R T IR e I T T O S e ™~ E;PNO ” 10
N‘W '* l/ W \/ FROCNO 1
F2Z - Requisition Paramstsrs
Date_ 20220531
Tims 9.23
THETRUM spect
PROBHD  Z148658_0003 (
PULFROG zg30
D 65536
SOLVENT cpcl3
us 18
Ds 2
SHH 12019.230 Hz
FIDRES 0.366798 Hz
2 2.7262976 s=c
PhthN RG 199.73
W 41.800 us=c
DE 10.33 ussc
Me TE 296.3 K
Dl 4.00000000 s=c
=z TDO 1
= sFOlL 500.0087050 MHz
O OH Ul 1H
FO 5.17 usec
Pl 15.50 usec
2 Gg PLUL 13.23200035
F2 - Processing parameters
sT 65536
E 600.0050172 HHz
'H NMR (CDCls), 600 MHz wo En
SS5B 0
LE 0.30 Hz
GB 0
PC 1.00
A
T T T T T T T T T 1
9 8 7 6 5 4 3 2 1 pPpm
[ <t b~
=
3% & 87 (g8 g 5
5LG3-070a-col Currsnt Data Paramsters
C13CPD CDC13 {D:\nmrdata} Sieber 8 MAME SLG3-070_2
EXPHO 2
PROCHO 1
F2 - Acquisition Paramsters
Date_ 20221021
0 - m N zo @ Qo Time 23.10 b
] R 2 4 38 2 83 oo o
I = = o gd oM S w8 S " IS TRUM spect
g s 5 3 78 5 23 5 g IS PROBHD  Z148658_0003 (
PULPROG zgpg30
[ I IR A ¥ | w
SOLVENT cpels
s 1024
DS 4
SWH 36231.883 Hz
FIDRES 1.105709 Hz
20 0.9043968 s=c
RG 199.73
13 oW 13.800 usec
C NMR (CDCls), 151 MHz o 550 usse
Dl £.00000000 sec
D1l 0.03000000 sec
PhthN 0] sr0 :
\\ sFol 150.8864644 MHz
nucl 13c
Me . PO 4.00 usec
Pl 12.00 usec
PLWl 77.65699768 W
= sFoz 600.0074000 MHz
O OH nNucz 1H
CPDPRG([2 waltz65
PCPD2 70.00 usec
2 69 PLW2 13.23200035 W
- PLW12 0.64876997 W
PLW13 0.32633001 w
F2 - Processing paramesters
ST 32768
sF 150.8713833 MHz
WDW EM
S8B 0
LB 1.00 Hz
GB 0
pC 1.40
L n " l. oy
f T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 0 ppm
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Current Data Paramebers

AN O A ON-TMMNO-OM-W- NS WS o ™M TAME SLG3-053_2
OWON A0 TM A0 OO NN = EXPNO 71
OSSR, MM MM A0 000 MmMY W — Pl’?OCNO 1
[ e o S S st Sl el ol ol ol ol N T o BT ITS BETS INT B ™
FZ - Acguisition Paramsters
Dats_ 20220512
Time 17.23 h
TMS TRUM spect
PROBHD Z1488658_0003
PULPROG =g30
D B5536
SOLVENT €pel3
ns 16
Ds 2
SWH 12019.230 Hz
S FIDRES 0.366798 Hz
PhthN P 2.7262976 s=c
- FG 199.73
oW 41.600 ussc
Me DE 10.33 usec
TE 296.4 K
Dl 4.00000000 ssc
Do 1
(0] OH SFOL 600.0087050 MHz
nucl 1H
FO 5.17 usec
2.6h Fl 15.50 ussc
FLIL 13.23200035 W
F2 - Procsssing paramstsrs
1 51
H NMR (CDC|3)' 600 MHZ SE 600.0050163 MHz
wWDwW EN
55B o0
LE 0.30 Hz
GE o0
FC 1.00
L \IN
T T T T T T 1
2 ppm
rﬁ‘
| | AN g ||
1
13
C NMR (CDCls), 151 MHz
Me
1
GB
o i " A b L
T T T T T T 1 T T
200 180 160 140 120 100 80 60 40 ppm
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7.912
7.906
7.903
7.898
7.798
4.798

3.784
3.779

3.616
3.612
2.227
0.977

H NMR (CDCls), 600 MHz

0.955
0.948
0.535
0.521
0.512
0.507

PhthN
Me

Current Data Paramesters

MANE SLE3-070
- O 0NN O M~ EXPHO 11
GO Q WS 0Q WS YW T M procHo 1
TN ONNNNNNDS O OO
Do ocoocoocooocooo oo F2 - Acquisition Parameters
Dats_ 20220531
Tims 9.29 h
IHS TRUN spect
PROBHD %148658_0003 (
PULPROG zg30
65536
SOLVENT cpell
us 16
DS 2
SWH 12019.230 Hz
FIDRES 0.366798 Hz
AQ 2.7262976 sesc
RG 199.73
D 41.600 us=c
DE 10.33 uss=c
TE 296.3 K
Dl 4.00000000 =s=c
DO 1
SFOL 600.0087050 MHz
nucl
FO 5.17 usee
Bl 15.50 usec
PLH1 13.23200035 W
F2 - Processing paramsters
s 65536
SF 600.0050209 MHz
WD EM
s5B 0
LE 0.30 Hz
GE 0
FC 1.00
1

@ -

o -

7 6 5 4 3 2 ppm

21y 8 33 § 8| |Z)85a

13C NMR (CDCls), 151 MHz
PhthN
Me
O OH
2.6k
A

' 200 18 160 140 120 100 80 60 40 20 0 ppm

Suzuki Products

Current Data Paramsters

HAME SLE3-070
EXPNO 21
PROCHNO 1

FZ - Acquisition Paramsters
Dats_ 20221028
Tims 18.53 h
TNS TRUM spect
PROBHD Z148658_0003 |
PULPROG zagpg30

D 65536
SOLVENT cpel3

Hs 1200

Ds 4

SWH 36231.883 Hz
FIDEES 1.105709 Hz
2Q 0.9043968 sec
RG 199.73

D 13.800 usec
DE 6.50 usec
TE 297.9 K
Dl 6.00000000 sec
D11 0.03000000 sec
TDO 1

SFOL 150.8864644 MHz
Hucl 13c

FO 4.00 usec
Fl 12.00 usec
FLH1 77.65699768 W
SFOZ2 600.0074000 MHz
HuCz 1H
CPDPRG[2 waltzB5
PCPD2 70.00 usec
PLWZ 13.23200035 W
FPLW1Z 0.64876997 W
PLW13 0.32633001 w
FZ - Processing parametsrs
5T 32768

SF 150.8713805 MHz
WDH EN

SSB 0

LE 1.00 H=
GB 0

FC 1.40
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NEENOOWL AW PR A0 MO N8N S —
TOMNROOEN TONNdCCNN A O On o ® O @
WOLWYUOBOWOLMMMMMNMOoO-MM-O>D©mS O o
N Current Data Paramsters
L e e o T St et ol ol ol ol o e U= B Ce o R R Ty ST S I S BT T T R o HAHE SLE3-091_2
EXPHO 7
Mt’;r/‘%%/ ‘ PROCHO 1
F2 - Acgquisition Paramsters
Date_ 20221101
Tims 13.56 h
1H NMR (CDCI3), IMSTRUM sp=ct
FPROBHD Z148658_0003 |
600 MHZ PULPROG =g30
D 65536
SOLVENT cpel3
s 16
OMe bs 2
PhthN SWH 12019.230 Hz
FIDEES 0.366798 Hz
AQ 2.7262976 sec
RG 199.73
D 41.600 ussc
DE 10.33 use=c
TE 296.1 K
Dl 4.00000000 sec
TDO 1
5FOl G00.0087050 HH=
HuclL 1H
FO 5.17 usec
Fl 15.50 ussc
FLWL 13.23200035 W
Me F2 - Procsssing paramstsrs
51 65536
5F 600.0050143 HH=
WD EH
SSE 0
LB 0.30 Hz
GE 0
PC 1.00
x _l | . | Ju__n
T I T T I T I T T 1
9 8 7 6 5 4 3 2 1 ppm
o | © [ [
delalals  [Ese - -

NN

13C NMR (CDCls), 151 MHz

OMe

170 160 150 140 130 120 110 100 90

T T T T T T T T T
-]

60

10 ppm
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Current Data Paramsters

