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Abstract

C-H Functionalization Inspired Total Synthesis and New Donor/Acceptor Carbenes for
Asymmetric C-H Functionalization

By Aaron T. Bosse

Dirhodium(II)-catalyzed C-H insertion by donor/acceptor carbenes has become a powerful
tool for catalyze controlled C-H functionalization. The Davies lab has spent decades developing
various ligands to alter the steric and electronic profile of dirhodium tetracarboxylate catalyst,
resulting in a “toolbox” of catalysts for a wide array of selective C-H functionalization reactions.
The first chapter gives an overview of rhodium carbene chemistry, along with their applications in
natural product synthesis.

The second chapter discusses the application of the newest generation of dirhodium
tetracarboxylate catalysts applied to the total synthesis of (-)-cylindrocyclophane A. These C»-
symmetric natural products have a fascinating molecular architecture featuring a
[7.7]paracyclophane ring. I developed and accomplished a route encompassing 6 C-H
functionalization steps and primarily constructing the carbon skeleton through these steps. Four
enantioselective carbene-induced C-H functionalizations to generate the six stereogenic centers,
two palladium-catalyzed C-H functionalizations of diazocarbonyl compounds, and four directed
C-H acetoxylations. Currently I am on the final step in the synthesis where completion of this work
will represent a pinnacle for what C-H functionalization can achieve in total synthesis.

The third chapter describes the successful completion of an enantioselective formal
synthesis of (-)-aflatoxin B>. The route developed here highlights two impressive C-H
functionalization methodologies enabling a completely novel strategy to this family of natural
products. Chiral dirhodium-mediated C-H insertion not only establishes a key benzylic
stereocenter with high enantioselectivity but also installs the appropriate functionality for the
annulation of the C-ring. Following the carbene insertion, carbonyl-directed bis C-H acetoxylation
site-selectively introduces the appropriate oxidation functionality needed. Together, these crucial
transformations provide direct access to the tricyclic core of (-)-aflatoxin B> and highlight the
considerable potential of site-selective C—H functionalizations in natural product synthesis.

The fourth and final chapter details the development of a-aryl-a-diazoketones for highly
selective intermolecular C-H functionalization. The inspiration for this work stems from the desire
to expand the chemical space one can access with our rhodium carbene technology. We
hypothesized the ketone functionality could function as a surrogate for chiral alcohols and amines,
greatly expanding on the established work with aryl diazoacetates. Optimization of the
ketone/catalyst pairing lead us to a highly selective system using an aryl ketone and Rha(S-
TPPTTL)4. Following functionalization, we demonstrated this new ketone handle can be used to
synthesize chiral benzylamides, allowing access to new chemical space unseen by the previous
diazoesters.
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Chapter 1
Introduction to Selective C-H Functionalization via Dirhodium Carbenes and

Applications in Total Synthesis

1.1. Site-selective C-H Functionalization

After decades of experimentation and failure, C-H Functionalization has emerged as a
practical technology for the streamlined synthesis of complex molecules.!”” Traditionally organic
chemistry has been limited to transformations through functional group manipulation. Energetic
and electronic differences between functional groups and C-H bonds are needed for a selective
reaction to take place. Utilizing functional groups limits the chemical space one can access, as well
as increases the step count and cost to a valuable molecule.® Alternatively, C-H functionalization
proceeds through direct reaction of a C-H bond, removing the need for an additional functional
group handle. Yet the ubiquity of the C-H bond in organic molecules reveals the defining challenge
for the field, namely site-selectivity.!: 3% 6918 Qut of this problem of functionalizing a single C-H
bond, two solutions have been developed.

One of the first solutions developed is to control the reaction selectivity through the
substrate itself. Radical reactions have achieved site-selectivity through intramolecular hydrogen
transfer via the Hofmann-Loffler-Freytag (HLF) reaction.!®-2* While an effective strategy, the HFL
reaction is limited to the inherent bias of the substrate and thus a specific C-H bond 5 atoms away.
Moving to transitional metal catalysts, extensive work has been done on exploring and developing
directing groups to control the metal’s insertion into a specific C-H bond by chelation of the
directing group with the metal.®> 2>2° Initial development of directing groups utilized strong

directing groups that tightly bind to the metal.’® ! While these gave great selectivity, they only



worked with specific directing groups and installing/removal of them added unnecessary steps in
a synthesis.>? Recently, Jin-Quan Yu has pioneered a new idea of weakly coordinating directing
groups.” 3* These functional groups, such as simple carbonyls, now reversibly bind the metal
enabling a wide array of directing groups, that theoretically could be any functional group.**