HANE 5LE3-089
WG T O O WO T A= O W O SO W ) w EXPlO 7
EREE8ARERRA0ARARE EERAEEY &8 8 Faocwo ;
L A e e el o S o S iy S T T R T T T T T T 1) o~ FZ - Acquizition Paramstsrs
Date_ 20220816
%‘N/M%/J ‘ ‘ Time 16.01 h
INSTRUM spect
FROBHD ZB55801_0104 (
PULPROG zg30
™ 65536
'H NMR (CDCls), 600 MHz sowvan epci3
DS 2
OMe S1H 12019.230 Hz
FIDRES 0.366798 Hz
20 2.7262976 mec
RG 154.29
bW 41.600 usec
DE 11.65 usec
TE 298.1 K
Dl 4.00000000 s=c
DO 1
sF01 599.9587047 HHz
Hucl 1
PO 2.58 us=c
Pl 7.5 us=c
PLIL 11.99499989 1
F2 - Processing paramsters
51 6553
sF 599.9550191 HHz
WO "1
55E 0
LB 0.30 Hz
cB 0
EC 1.00
A _JIL N T
T T T T 1
4 3 2 1 ppm
g )
g 8
7R Current Data Paramsters
o B8 WAME SLG3I-089
EXPHO 3
‘ FROCHO 1
FZ - Acquisition Paramstsrs
Dats_ 20220819
Tims 0.22 h
THETRUM spect
FROBHD  Z855801_0104 (
FULFROG zgpg30
™ 65536
SOLVENT cpel3
ns 100
Ds 4
SUH 36231.883 Hz
FIDRES 1.105709 Hz
a0 0.9043968 s=c
RG 184.75
oW 13.800 us=c
DE 6.50 us=c
TR 298.1 K
Dl £.00000000 s=c
D1l 0.03000000 s=c
F fasli] 1
sF01 150.8738906 MHz
nuecl 13c
13 B0 3.80 us=c
Pl 11.40 us=c
CNMR (CDCI3), 151 MHz FLIL 176.19999695 1
sFO2 599.9573598 uHz
nuez 1
CPDPRG[2 waltz65
PCPDZ 70.00 us=c
PLI2 11.99499989 W
PLWLZ 0.14703000 W
PLWL3 0.07395500 W
FZ - Processing paramstsrs
51 327
sF 150.8588130 1z
Wow EH
55E 0
1B 1.00 Hz
cB 0
I PC 1.40
T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm
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SLG3-08%c-col-F
F19CPD_vcu CDCLl3 {D:‘\nmrdata} Sieber 1

19F NMR (CDCls) 565 MHz
OMe
T T T T T T T T
0 -20 -40 -60 -80 -100 -120 -140
SLG3-089b-col-3
PROTON CDC13 D:\\ Sieber 13
NNV O MO~ [~ 0 O~ =
S NOoOO O OO N o 0 Oy s ()]
oMWW OWONMANMESE AN~ WO~ el
B e e T ™

H NMR (CDCls), 600 MHz

Current Data Parameters

NAME SLG3-089_2
EXFNO 7
PROCND 1

F2 - Acguisition Paramsters
Dats_ 20221029
Tims 6.28 h
INSTRUN spect
FPROEHD Z148658_0003
FULFROG zgfhiggn.2

™ 131072
SOLVENT cpell

1S 16

DS 4

SWH 133928.578 Hz
FIDRES 2.043588 Hz
AQ 0.4893355 s=c
RG 199.73

Du 3.733 us=c
DE 6.50 usec
TE 296.4 K

Dl 10.00000000 =s=c
D11 0.03000000 sec
D12 0.00002000 zec
™0 1

SFO1 564.5123141 MHz
Hucl 198

Pl 15.00 usec
PLWL 26.76399994 W
SFO2 600.0074000 MHz
Hucz 1H
CPDPRE[2 waltzl6
FCPDZ 70.00 usec
FLWZ 13.23200035 W
PLIWLZ 0.64876997 W

F2 - Processing paramsters
65536

SF 564.5687710 HH=z
WO EM

S5E 0

LE 0.30 Hz
CE 0

FC 1.00

Current Data Paramsters

NEME SLG3-089
EXPNO 11
PROCNO 1

F2 - Acquisition Paramsters
Date_ 20221021
Time 16.04 h
INSTRUM spect
PROEHD  Z855801_0104 (
PULPROG Zg}O

TD 65536
SOLVENT cpCl3

8 16

DS z

SWH 12019.230 Hz
FIDRES 0.366798 Hz
20 2.7262976 s=c
RG 194.75

DWW 41.600 us=c
DE 11.65 usec
TE 296.6 K
Dl 4.00000000 s=c
TDO 1

SFOl 599. 9587047 MHz
nucl 1H

PO 2.58 usec
Pl 7.75 usec
PLWL 11.99499989 W

F2 - Processing parameters
ST 65536

SF 599.9550169 MHz
WD EM

5S5B [v]

LE 0.30 Hz
GE 0

PC 1.00

g SHa g [EleElg [ 3
o —|lwn o™ o o|o|o|o = ©

ppm
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SLG3-08B%b-col-2
C13CPD CDCl3 {D:\nmrdata} Sieber 1

13C NMR (CDCls), 151 MHz

T T T T T T
200 180 160 140 120

T T T T
100 80 60 40 20

Current Data Parameters
NAME

Time

INSTRUM

SLG32

0B%_2
3
1

sp
PROBHD  Z148658_0003 [
PULPROG 2gpg30
65536
cpCla
1200

OMe
1F NMR (CDCls) 565 MHz
3 -2|o -4|o -r;o -slo -1|oo -1lzo -1:10 -11',0 I ppm

4
36231.883

6.00000000
0.02000000

1
150.8864644 MHz

[:
600.0074000 MHz
1H
waltz65s
70.00 usec
12.23200035 W
0.64876%57 W
0.32633001 W

ng parameters

150.8713821 MHz

Current Data Paramsters

HNAME SLG3-092
EXPNO 10
PROCNO 1

F2 - icquisition Paramsters
Dats_ 20221102
Time 8.34 h
INSTRUM spect
PROBHD  Z148658_0003 (
PULPROG zgfhiggn.2

™D 131072
SOLVENT cpels3

s 18

DS 1

SUH 133928.578 Hz
FIDRES 2.043588 Hz
20 0.4893355 sec
RG 199.73

bW 3.733 usec
DE 6.50 usec
TE 296.7 K
D1 10.00000000 sec
D11 0.03000000 sec
D1z 0.00002000 sec
TDO 1
SFO1 564.5123141 MHz
wucl 197

Pl 15.00 usee
PLU1 26.76399994 W
SFO2 600.0074000 MHz
Nuc2 1H
CPDPRG[2 waltzl6
PCED2 70.00 usec
PLW2 13.23200035 W
PLU12 0.64876997 W
F2 - Processing parameters
ST 65536

SF 564.5687710 MHz
wow EM

SSE 0

LE 0.30 Hz
GB 0

pC 1.00
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H NMR (CDCls), 600 MHz

PhthN

2.7ka

SLG3-091c—-13CHNMR
Cl3CPD CDCL3 D:hM

Current Data Paramstsrs

MAME SLG3-091
EXPNO 11
o - I PROCHO 1
= 2 <9 45
5 5 a4 el F2 - Requisition Parameters
Date_ 20220805
Time 22.20 h
INSTRUM spsct
PROBHD Z855801_0104 (
PULPROG zgpgll
TD 65536
SOLVENT cpel3
s 400
DS 4
SWH 36231.883 Hz
FIDRES 1.105709 Hz
AQ 0.9043968 sec
RG 194.75
D 13.800 usec
DE 6.50 ussc
TE 297.5 K
Dl 6.00000000 s=c
D1l 0.03000000 s=c
DO 1
SFO1 150.8738906 MH=
nucl 13c
PO 3.80 usec
Pl 11.40 vmec
FLW1 176.19999695 W
SF02 599.95735998 MH=
13 Huc2 1H
CEDPRG[2 waltzG5
CNMR (CDCl3), 151 MHz &2 ST
PLW2 11.99499989 w
PLW1Z 0.14703000 ®
PLW13 0.07395500 w
F2 - Procsssing paramsters
ST 32768
SF 150.8588144 MH=
WDW EM
SSB 0
LE 1.00 Hz
GB 0
PC 1.40

1
20 0 ppm



SLG

FRO

H NMR (CDCls), 600 MHz

| ]

I

|
JJHL, _JL_. i Ll R, N L JUU‘L
I | I T T
8 7 5 4 1 ppm
L 1] I |
EE - EEE
AN | \
13C NMR (CDCls),
151 MHz
PhthN
2.7kb
F
I T T T T T T T 1
200 180 160 140 120 100 60 40 20 ppm

Current Data Paramsters

ion Parammet
10220513

NAME SLG3-091
EXPHO 14
PROCHO 1

F2 - Requisition Paramebers
Dats_ 20220912
Time 21.30 h
IS TRUM spect
FROBHD Z855801_0104 (
PULEROG zgpg30

TD 65536
SOLVENT cpels

NS 400

DS 4

SWH 36231.883 Hz
FIDRES 1.105709 Hz
20 0.9043968 sec
RG 194.75

D 13.800 usesc
DE 6.50 usec
TE 297.3 K
Dl 6.00000000 s=c
D1l 0.03000000 s=e
TDO 1

SFOL 150.8738906 MHz
nNucl 13¢

PO 3.80 usec
Pl 11.40 us=c
FLWL 176.19999695 W
SFO2 599.9573998 MHz
nNuc2 1H
CEDFRG 2 waltzBh
PCPD2 70.00 usec
PLUZ 11.99499989 1
PLW12 0.14703000 W
FLW13 0.07395500 W
F2 - Procsssing paramstsrs
51 32768

SF 150.8588124 MHz
WoW EN

SSB 0

LB 1.00 Hz
GB 0

PC 1.40
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Current Data Parameters

HAME SLG3-091_2
o EXPHO 5
:: PROCHO 1
| F2 - Acquisition Parameters
Date_ 20221028
Time 11.28 h
INSTRUM spect
FROBHD ~ Z148658_0003 (
FULPROG zgfhiggn.2
™ 131072
SOLVENT cocl3
ns 16
Ds 4
SWH 133928.578 Hz
FIDRES 2.043588 Hz
20 0.4893355 sec
RG 199.73
oW 3.733 ussc
DE 6.50 umec
TE 296.4 K
Dl 10.00000000 ssc
D1l 0.03000000 s=c
D12 0.00002000 s=c
DO 1
SFO1 564.5123141 MHz
nucl 19¥%
Pl 15.00 usee
PLIVL 26.76399994 W
sFO2 600.0074000 MHz
Huce2 1H
CPDPRG[2 waltzl6
FCPD2 70.00 usec
PLIZ2 13.23200035
19 FLI1Z 0.64876997 1
F NMR (CDCl5) 565 MHz ©2 ~ processing paremsters
ST 65536
SF 564.5687710 MHz
WDW EM
S5B ]
1B 0.30 Hz
GB o
PC 1.00
I I I I I I I I I
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 ppm
SLG3-119b-recol-2-2
PROTON CDC13 {D:‘“nmrdata} Sieber 22 Current Data Parameters
NAME SLG3-119
EXPNO 7
PROCHO 1
Ao @S A O AW IFANFAONMEOAN ALQA~ MO ARNOME) S~ DD 0D F2 - Acquisition Paramsters
AT OO0 dd00 N A 10N 1000 MMOOONOMEMNNMEWOLUWWWLIN M \O GG~ \0\W0
WWBXDANRNWOD®ER---FONOORAE OO ARAATTOMMM O] A E:_::— 202210%;]‘
RO 0ON NN FFMNNMNOOO0O00 00000000000 15 TRUM spect
PROBHD  Z148658_0003 (
PULPROG zg30
™ 65536
SOLVENT cpcl3
1 us 16
DS 2
H NMR (CDCls), 600 MHz . La01e 23w
FIDRES 0.366798 Hz
aQ 2.7262976 sec
RG 199.73
pu 41.600 usec
DE 10.33 usec
TE 296.4 K
D1 4.00000000 sec
DO 1
sFol 600.0087050 MHz
Hucl 1H
PO 5.17 usec
Pl 15.50 usee
PLWL 13.23200035 W
F2 - Processing paramsters
ST 65536
5K 600.0050153 MHz
Wow EM
558 0
LB 0.30 Hz
GB 1]
BC 1.00
. L

9 8 7 6
8 88213 85

ppm

:
AR
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n e o =)
o b n = 28
3 5 = 5 ©
3 s 5 g i
| | \/ Current Data Param=sters
HAME SLG3-119
EXPNO 8
PROCNO 1
F2 - Acquisition Parameters
Date_ 20221023
Time 23.29 h
IMNSTRUM spect
13C NMR (CDCI3), 151 MHz PROBHD  Z148658_0003 (
PULPROG 2gpg30
™ 65536
SOLVENT cpcl3
s 1200
Ds 4
suH 36231.883 Hz
FIDRES 1.105709 Hz
20 0.9043968 s=c
RG 199.73
DI 13.800 useec
DE 6.50 usec
TE 297.7 K
Dl 6.00000000 s=c
DIl 0.03000000 s=c
00 1
srol 150. 8864644 MHz
nuel 13¢
20 4.00 usec
1 12.00 usec
PLUL 77.65699768 W
sro2 600.0074000 MHz
NuC2 1H
CPDPRG (2 waltz65
PCED2 70.00 usec
PLWZ 13.23200035 W
PLHL2 0.64876997 W
PLWL3 0.32633001 W
FZ - Processing parametesrs
ST 32768
5F 150.8713802 MHz
WDW EM
58B ]
L3 1.00 Bz
B 0
BC 1.40
T T T T T T T T
180 160 140 120 100 80 60 40 20 0 ppm
” Current Data Paramsters
TI MAME SLGE3-119
EXPNO 9
PROCHO 1
15 NMR (CDCl3) 565 MHz S —
Date
Tims 11.39 h
THSTRUM spect
PROEHD  Z148658_0003 |
FULPROG zgfhiggn.2
131072
SOLVENT cpel3
k] 16
Ds 4
SwH 133928.578 Hz
FIDRES 2.043588 Hz
rQ 04893355 s=c
RG 199.73
o 3.733 ussc
bE 6.50 us=c
TE 296.4 K
DL 10.00000000 z=c
DIl 0.03000000 s=c
D12 0.00002000 s=c
DO 1
sFOL 564.5123141 1z
nNucl 19%
¥l 15.00 ns=c
PLIL 26.76399994 1
sko2 600.0073000 1z
NUC2 1H
CPDPRG[2 waltzl6
PeED2 70.00 us=c
PLIZ 13.23200035 0
PLILZ 0.63876997 1
F2 - Processing parameters
51 5536
sF 564.5687710 10z
wDW EN
SS5B 0
LB 0.30 Hz
GB 0
e 1.00
1 1 1 1 1 1 1 1 1
-20 -40 -60 -80 -100 -120 -140 -160 -180 ppm
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o
=
o o

-~ -

7.717
7.712
7.651
7.646
7.384
7.372
7.359
7.306
7.291
7.278
7.210
7.197
6.974

T\ N

H NMR (CDCls), 600 MHz
PhthN S

Me

4 I '

oo N NO W
W AN O3 o
Do oo oYL o
(R T T T}

P

|

2.255

Current Data Parametbers

MAHE SLE3-096_2
EXPHO 18
FROCHO 1

F2 - Rcquisition Parameters
Dats_ 20221103
Tims 17.51 h
THS TRUN spect
PROBHD  Z148658_0003 |
PULFROG 2g30

™ 65536
SOLVENT cpcls

us 16

DS 2

SWH 12019.230 Hz
FIDRES 0.366798 Hz
AQ 2.7262976 =z=c
RG 199.73

D 41.800 us=c
DE 10.33 us=c
TE 296.6 K

Dl 4.00000000 sec
DO 1

SFOL 600.0087050 MHz
nucl 1H

PO 5.17 usee
Bl 15.50 useo
PLHL 13.23200035

F2 - Processing paramsters
ST 6553

BF 600.0050162 MHz
WK EM

S5B 0

LE 0.30 Hz
GE [

PC 1.00

T T T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0

R R

SLG3-096a-col-2

C13CPD CDC13 {D:‘nmrdata}l

Sieber 3

I I 1
ppm

Current Data Fara:

MAME
EXFHNC

ELG3-09

" FZ - Acguisition Parameters

= Date_ 20221024

w Time h
INSTRLUM =
FROEHD ~ Z14665E_00
FULFROG

CFDFRG [2
PCPD2
FLWZ

180 170

160 150 140 130

120 110

100 90 80

30 20 ppm

[xslslilslsli}
1
150.EEG4644
130

STGE

600, 0074000 MHZ
18
waltzgs
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7.763
7.759
7.754
7.741
7.688
7.683
T.679
7.674
7.390
7.378
7.365
7.312
7.300
7.287
7.272
7.237
7.228
7.223
7.214
65.818
6.804
6.790
5.955
5.946
5.900
5.891
5.623
5.519
3.902

B S Y

H NMR (CDCls), 600 MHz

T T T T T T T T
9 8 7 6 5 4 3 2 1 ppm
EREEEERS ks s
= o
3¢ NMR (CDCl3), 151 MHz
JJ {1 }J}‘ {J‘ I | " .
T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm

Current Data Paramsters

WAME SLG3-096
EXPNO 13
PROCNO 1

FZ - Rcquisition Parameters
Date_ 20220816

Time 15.38 h
INSTRUM spect
PROBHD  Z855801_0104 (
PULPROG zg30

™D 65536
SOLVENT cpcl3

ws 15

Ds 2

SUWH 12019.230 Hz
FIDRES 0.366798 Hz
20 2.7262976 sec
RG 172.91

Du 41.600 usec
DE 11.65 us=c
TE 298.1 K

Dl 4.00000000 sec
TDO 1

srol 599.9587047 MHz
nucl 1H

PO 2.58 usec
Pl 7.75 us=c
PLWL 11.99499989 ©

F2Z - Processing parameters
ST 65536

sF 599.9550164 MHz
WDW EM

SSB 0

LE 0.30 Hz
GB ]

PC 1.00

Curr=nt Data Paramsters

NAME SLG3-096
EXPNO 17
PROCNO 1

F2 - Acquisition Parameters
Date_ 20220818
Time 21.20 h
INSTRUM spsct
PROEHD  7855801_0104
PULPROG zgpg30

D 65536
SOLVENT cpels

s 400

DS 4

SWH 36231.883 Hz
FIDRES 1.105709 Hz
20 0.9043968 sec
EG 194.75

oW 13.800 usec
DE 6.50 usec
TE 298.1 K
Dl 6.00000000 sec
D1l 0.03000000 sec
TDO 1