The second solution to site-selectivity in C-H Functionalization is catalyst control.?>-%
Enzymes, which in biological systems are known to be exquisitely selective for a specific substrate
and reaction, have now been engineered to work in a flask.**4? Directed evolution, pioneered by
Francis Arnold, is where an enzyme is fed a certain non-natural substrate, then evolved over
several iterations to be highly selective for the desired transformation.*> Beyond enzymes,
privileged transitions metals combined with special ligands, have become another effective
platform for catalyst-controlled C-H functionalization.!® Excitingly, this system has the potential
to be general for catalyst-controlled selective C-H functionalization by the development of ligands
for various C-H bonds. The ultimate outcome of this strategy would be the creation of a “toolbox”
with an array of catalysts with different ligands, each with a defined steric and electronic profile
to tune the selectivity.

To date, one of the most powerful transformations of this type is the catalyst-controlled C-
H functionalization and C-C bond formation using metal carbenes.® !% !> The traditional way a
carbene is formed is through the decomposition of a diazo compound by various metals, typically
copper or rhodium.* The metal carbene is generated in situ when the diazo compound approaches
the electrophilic catalyst, extruding nitrogen to form the transient carbene.!> The metal carbene
then inserts itself into a C-H bond through a concerted hydride abstraction event (Scheme 1.1).!°
Due to the partial positive charge build-up in the transition state for the C-H insertion, the site on

the substrate that best stabilizes the intermediate will preferably be functionalized. However,



depending on the steric environment around the catalyst, ligands can force the carbene under

catalyst control, reacting with sites not typically preferred by the substrate.!”

\
R1 [MLn] R1 - \ . R1
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R? R? R?
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Scheme 1.1 General mechanism for metal carbene formation and C-H functionalization

1.2. Dirhodium Carbene Chemistry and Catalyst Toolbox

There are a variety of metals that decompose diazo compounds, however dirhodium (II)
complexes are the most efficient for metal carbene transformation.** 4> These dirhodium carbenes
have been spectroscopically shown to be similar to group VI Fischer carbenes, and computational
data indicates the rhodium carbene is extremely electrophilic, allowing C-H bonds to act as
nucleophiles.*¢-*® This links the stability and selectivity of rhodium carbenes to the electronic
properties on the diazo substrate, allowing one to tune the reactivity based on the substituents
(Figure 1.1). These diazo compounds, carbene precursors, have been classified into five groups.*
Acceptor carbenes with one or two electron-withdrawing groups attached demonstrate limited
selectivity for intermolecular C-H functionalization due to the high reactivity of the unstable metal
carbene.!? In contrast, donor carbenes with one or two electron-donating groups attached, stabilizes
the carbene which lowers reactivity but increases selectivity.*? Therefore, to find the goldilocks
zone of reactivity, the Davies group developed donor/acceptor carbenes.*>° The acceptor group
keeps the reactivity while the donor group attenuates the carbene’s electrophilicity by donating

electron density into the empty p-orbital of the carbene carbon.*>-!
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Figure 1.1 Dirhodium carbene classes

Once the donor/acceptor diazos were found to be the superior carbene source, several
dirhodium catalyst have been developed for site- and stereoselective C-H functionalization. While
the electronics on the diazo is critical for selective reactivity, equally as important is the ligand
scaffold around the metal. In the Davies group, we have developed three generations of dirhodium
tetracarboxylate catalysts, each with their own selectivity profile (Figure 1.2). The first-generation
catalysts have chiral sulfonyl proline ligands.*?->* The most broadly used, Rho(DOSP)4, includes a
dodecyl sulfonyl proline ligand, allowing solubility in non-polar solvents increasing its
performance.>? Notably, Rho(DOSP)4, functions well across a wide range of C-H bonds, preferring
activated bonds either benzylic, allylic, or adjacent to oxygen or nitrogen.** Other proline-based
catalysts, like Rha(biDOSP)4, include a linker between the proline rings rigidifying the catalyst, in
hopes to improve the reaction profile. However, Rho(biDOSP)4 was never fully explored due to
the difficulty of the synthesis and the use of terz-butyllithium.>®> The second class of catalysts is
phthalimido-based and originally developed by Hashimoto, the most significant being Rho(PTTL)4
and Rha(TCPTTL)s, used for enantioselective amidation.>¢>° Impressed by the results with these