SFOL 150.8738906 MHz
wucl 13c

PO 3.80 usec
Pl 11.40 usec
PLWL 176.19999695 W
5FO2 599.9573998 MHz
Nucz 1H
CPDPRG[2 waltz65
PCPD2 70.00 usec
PLWZ 11.99499989 W
PLW12 0.14703000 W
PLW13 0.07395500 w
F2 - Processing paramsters
8T 32768

SF 150.8588159 MHz
WDW EM

558 0

LE 1.00 Hz
GE 0

e 1.40
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64

19F NMR (CDCls) 565 MHz
T T T T T T T T T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 ppm
OMNOTFT OO IINOMF AN MO ]
oMM NS00 0N O MO N 0N o
WMWY OLOYUOWOMMOMNM NN NN OO0 O
O e S S S S S SR PP

B

H NMR (CDCls), 600 MHz

T
9

8 7 6

ppm

Currsnt Data Paramstesrs

NAME SLGI-096_2
EXPHO 14
PROCHO 1

F2 - Rcquisition Paramsters
Date_ 20221028

Time 11.50 h
IHSTRUN spect
FROBHD Z148658_0003 ¢
PULPROG zgfhiggn.2

D 131072
SOLVENT cpels

NS 16

DS 4

SHH 133928.578 Hz
FIDRES 2.043588 H=z
RQ 0.4893355 sec
RG 199.73

Dw 3.733 usec
DE 6.50 usec
TE 296.4 K

Dl 10.00000000 sec
Dll 0.03000000 ==c
D1z 0.00002000 s=c
DO 1

SFOl 564.5123141 MH=z
wucl 19F

Fl 15.00 ussc
FLWL 26.76399994 W
SFOZ2 600.0074000 MHz
NuC2 1H
CPDPRG[2 waltzl6
PCPD2 T0.00 us=c
PLWZ 13.23200035 ®
PLWLZ 0.64876997 W

F2 - Processing parameters
65536

SF 564.5687710 MH=
WD ElM
SSB 0
LE 0.30 Hz
GB 0
FC 1.00
Current Data Faramsters
HAME SLG3-096_2
EXPNO 19
PROCHO 1
FZ - Acgquisition Parameters
Dats_ 20221103
Tims 17.57 h
INSTRUM spect
PROBHD Z148658_0003 (
PULPROG zg30
D 65536
SOLVENT cpel3
Hs 16
Ds 2
SWH 12019.230 H=z
FIDRES 0.366798 Hz
AQ 2.7262976 s=c
RG 199.73
D 41 .600 uss=c
DE 10.33 ussc
TE 296.5 K
Dl 4.00000000 ==c
DO 1
S5FO1 600.0087050 MH=
HUCL 1H
EO 5.17 u=zec
Pl 15.50 usec
PLWL 13.23200035 w
F2Z - Processing paramsters
5T 6553
SF 600.0050159 MH=
EM
0
0.30 Hz
0
FC 1L.00
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168.20
161.64

Y

145.12

145.09

145.07
145.04
144.17

140.51

134.11

134.09

134.07

134.04

TS 13136

—126.11

124.32
124.30
124.26
124.16
123.57
123.43

13C NMR (CDCls), 151 MHz

122.70

122.48
121.48
120.68

—— 68.56
57.50

Current Data Paramst=srs

180 160 140 120 100 80 60 40 20
19F NMR (CDCls), 565 MHz
m
T T T T T T T T
-20 -40 -60 -80 -100 -120 -140 -160 -180 ppm

NEME SLGE3-096
EXPNO 18
PROCHO 1
F2 - Requisition Paramsters
Dat 20220818
Time 22.19 h
INSTRUM spect
PROBHD  %855801_0104 (
PULPROG Zgpg30
TD 65536
SOLVENT cpel3
s 400
DS 4
SWH 36231.883 Hz
FIDRES 1.105709 Hz
2 0.9043968 sec
RG 194.75
W 13.800 usec
DE 6.50 usec
TE 298.1 K
Dl 6.00000000 sec
D11 0.03000000 sec
DO 1
SFO1 150. 8738906 MHz
NuC1 13c
PO 3.80 usec
Pl 11.40 usec
PLIL 176.19999695 W
SF02 599.9573998 MHz
NHuC2 1H
CPDPRG[2 waltzB5
PCPD2 70.00 usec
PLWZ2 11.99499989
PLW12 0.14703000 W
PLI13 0.07395500 W
F2 — Processing parameters
ST 32768
SF 150.8588118 MHz
WD EM
SSB 0
LB 1.00 Hz
GB 0
pC 1.40
1

ppm

Current Data Paramsters

NANE SLE3-096_2

EXPHNO 16

PROCNG 1

F2 - Acquisition Paramsters

Date_ 20221028

Tims 12.01 h

IHS TRUN spect

PROBHD  Z148658_0003 (

PULPROG zgfhiggn.2

131072

SOLVENT epels

us 16

DS 4

SIH 133928.578 Hzx

FIDRES 2.043588 Hz

zo 0.4893355 s=c

RG 199.73

D 3.733 ussc

DE: 6.50 ussc

TE 296.4 K

Dl 10.00000000 s=c

D1l 0.03000000 s=c

D12 0.00002000 s=c

DO 1

SFOL 564.5123141 MHz

nuct 19F

Pl 15.00 ussc

PLNL 26.76399994 W

SFOZ 600.0074000 MHz

nucz2 1H

CPDPRG[2 waltzl6

PCPD2 70.00 usee

PLH2 13.23200035 W

PLWL2 0.64876997 W

F2Z - Processing paramstsrs

s1 65536

SE 564.5687710 NHz

WO EN

S5B 0

LE 0.30 Hz

GE 0

PC 1.00
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SLG3-051-3

hivac Current Data Paramsters
PROTON CDC13 (D:\nmrdata)} Sieber 23 e sreamesi2
PROCHNO 1
n F2 - Acquisition P ete:
CNSON oM N O O ] <t o o scquisition Paramstsrs
CEN A A ®O WM -0 O < — ~ @ o Date_ 20221023
WY wwuwwwd—Www O a3 w0 o [++] o - Time 8.58 h
Y . . Lo 198 TRUM spect
[l el e o i Sl Sl e e R R U | = = ™M ™ o o | PROBHD 2148658_0003 (
WM v \/ | | | PULPROG z2g30
™ 65536
SOLVENT CDCl3
s 16
ns 2
SHH 12019.230 Hz
FIDRES 0.366798 Hz
20 2.7262976 s=c
RG 68.55
bW 41.600 us=c
2.51, 'H NMR (CDCls), 600 MHz o
TE 296.4 K
Dl 4.00000000 sec
DO 1
sF01 500.0087050 MHZ
PhthN e "
PO 5.17 usec
Pl 15.50 us=c
Me PMP PLW1 13.23200035 W
M F2 - Processing paramsters
- ST 65536
~ ST 600.0050177 MHz
O OTBS WDW EM
558 1]
LB 0.30 Hz
GB o]
BC 1.00
o . o | NN oY N |
T T T T T T T T T T
8 7 6 5 4 3 2 1 0 -1 ppm
1313 |8 g g 2 2 2 gl =
]| |oi ol - - o o o o3| |3
SLG3-051-3
hivac Current Data Paramsters
C13CPD CDC13 {D:\nmrdata} Sieber 23 EIE 51637051
EXPHO 3
PROCHNO 1
= % g ErEr g “ w4 . o F2 - Acquisition Parameters
z E o2 ANHER O =3 s 2d 5 P4 i B
g 54 fMn8y 3§ 7 % 3 a8 5 il me .
INSTRUM spect
| N ||| N VAR
PULPROG zgpg30
™D 65536
SOLVENT [sinlen e}
s 1024
Ds 4
PhthN SWH 36231.883 Hz
FIDRES 1.105709 Hz
20 0.9043968 s=c
Me PMP RG 199.73
ow 13.800 usec
M DE 6.50 us=c
- TE 297.9 K
~ Dl 6.00000000 s=c
O OTBS D1l 0.03000000 sec
TDO 1
sFOl 150.8864644 MHz
nucl 13c
B0 4.00 us=c
Pl 12.00 usec
2.51, 13C NMR (CDC|3), 151 MHz PLL 77.65699768
SFO2 600.0074000 MHz
18 faled 1H
CPDPRG[2 waltz6b
PCPD2 70.00 us=c
PLWZ2 13.23200035 W
PLW1Z 0.64876397 W
PLW13 0.32633001 w
F2 - Processing paramsters
s1 32768
SF 150.8713831 MHz
WDW EM
SSB o
LB 1.00 Hz
GB ]
BC 1.40
J . . N N
T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 ppm
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SLG3-054-3-d6benzene

FPROTON C6D6 {C:\Bruker\TopSpin3.5pl7} Sieber 1 Current Data Parameters
NAME SLG3-054_2
EXPIO 1
PROCNO 1
n
NS NO AN OO NMEO T O N OO0 O N < o Mmoo~ s
NNCWWDTEeOW STl T AN o0 TN NN RO o o F2 - Requisition Parameters
NNOO0O0OGmOWWVWYWNINHOMMAH N — OO0 G ® M~ o o ~ - Date_ 20220126
e e R R R R R R G R R T T T R T B B B I BV BN IS IR ISR oo o ?:J?S"ERUM 8ol h
spect
'\NV W/’%/’ '\N V‘/ v | | PROEHD ~ Z855801_0104 (
PULPROG zg30
D 65536
SOLVENT CED6
tH] 18
DS 2
1 SWH 12019.230 Hz
H NMR (CGDS), 600 MHZ FIDRES 0.366798 Hz
20 2.7262976 s=c
RG 172.91
D 41.600 usec
PhthN oE 6.50 us=c
TE 296.3 K
Ph PMP Dl 4.00000000 sec
TDO 1
z srol 599.9587047 MHz
= NuCl 1H
OH O OTBS Pl 7.75 ussc
PLWL 11.99499989 w
2.8 F2 - Processing paramsters
. ST 65536
72:28 dr SF 599.9549967 HHz
. WDW EM
58B ]
LE 0.30 Hz
GB 0
BC 1.00

=)
(4]
=~ ]
[
n
-
o
T
T
3

2]
201\
335
PYTR
1.2
1.98
200
1.00
068
030
1.00
10
303
1.05
099 ~
955
29
267

Current Data Parameters

o - o e HAME SLEI-054_2
by : PR 258 &= 5 ® S EXPNO 5
EEEEEEERE TERNT g8 77 Proco '
\N \///// v | | ‘ \/ F2 - Acquisition Paramsters
Date_ 20221028
Time 16.30 h
IMNSTRUM spect
PROBHD ~ Z148658_0003 (
13 FULFROG zgpg30
C NMR (CsDs), 151 MHz w
SOLVENT CBDE
us 1200
Ds 4
SWH 36231.883 Hz
PhthN FIDRES 1.105709 Hz
a0 0.9043968 s=c
Ph PMP RG 199,73
DwW 13.800 usec
? DE 6.50 ussc
= TH 297.9 K
OH O OTBS Dl 6.00000000 sec
D1l 0.03000000 s=c
DO 1
SFOL 150, 8864644 MHz
2.8 nucl 13¢
PO 4.00 ussc
72-28 dr Fl 12.00 usec
. PLIL 77.65699768 W
5FOZ 600.0074000 MHz
nuc2 1H
CPDPRG[2 waltz65
PCFD2 70,00 usec
PLZ 13.23200035 W
PLWLZ 0.54876997 W
PLWL3 0.32633001 W
F2 - Procsssing paramsters
51 32768
sF 150.8713251 MHz
WDW EM
EEB 0
LB 1.00 Hz
GE 1]
pC 1.40

T
200 180 160 140 120 100 80 60 40 20 0  ppm
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Current Data Paramsters

OO M A0 AT TOAMCPMO AT WOCTMOOO0O OO OWWOoO Y NI
S oo MU MMANO ORI 40 A 0WVWNOOVLOOWOUNTMNMANAO0O0O OO OM MAME SLG3-118
VOO TTIITTIONOCOHNT OTTHODLNXNOCOCSCOOO O ®®E L — e &
T e R I R T T T R S I PROCHO 1
Date_ 20221101
Time 17.32 h
INSTEUM spect
FROEHD  714B658_0003 |
PULPEOG zg30
. =, e
H NMR (CDCls), 600 MHz souvmm
Ds 2
SiH 12019.230 Hz
FIDRES 0.366798 Hz
PhthN 2Q 2.7262976 sec
RG 199.73
D 41.600 us=c
PMP DE 10.33 usec
HO TE 296.2 K
z - D1 4.00000000 s=c
= - DO 1
s L0087 .
p_tol OH Ngczi 600.008 Dfa HHz
PO 5.17 us=c
2 9 Pl 15.50 usec
. PLIL 13.23200035 W
>99:1 dr F2 - Processing parameters
ST 6553
sF £00.0050160 HHz
WOW BN
8S5B 0
LE 0.30 Hz
GE 0
PC 1.00
. [ | U——\___JU.A_A_-—.—L
T T T T T T T T T T T T T T T 1
85 80 75 70 65 60 55 50 45 40 35 30 25 20 ppm
(=241 [T-]
geeeidEsl Hele 8
n @ W N o [ o
“on OoTangenann 3 2 85 7 b=
é g e ] ] R j )
e A R R ] 84 g 2 g Current Data Paramsters
NAME 5LG3-118
N\ 11 §
PROCHO 1
F2 - Zcquisition Parameters
Date_ 20221102
Time 0.45 h
INSTRUM spect
PROBHD  7148658_0003 (
PhthN PULEROG zgpg30
TD 65538
SOLVENT cpcll
PMP s 1200
HO ~ DS 4
= = SWH 36231.883 Hz
FIDRES 1.105709 Hz
p-tol OH 20 0.9043968 s=c
RG 199.73
2.9 D 13.800 us=c
DE 6.50 usec
>99:1 dr TE 297.8 K
Dl 4.00000000 s=c
D1l 0.03000000 s=c
TDO 1
13C NMR (CDCl;), 151 MHz mo 1sb.sssssd e
FO 4.00 usec
Pl 12.00 usec
PLW1 77.65699768 W
5702 600.0074000 HHzZ
Nuc2 1H
CPDPRG[2 waltz65
PCPD2 70.00 usec
PLWZ2 13.23200035 W
PLW12 0.64876997 W
PLW13 0.32633001 W
F2 - Processing paramsters
ST 32768
sF 150.8713820 MHz
WoW EM
S5B 0
1B 1.00 Hz
GB 0
BC 1.40
I T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 0 ppm
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Appendix A3. Select NMR data for Chapter 3

10.091

8.009

1.995
7.812
7.798

£
~

3.4a, 'H NMR (600 MHz), CDCls:

CHO

OHC

current Data Parameters
NAME SLG1-021-2
EXPNQ

PEOCNO

o

FZ - Acquisition Parameters

Date_ 20200309
Time 17.09 h
INSTRUM spect
PROBHD  Z855801_0104 (
PULPROG 2930
™

SOLVENT

296.3

6.00000000

1
599.9587047 MEz
10

7.75 usec
11.99499989 W

F2 - Processing parameters
ST 65536

SF 599.9550162 MHZ
WDW EM
558 0

b2 0.30 Hz
GB 0

BC 1.00

1

OHC

191.

——145.54

CHO

0 -

)
c|e
ailed

w

@

130
—128.02

3.4a, 13C NMR (150 MHz), CDCls:

ppm

ent Data Parameters
sLCL-0

[0
EXPNO
PROCNO

200

T T
180 160

140

T T
120 100 80 60 40 20

0 ppm
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— OF AN N~ OO N O™~
— OO NNNHAOO @™ W Current Data Parameters
D' HrA A OO OV WO WO NAME SLG2-019_02-hivac
! ()i; LI; C(; [\' \\' \\. \\' ~ I\' r~ \\‘ \\' [\' EXPNO 1
PROCNO 1
| W% F2 - Acquisition meters
Date 20200617
Time .18 h
INSTRUM
PROBHD
PULPROG
D
SOLVENT
2
12019.230 Hz
0.366798 Hz
2.7262976 sec
199.73
41.600 usec
6.50 usec
296.0 K
4.00000000 sec
1
600.0087050 MHz
3.4b, 'H NMR (600 MHz), CDCls: 1
15.50 u
13.23200035 W
F2 - Processing parameters
ST 65536
CHO SF 600.0050155 MHz
OHC WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 ppm
5 58|
o ~leslled
- P, Current Data Paramsters
E LR NAME SLE2-019_02-hivae_13C
o S m e EXENO 1
p ERRR 3.4b, *C NMR (150 MHz), oo 1
‘ \ \V/ CDCI . F2 - Requizition Parameters
3. Date_ 20200617
Time 22,01 b
INSTRUM sct
FROBHD  Z148653_0003 (
PULPROG zZgpg30
TD 65536
SOLVENT DLl

CHO H:JI 300
OHC ]':J)'n'H 3623L.BB§ Hz

FIDRES 1.105709 Hz
20 0.9043968 zec
RE 199,73
DW 13.800 uzec
DE 6,50 ussc
TE 287.7 K
DL 4.00000000 sec
D1l 0.02000000 sec
TDO 1
sFOl 150.8864644 MHz
wuel 13¢
Fl 12.00 usee
PLF1 77.65699768 W
SFOz 600,0074000 MHz
wuez 1H
CEDFRG[2 waltzlé
ECEDZ 70,00 ussc
1323200035 W
0.64876997 W
0.32633001 W
ing paramsters
5 32768
s 150.8713773 MHz
WDR EM
38 o
LE 1.00 Hz
GE o
EC 1.40

T T T
200 180 160 140 120



vy o] lag]
o (=] Iy}
— [S] @
w [ [aa]

3.4d, 'H NMR (600 MHz) , CDCl;:

MeO,C CO,Me

Current Data
HANE

EXPHO

FROCNO

F2 - Regui=ai
Date_
Time
INSTRUM
FROEHD 214
FULFROG
D
SOLVENT
Ns

SHH
FIDEES
AQ

RG

o

DE

R

Dl

DO
sFol
woel

Fl

PLW1

F2Z - Proczaa
eI

wWowW

=3 0
LE

GEB 0
P

o © I~
= < =
= = o

] I ol e

@ - el el ]

o - o -

b+ = e el

— —~ HdH wn

3.4d, 3C NMR (150 MHz),
CDCl3:

2

MeOZC COZM

Paramstera
2Le2-026_1
1

1

tion Paramstera
20200618
22.15 h
spect
8655_0003 (

2
12019.2320 Hz
0.2667928 Hz
2,7262976 asc
199,732
41.600 uzec
6.50 uaec
296.1 K
4,00000000 aec
1
600,0087050 MH=
1H
15.50 unaesc
13.23200035 W

ing paramstera
65536

600,0050158 MH=
EINM

0.20 H=

1.00

Current Data Paramstera

HAME SLE2-026-01¢
EXFNO 1
PROCNG 1
F2 - Acquisition Faramstera
Dats_ 20200622
Tims 22,24 h
INGTEUM apect
FROBHD L142652_0002 |
PULPROG zapa30
TD G5526
SOLVENT ope1z
ns 500
1
wH 36231.883 Hz
FIDRES 1.105709 Hz
B 0.9043968 msc
RG 199,73
oW 13,800 ussc
CE 5,50 uzec
TE 297,98 K
D1 4.00000000 asec
D1l 0.03000000 z=c
TDO 1
2Pol 150.,8864644 MHz
1 13¢
12,00 usse
T.65699768
SF'O2 600, 0074000 MHz
Huez 1H
CPDPRG[2 waltzlé
BCPDZ 70,00 ussc
FLWZ 13.23200035 W
0.64876997

0.32633001

F2 - Processing parameters

32762
150.,8713
Q
1.00 Hz
L]
l.40

T T T T T
200 180 160 140 120 100 80 60 40
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WU oW oo '@ g
oy o : 0 - o
) er? F.'_) S S 0o LS Sr P Current Data Parameters
W s e e e e e om e o om NHAME SLEZ-036a_l
[l e e o O L [l o EXFNC 1

M|%/ F3C c F3 FROCHO 1

F2 - Rcquisgition Parametera

Dat 20200707
3.4e r:mz_ 2.38 h
INETEUM apect
+ FROEHD Z255801_0104
FULFEOG =g30
D 655386
F3c SOLVENT CDCLl2
us 18
D= 2
SWH 12019,220 Hz
F3C F"IDRE.'J Hz
] aec
R&
DW uzec
F.C DE use=e
3 TE K
D1 E
3.22e -
SFOL 7 MHz
nuel
3.4e and 3.22e, 'H NMR (600 MHz), CDCls:
FPLW1 11.,9224922289 W
FZ - Procezzing paramsters
=hs 655386
F 599,9551210 MH=
WDW EM
a8 o
LE 0,20 Hz
[==3 ]
PC 1.00

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppm

Current Data FParamsteras

NAME SLEZ-036a_10C
EXFNO 1
FROCNO 1

F2 - Acquisition Parameters

Date_ 20200707
Time 3.30 B
INSTRUM spect
FROEHD 2855801 0104 (
PULFROG 2pa30
D 55536
SOLVENT D13
us 600
13 Do 4
3.4e and 3.22e, *C NMR o, peoon e 5o
FIDRES 1.105709 Hz
0 0.9043968 sec
(150 MHZ), CDCI?,: RG 194,75
D 13,200 usec
DE 5.50 uzee
TE 296.6 K
DL 4.00000000 aec
F C CF D1l 0.03000000 sec
3 3 TDO 1
5oL 150,8738506 MHz
3.4e nueL 130
. F1 11,40
PLiL 176,19999695
+ sFo2 599.,9573998
nez 1
CPDPRG[2 waltzlé
F3C PCED2 70.00
PLi2 11,99499929
PL¥L2 0.14703000
PL¥L3 0.07395500

Fs;C

ing paramsters

327638
aF 150.8588050 MH=z
WDW
S5B o
F3c LB 1.00 Hz
GE o
PO 1.40
3.22¢
o] ST .
T T T T T T T T T T T T T T T T T I
145 140 135 130 125 120 115 110 105 100 95 20 85 80 75 70 ppm
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ppPmM

F3C CF; | ®°
3.4e
" - 90
FsC
3.4e and 3.22e, HSQC (CDCls) 3 100
FsC
L110
FsC
3.22e 20
- & L130
140
T T T T T T T T T T T
8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 71 ppm

W Bzan-03ia dxoge

5200022 10
ey
.30

2 - wascecolay paewssse
o 1024
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7
Te—7,782

Current Data FParamsters

HAMNE SL2-034a-2
EXPNC 1
FROCHO 1

F2 - Acquigition Paramstsrs

Date_ 20200702
Time 0.22 h
INGTERUIL apect
FROEHD 2855801 0104 (
FULFROG zg30
™ 65536
SOLVENT CDOL3
16
2
12019,220 Hz
Hz
zse
usec
uzec
hid
1 zsc
3.4f, *H NMR (600 MHz), CDCls: oo
SFOL 7 MHz
Hucl
Pl uzec
FLWL W
O,N NO,
F2 - Proceazing paramsters
s 65536
] 5922,92550163 MHz
WDW EN
0
0.30 Hz
GE 0
FC l.00
ol A i I l
L B o T o e L o e e o e e I o e e
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 ppm
~ k=4
@ <
© =
- w oo
52 s
© o0 @ Current Data Parameters
a3 a9 WZME SLG2-034a-20
| | ‘ ‘ EXPNO 1
1 FEOCNC 1
3.4f, 3C NMR (150 MHz),
2 - Requisition Parametsrs
CDCI Date_ 20200702
Time 1,03 h
INSTRUM spec
PRCEHD  LE55801_0104 (
PULFROG 2gpg30
™ 65536
SOLVENT °DeL3
s 200
4] 1
SWH 36231,883 Hz
o N No FIDFES 1.105709 Hz
2 2 = 0.9043968 z=c
R& 194,75
DWW 12,800 ussc
DE 6.50 uszee
TE 296.3 K
D1 4.00000000
D11 0.03000000
TDO 1
SFol 150.8738906 MHz
el 13¢
Pl 11,40 usec
PLil 176.19999695 W
ZFoz 599,9573998 MHz
ez 1H
CPDERG [ waltzls
FCFD2 70.00
11.99499989
0.14703000
0.07295500
F2 - Frocessing paramsters
o
1508528050 HHz
BN
0
1.00 Hz
o
1.40
T T T T T T T T T T T T T T T 1
150 140 130 120 110 100 920 80 70 60 50 40 30 20 10 ppm
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7.791

T.TTT
T.700
8

a
~

3.4g, 'H NMR (600 MHz), CDCls:

NC CN

current Data Paramsters

HANE BEAD1-005-2hivac
EXPNO 1
FPROCHO L

F2 - Acquisition Paramesters

Date_ 20200612
Time 0.47 h
INZTRUM apect
PROBHD £148658_0003 ¢
FULFROG z=g30

TD 65536
SOLVENT ¢DC13
uz 16

= 2

SWH 12019.230 Hz
FPIDEES 0.2667928 Hz
pln) 2.7262976 mec
RG 199,72
DW 41,600 uszec
DE 6,50 upec
TE 296.2 K
D1 4.00000000 zec
TDO 1
SFOL 600,0087050 MHz
nucL 1H
Pl 15,50 uzec
FLWL 13.23200035 W