catalysts the Davies lab developed Rhy(PTAD); and Rhy(TCPTAD)s to use with our



donor/acceptor carbenes. The synthesis of these two catalysts leverages the selectivity of
Rh2(DOSP) to functionalize the adamantane scaffold, providing a new catalyst with increased site-
selectivity and reactivity.®® ¢! The adamantyl group is bulkier than the zerz-butyl group, blocking
the bottom face of the catalyst, increasing asymmetric induction in the C-H insertion step. These
second-generation catalysts were designed to be readily diversified through a variety of chiral
amino acids for the ligand synthesis. Most recently, Rho(TPPTTL)4, was developed as the newest
member in this generation for the desymmetrization of cyclohexane derivatives.®> The third
generation of catalysts feature chiral triarylcyclopropane ligands.®* % Just as Rhao(PTAD)4 was
inspired by C-H functionalization of adamantane using Rha(DOSP)4, the third generation is
prepared through asymmetric cyclopropanation of 1,1-diphenylethylene using the first- or second-
generation catalysts (JT-28).65%% These ligands are called TriPhenylCycloPropanecarboxylates
(TPCP), many of which are sterically congested allowing for unseen selectivity from the previous
generations. Crucially, these catalysts have a highly modular route and can display a wide range

of conformations, resulting in novel selectivity.
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Figure 1.2 Representative dirhodium catalysts used in the Davies group



With the catalyst toolbox expanding we now have catalysts capable of functionalizing C-
H bonds that are difficult or previously impossible to react with. Each dirhodium catalyst was
developed to distinguish between C-H bonds with no electronic bias and only slight steric
differences, shown eloquently in the branched hydrocarbon model in Figure 1.3. This selectivity
paradigm is illuminated in the reactions of 2-methylpentane with donor/acceptor diazoacetates and
our newest catalysts. Using Rhy[R-3,5-di(p-'BuPh)TPCP]s (or Rhao(R-DiBic)4) this bulky catalyst
is capable of inserting the carbene into the most accessible methylene C-H bond of the substrate.®
Since the catalyst itself contains an elaborate triphenylcyclopropane (TPCP) ligand, high
diastereo- and enantioselectivity can be achieved without substantial steric difference around the
C-H bond in the substrate. After the creation of this catalyst, further efforts in the lab have allowed
successful site-selective C-H functionalization at the most accessible tertiary C-H bond by Rha(R-
TCPTAD)4, and primary C-H bond by Rh[R-3,5-tris(p-‘BuPh)TPCP]s (or Rha(R-TriBic)4).5> 6
These results demonstrate the power of dirhodium (II) tetracarboxylate catalysts in their ability to
override substrate control in favor of catalyst preference. Beyond hydrocarbons the scope of these

catalysts has been demonstrated on more complex targets, such as steroid derivatives.
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Figure 1.3 General site selectivity of Davies catalyst toolbox

Recently, the Davies group has been able to push the site-selectivity even further with the
disclosure of a new TPCP catalyst. This novel catalyst has an ortho-Cl substituent on one of the
phenyl rings that not only changes the overall geometry but has a unique site-selectivity.®” The
catalyst, Rho(R-2-CI-5-BrTPCP)4, is capable of completely overcoming the electronic bias in a
substrate and will functionalize the most accessible C2 methylene C-H bond, even in the presence
of electronically activated methylene C-H bonds (Scheme 1.2). Not only is the reaction highly
regioselective but also enantio- and diastereoselective. Additionally, the complementary site-

selectivity at the benzylic position can be achieved with Rho(R-TCPTAD)s. It is hypothesized that



the ortho-Cl based catalyst is sterically more encumbered and therefore prefers the most sterically
accessible methylene proton. Furthermore, the ortho-Cl substituent is essential in changing the
symmetry of the complex to Cs, while other TPCP catalysts tend to adopt D> or C, symmetry.!°
Moving beyond simple hydrocarbons, the rhodium carbene chemistry has been applied in the
synthesis of bioactive pharmaceuticals, such as Ritalin and Effexor.!* -0 Even more impressive,

this technology has been used in the synthesis of natural products.
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Scheme 1.2 Complementary site-selectivity of Rha(R-2-Cl-5-BrTPCP)4 and Rho(R-TCPTAD)4

1.3. Applications of Dirhodium Carbene Chemistry in Total Synthesis

The ability to develop a novel methodology and then apply the technology to natural
product synthesis will always be the penultimate demonstrate of its utility. Over the decades of
developing new dirhodium catalysts, the Davies lab has been highly successful in applying these
catalysts to total synthesis endeavors. This thesis will discuss the five most recent syntheses tackled
by the Davies lab leveraging C-H functionalization strategies made possible by dirhodium (II)

tetracarboxylate catalysts.
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In 2006, the first-generation catalyst, Rho(R-DOSP)4, was successfully used in the
synthesis of (-)-colombiasin A (Scheme 1.3).”! Using a vinyldiazoacetate, the key step in the
synthesis is a C-H activation/Cope rearrangement that kinetically resolves a stereocenter as well
as forms two new ones. Incredibly this step also goes with remarkably high diastereoselectivity
and high enantioselectivity (>20:1 dr, >95% ee). The result of this impressive transformation is a