F2 - Processing paramsters

8 65536
600.0050152 MHz
EM
Q
0.30 Hz
4]
1.00

[E— , N 1 -
L e e e o e e e L B B
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
(2 1E=]
ae
ooy
- - o o -
T o o ” ° Current Data Paramstsra
o o b 1 a MAME BADL-005-3hivac—13¢
i i n n N EXFNO 1
| ‘ ‘ ‘ PROCNC 1
F2 - Acquisition Paramstera
Date_ 20200619
Time 1.51 h
INSTRUM apect
PROBHD  Z148658_0003 (
PULBROG =gpg30
13 TD 65536
3.4g, 3C NMR (150 MHz), CDCls: ouva e
] 4
SWH 36231.883 Hz
FIDEES 1.105709% Hz
AQ 0.9043968 aec
EG 199,73
bW 13,800 ussc
NC CN DE 6.50 uzsc
TE 298.0 K
bl 1.00000000 =ec
pll 0.03000000 ==c
TDO 1
sFol 150.8864644 MHz
HucL 13¢
Fl 12.00 us=c
FLWl 77.65699768 W
SFOZ 600.0074000 HE=
nucz 1"
CPDPRG[2 waltzlé
PCPD2 70.00 uzse
FLWZ 13.23200035 W
PLW12 0.64876997 W
PLWL13 0.32622001 W
F2 - Procsazing paramstsra
=1 768
= 150.8713879 MHz
WDW EN
=8B 0
LE 1.00 Hz
GE 0
BC 1.40
T T T T T T T T T T 1
150 140 130 120 110 100 90 80 70 60 pPpm
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L= G B e WL BT B S B G B S B0 B =R S U RS I
S MWW M e e o G W Current Data FParamsters
N TN A A A A Ao oo WANE SLE2-0D27-1¢0
oo e o o o S Y o o Elgggo t
M WWJ F2 - Acquisition Parameters
Date_ 20200626
Time 1.47 h
INSTEUM Zpect
PROBHD  L148653_00032 (
PULFROG zg30
1 . TD 65536
3.4h and 3.22h, *H NMR (600 MHz), CDCls: I
nus 16
DS 2
SWH 12019.230 Hz
FIDEES 0.266728 Hz
20 2.7262976 mec
F F RG 176,24
DWW 41.600 uzse
DE 5,50 uzec
3 4h TE 292.6 K
- D1 1.00000000 msc
+ TDO 1
SFOL 600,0027050 MHz
nUCL 1H
Fl 15,50 uzec
F3c PLWl 13,23200035 W
F2 - Procsszing parameters
5 65536
F o G00.,0050162 MHz
WDW EM
55 0
LE 0.20 Hz
GE [
F3C BC 1.00
_ - J
[ T T T T T T T T T T T T T T T T 1
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
0 10w foo]9
o - C'j o QW"!
o ==t ||ou|=r oy
GEHE D REOWO A AR B E A D AR AR 06§
NAdRR MMMBEEODRdBoAddA AN NonSaREn a0
Addd mueddddddcoanondangwgon e Current Data Parameters
T s e B e s Bl s i s e e TANE SLE2-027-1Carbon
EHPHO 1
\\ // &K%\W/) FROCHO 1
F2 - Zequicition Paramestsrs
Date_ 20200626
Time 14,31 h
INSTRUM apect
PROEHD  G148653_0003 (
3.4h and 3.22h, PULFFOG EETEL
™D 65536
13 SOLVENT CDo13
C NMR (150 MHz), 15 ¢00
D 1
CDCI . E 36231.883 Hz
3. FIDRES 1.105709 Hz
L) 0.9043968 zec
RE 199,73
oW 13,200
F F o= 6.50
TE 300.1
Dl 4.00000000 =zec
3 4h D1l 0.03000000 =ec
- TDO 1
SFPOlL 150.8864644 MHz
+ nuclL 13zc
Pl 12.00 usec
PLWL 77,65699768 W
sFo2 600,0074000 MHz
F3c nycz 1H
CPDPRG[2 waltzlé
FCED2 70,00 usec
PLWZ 12,23200035 W
F PLWLZ 0.6487699
PLWLZ 0,32633001 W
F2 - Processing paramsters
g 32768
E 150.8713821 MHz
F3C 7 EM
o
3.22h 1200 e
0
1.40
L i et
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: B e I I T e L Current Data Parameters
monanaaaadadadaddegsegseg e F NAE LE2-031-1
|l [ S S S A S S S S S S S S S S - [+) EXENO 1
FROCNO 1
F2 - Requimition Farametsra
Date_ 20200625
Time 0.42 h
. INSTRUM apect
3.4i PROBHD  D148658_0003 |
F FULFROG zg30
+ TD 65536
SOLVENT [ nYuh Re
s 16
F3C DE 2
SHE 12019.230 Hz

FIDRES . 98 Hz
0 , :
RG .7
oW 41.600 uasc
oE 5.50 uzsc
TE 296.2 K
=51 4.,00000000 s=c
F F3C TDO 1
SFOL 600,0087050 MHz
3.22i e
" Pl 15.50 uzse
PLWL 13.23200035 W
. .1 F2 - Procsesing parametera
3.4i and 3.22|, H NMR (600 MHZ), CDCIg: s 65536
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F2 - Aequisition Paramsters
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F2 - Aequisition Paramstere

Date_ 20200625
Tims 3.13 b
INSTEUM apect
FROBHD L148658_0003 |
PULFROE zg20
. ™ §5536
3.22], 1H NMR (600 MHZ), CDCI3: SOLVENT eDol3
uz 16
s z
EWH 12019.230 Hz
FIDRES 0.266792 Hz
0 2.7262976 mee
RG 192,73
CF DWW 41,600 uzee
3 DE 6.50 uaesc
TE 296.4 K
D1 4.00000000 e
OMe DO 1
SFoL 6000087050 MHz
wueL 1H
F1l 15.50 uaee
PLWL 13.23200035 W

CF;

F2 - Processing paramsters

s 65536
5F 600.005015% MHz
WD EM
e 0
e 0.20 Hz
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EXFNO 1
| NN E e | )
P2 - Requisition Paramsters
Date_ 20200825
. Tims 4,41 n
3.22j 13C NMR (150 InSTRUN apect
’ FROEHD Z2148658_0003
FULFROG z 20
MHZ), CDCls: D 55536
SOLVENT [ ]k B
s a00
Do 4
CF ZWE 36231.883 Hz
3 FIDRES 1.10570% Hz
AD 0.20439268 zec
EC 1292.73
D 13.800
oMe DR 6.50
TE 298.1
DL 4.00000000 ssc
D11 0.03000000 zec
CF TDO 1
3 SPO1 150.8864644 MH=z
nucl lzc
Fl 1z.00 uzec
FLWL T7.65699768 W
=) wled 600.0074000 MH=z
mocez 1H
CPDFRG[2 walt=zlé
PCPDZ 70.00 usec
FPLWZ 132.23200035 W
PLWLZ2 0.64876997 W
PLWLZ 0.32633001 W
F2 - Processing paramsters
eI 22762
&) 150.287123798 MH=z
i EM
2EB [+
LE 1.00 H=z
GEB 0
BC l.40
L | L " "
T T T T T T T T T T T T T T T T T 1
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3.4k and 3.22k, *H NMR (600 MHz), CDCls:

OMe

! 34k

— 3,879

Current
HAME
EEPNO
PROCHO

ra
Date_
Time
INZTERUL
PROEHD
PULFECG
TD
SOLVENT
ns

SWH

PID
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TE

Dl
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PLWL

P2

Data Faramstersz
SLGZ-0280_2

1

1

- Acquigition Paramsters

20200707
4.2l h
apect
LE55201_0104
=q30
65536
CDClz
16
2
12019.,220 Hz
0.,266728 Hz
2.7262976 szec
56.86
41.600
6,50 usee
296.3 K
4,00000000

uazec

asc
MH=

. uzec
11,99249229892 W

- Processing paramstera

81 65536
MeO g 599.,9550157 MHz
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s 0
LE 0.20 Hz
F3C cE 0
i PC 1.00
MeO F3C
ot Wy A —
T T T T T T T T T T
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o= ©|w
Wr) 9|l |lo |~
nlolo ©l-
e e @] o] o] MO ] 00 OO WM GO -
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s EXPNO 1
[ = s 1
F2 - Aequisition Paramsters
3.4k and 3.22k, B o Pazan:
13 ( ) Time 5.22 b
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EULEROG zopa30
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soLvEnT epe1s
ns 500
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DE 6,50 uzse
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3 DO 1
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ez 1H
CPDFRG[2 waltzle
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3'22k F2 - Processing paramsters
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o
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o
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R A . Current Data Paramsters

P - HNAME SLG2-0320-1

[l e e S S S = I =) L] EXFHO 1
PROCHO 1

%

F2 - Roquizition Paramsters

Dats_ 20200625
Time 0.36 h
THSTRUM apect
PROBHD 5148658_0003 (
FPULFROG zg20
TD 65536
SOLVENT [ nlh Re)
us 16

= 2
SWH 12019.230 Hz
FPIDEES 0.,266792 Ha
pln) 2.7262976 amec
EGC 129,72
DWW 41.600 uvasc
DE §.50 uzec
TE 296.2 K
Dl 4.00000000 zec
TDO 1
SEOL 600.,0087050 IMHz
nmoucL
FlL 15,50 uzec

3.41, 'H NMR (600 MHz), CDCl

F2 - Frocessing parametsrs

] 65536
2 600,0050156 MH=z
MeO WD Bl
[}
0.30 Hz
L]
1.00
OMe
. .
-1 ]
7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 PpPmM
58 (8= ]
==l |=l= ©
o que o o
] F8E 3 2 -
I Jer o 4 < Current Data Parameters
4 and o 9 HAME 5LG2-030-10
EZFTO 1
‘ v | FROCHO 1
F2 - Acquisition Faramsters
Date_ 20200625
Tims 155 h
THSTRUM spect
PROBED  Z148658_0003 (
PULPROG Zqpaio
65536
SOLVENT cDe13
us 500
Ds 1
v 36231,883 Ha
1 . PIDRES 1,105709 Hz
3.4l, *C NMR (150 MHz), CDCls: % 0:5043363 sec
oW 13.800 usse
DE .50 uzsc
TE 298.0 E
MeO D1 4,00000000 sec
D1l 0.03000000 s=c
TDO 1
SFOL 150.8864643 1MHz
el 13¢
FL 12,00 usse
BLL 77,65695768 W
sroz 500.0074000 MHz
woez 11
CEDFRG[2 waltzls
70.00 usze
OMe 13.23200035 ¥
064876997 W
0.32633001 W
ing paramsters
32768
s 150.8713932 MH=
WDW Bl
o
LE 1.00 Hz
=3 o
EC 1.40
T T T T T T T T T T T T T T T T T 1
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 pPpm
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Current Data Paramstera

NAME EBAD1-002_Spot 2
EXPHC 1
PROCHNO 1
F2 - Acquisition Paramsters
Date_ 20190628
Time 17.08
INSTRUH spect

FPROBHD 5 mm PA
FULFROG

™
3.4m, 'H NMR (600 MHz), CDCls: nenE
= 2
SWH 12019.230 H=
O 0 FIDEES 0.183399% Hz
RO Z.7262976 zec
& 194,75
DW 41.600 uzec
DE 6.50 uasc
(o) (o] TE 293.3 K
Dl 4.00000000 zec
TDO 1
"HAWMEL £1
sFol 599.9587050 MH=
wuel 18
Pl 7.75 usec
PLUL 11,99499989 W
F2 - Processing paramsters
51 65536
I 599.09550195 MH=
WDW BN
se 0
B 0.30 Hz
GB 0
BC 1.00
. . . L
I T T I I I I T I I I I I T T I I 1
B85 B8O 75 70 B65 60 55 50 45 40 35 30 25 20 15 10 ppm
ol =] <
o @ - o
3 3 Ha 2 o
305 5] o i Current Data Paramsteraz
AA A A o AR BADL-002-02-013
EXPHNO 1
FPROCNO 1
F2 - Aequisition Paramstsra
Date_ 20200615
13 Time 22,17 b
INZTRUM spect
3.4m, **C NMR (150 MHz), CDCI PROBHD 2142658 0003 |
EULEROG =gpa30
™ 65536
(o) (0] ZOLVENT Dol
nz 1024
Dz 4
e 36231.883 Hz
0 0 FIDFES 1.105709 H=
20 0.9043968 asc
Re 199,73
DI 13,800 uese
DE 5.50 ussc
TE 298.1 K
bl 4.00000000 aze
D1l 0.03000000 z=c
DO 1
sFol 150.2264644 1H=
MUl 1z¢
Fl 12,00 uese
PLWL 7765699768 W
SFOZ 600.0074000 HHz
MUz 1H
CPDPRG[2 waltzlé
PCED2 70,00 uese
PLI2 12.23200035 W
PLWL2 0.64876997 W
PLHL3 0.32633001 W
F2 - Procsseing paramstsrs
s 32768
sF 150.8713843 1Hz
WDW ENM
s 0
LB 1.00 Hz
GE ]
Pe 1.40
150 140 130 120 110 100 90 BO 70 60 50 40 ppm
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3.22n, 'H NMR (600 MHz), CDCls:

CF;

CF;

Current Data Paramesters

NAME SLEZ-011_ol
EXPNO 1
BROCHO 1
F2 - Requ tion Paramsters
Date_ 20200616
Time 23.55 h
INSTRUM apect
FROEHD El42652_0002
PULFROG z=g30
TD 65526
SOLVENT cDelz
nNe 1l

5 2
SWH 12019,230 Hz
FIDEES 0.366798 Hz
20 sec
i
DW uzec
DE uzec
TE K
D1l 4.00000000 zec
TDO 1
EFOL 600.0087050 MHz
Nuel 1H
Pl 15,50 ussc
PLWL 12,22200035 W

s@ing paramsters

g 65536
= 600.0050161 MH=
EM
a
0.20 Hz
o]
1.00

8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppm
=) ©| ==
< el ]
o | o=
2 AReaedde0HAo e NN
FOBOMAG G AP D G 6w
S RRRRRgnsooELANRds Currsnt Data Paramsters
S Aaaaanafdanannnnnn HANE BLG2-011_Col_13C
EXPNO 1
F2 - Aequizition Paramsters
Date_ 20200617
Time 3.27 h
INETROM spec
PROBHD  Z143635_0003 (
EULPROG =apg30
13 TD 65536
3.22n, 3C NMR (150 MHz), CDCls: sovven epe1s
Ds 3
SHH 36231.883 Hz
FIDRES 1.105709 Hz
20 0.9043268 osc
1] 183,73
D 12,800 usse
DE 6,50 =
TE 298,32
DL 4.00000000
D1l 0.02000000
TDO 1
SFOL 150,8864644 MHz
el 130
CF Pl 12,00 uasc
3 EL¥L 77.65698768 W
SFO2 600.0074000 MHz
ez 1H
CPDERG[2 waltzlé
ECED2 70.00
PLE2 13.23200035
PLIL2 0.64876997 7
CF ELWL3 0.32633001 W
3
F2 - Processing paramster:
S 32768
150.8713816 MH=
BN
o
1.00 Hz
o
1.40
. L )
T T T T T T T T T T T T T T T T T T
145 140 135 130 125 120 115 110 105 100 895 90 85 80 75 70 ppm

197



10,029

7.9299
7.9886
7.925
7.912

/

T @y
[T
D00 o
[ ol el e

3.22a, 'H NMR (600 MHz), CDCls:

CF;

ates"

CF;

Current Data Paramsters

HANE BLG2Z-035_1
EXPHO 1
PROCHO 1
FZ - ARcquisition FParamsters
Date_ 20200706
Time 21.32 h
INGTRUM apect
FROBHD 5148658_0003
FULFECG zg30

TD B5536
SOLVENT CDe1l3
ol le

= 2
SWH 12019.2320 Hz
FIDRES 0.366725 Hz
le) 2.7262976 zec
EG 199,72
D 41.600 ugsc
=) 6.50 uzec
TE 302.6 K
Dl 4.00000000 zec
TDO 1
SFPOL 600.0087050 IMHz
nuel 1H
Fl 15.50 uzse
FLWL 13.23200025 W

FZ - Procgesing paramstera

21 65526
=) 600.0050157 MHz
EI
0]
0.20 Hz
1.00
L | L | L__
T T T T T T T T
10 9 8 7 6 5 2 ppm
[ Do|o||u
d @o(al|e
o —INl~—llc
NE WG S BN 000 ® 0w
AEANERNESERARNEESS
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3.22a, *C NMR (150 MHz),

CDC|31

CF3

CF;

S

CHO

i“l

Current Data Paramsters

NAME SLE2-035_1¢

EXPNO 1

EROCNG 1

F2 - Acquisition Faramstsrs

Date_ 20200706

Time

INSTRUM 5,

FROEHD  Z142653_

FULFROG

TD

SOLVENT

ng

D& 1

SWH 36231.8683 Hz

FIDRES 1.105709 Hz

20 0.9043968 sec

RG 198,73

DW 13,800 uzsc

DE 6,50 uzsc

TE 304.3 K

D1 4.00000000 szac

D1l 0.03000000 szc

TDO 1

SFOL 150.,8864644 MHz

nUeL 13¢

Pl 12.00 uzec

PLWL 7765699768 W

SFoz 6000074000 MHz

woex 1H

CPDERG[2 waltzls

ECPDZ 70,00
13.2320003%
0.64876997
0.32633001

F2 - Frocsssing paramsters

T T T T
190 180 170 160

T T T
150 140 130

T T T
120 110 100

T
20

T
80

2 2768
SF 150.,87L3773 MHz
WDW EN
58] o
LE 1.00 Hz
GB ]
BC 1.40
T 1
50 ppm
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= = Current Data Paramsters
" - NAME SLE2Z-022_1
=1 PR EXFNO 1
— [ S e e e e S PROCHO 1
M%J FZ - Acguisition Paramstzre
Date_ 20200618
Time 0.12 h
INSTRUM apect
PROBHD 2148658 0003 |
FULFFOGC
TD
SOLVENT
Nz
SWH
FIDRES
RQ
RG
DW
DE E
TE 296.0 K
3.22b, 'H NMR (600 MHz), CDCl;: ™
OO 1
* ’ ( Z), ZFoL 600.0087050 MH=
el 1H
Fl 15,50 uasc
CF3 CHO PLWL 13.23200035 W
FZ - Procesasing paramstera
5T 65536
) 500.00501 63 MH=
WDW EM
===3 4]
LB 0.30 Hz
GE ]
CF Bo 1.00
3
(P L
I I I I I I I I I I I I I I I I I
105 100 95 80 B85 BO 75 70 65 60 55 50 45 40 35 30 ppm
© =[w|[;m( oo
] @@ | & 5|5
[=] clg|o|o|—
5 PO O O O
2 BERUERNHEEEEANEREHE
o Grosdddddadagonn e dao Current Data Farameters
a bl QS N e | WANE SLGZ-022_1¢C
EXPHNO 1
FPROCHO 1
F2 - Acquisition Faramsktsrs
Date_ 20200618
Time 1.27 h
INSTRUM apect
PEOEHD  Z142658_0003 (
PULEFROG zgpg 30
D 65536
SOLVENT CDCl
ws 100
3.22b, 3C NMR :
SwH 36231.283 H=
FIDEES 1.105709 H=
(150 MHZ), CDCIa: 20 0.9043968 n=c
Re 199,73
oW 13.200 usec
oE 6.50 uasze
TE 298.0 K
o1 4.00000000 ==
CF3 CHO D1l 0.03000000 ase
TDO 1
sFol 150.8264644 M=
NUCL 13c
Pl 12.00 uaese
FLul 77.65699768 W
sFO2 600.0074000 1H=
NUCZ 1H
CPDERG[2 walt=lé
CF PCPD2 70.00 uasc
3 PLWZ 13.23200025 W
PLU2 0.64876997 W
FLIl3 0.32633001 W
F2 - Processing parametera
s 32768
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