14-step synthesis where the key carbene step sets three stereogenic centers in a single reaction.

| C-H Activation/Cope Rearrangement

TBSO e
MeO
TBSO e O‘
Me
MeO 1) Rhy(R-DOSP),
— -— TBSO
Me g 2) H,, PdIC ¥
3) LiAIH,
TBSO Me MeOQC\n/\/ Me
(—)-colombiasin A HO 34% over 3 steps N
>95% ee 2

(Davies, 2006)

Scheme 1.3 Key step in the total synthesis of (-)-colombiasin A

The second-generation of catalysts, Rho(R-PTAD)4 was successfully used in the synthesis
of (-)-5-epi-vibsanin E (Scheme 1.4).”> Rhy(R-PTAD)s enables highly efficient [4+3]
cycloaddition with dienes, which was leveraged to form a cycloheptane in the key step. Formally
a [4+3] cycloaddition proceeds through first cyclopropanation of the diene by a vinyldiazoacetate,
followed by a Cope rearrangement to form the enantioenriched cycloheptane. This step not only
forms a difficult medium size ring, but also a quaternary stereocenter with high enantioselectivity
(90% ee). The result of this transformation is an 18-step route where the key rhodium catalyzed

step allows rapid assembly of the tricyclic core.
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Scheme 1.4 Key step in the total synthesis of (-)-5-epi-vibsanin E

Continuing with the success of the second-generation catalysts, the next synthesis utilizes

Rh2(R-PTTL)s in a C-H functionalization of an activated C(sp®)-H bond. In a collaboration with

the Yu group, we sought to apply multiple C-H activation steps in a row to access the core scaffold

in the natural product lithospermic acid.” In a short C-H activation/C-O cyclization sequence, the

core dihydrobenzofuran architecture can be assembled (Scheme 1.5). The C-H functionalization

proceeds through the insertion of a benzylic methylene adjacent to a silyl protected alcohol. This

doubled activated proton allows for efficient hydride abstraction, combined with the ligand

scaffold to yield a highly selective step (>97:3 dr, 95% ee). While the authors did not make the

actual natural product, the strategy demonstrated allows for rapid formation of the core scaffold.

sp® C-H Activation

lithospermic acid core

(Davies/Yu, 2013)

MeO O

MeO\?O ] OMe
OMe

OTBS

N
M
eo\©)\COZMe
OMe
Rhy(R-PTTL),
- H
OMe
70% yield, 95% ee OTBS
>97:3 dr

Scheme 1.5 Key step in the synthesis of lithospermic acid core
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The next synthesis moves from the traditional focus of the Davies lab on C(sp?)-H
functionalization to C(sp?)-H functionalization. In 2015, the Davies lab partnered with the Itami
group to tackle the synthesis of dictyodendrin A.7* Using Rho(S-TCPTAD)4 the team was able to
do a double C(sp?)-H activation of the protons on the pyrrole core (Scheme 1.6). An initial C-H
cross coupling followed by the double carbene C-H insertion, enabled a rapid construction of the
core architecture, demonstrating how C-H functionalization logic can streamline synthesis. The

result is a formal synthesis that is 12-steps in the longest linear sequence.

sp? C-H Activation N
2

MeO
CO,Me
MeO

Rhy(S-TCPTAD), J \
H N H
NBS
70% yield
OH OMe OMe

dictyodendrin A

(Davies/ltami, 2015)

Scheme 1.6 Key step in the Total Synthesis of dictyodendrin A

The final total synthesis, and most recent attempt by the Davies lab, is the construction of
the indoxamycin core.” In this strategy, the most ambitious C-H functionalization is attempted
with bicyclo[3.3.0]octane used as the coupling partner. Previously discussed routes either undergo
a formal sigmatropic rearrangement (Scheme 1.3/1.4) or functionalize an incredibly activated C-
H bond (Scheme 1.5) where it is the only one that can react. In this system with
bicyclo[3.3.0]octane the substrate now has multiple sites of C-H bonds that could be activated.
Thus, catalyst control using a dirhodium catalyst from our toolbox would be critical for success.

Using Rh2(S-PTAD)4 the researchers were able to develop not only a reaction that was incredibly
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regioselective but also highly diastereoselective (Scheme 1.7, >20:1 rr, >20:1 dr). Following a
directed C-H activation Heck coupling, in two steps the densely functionalized architecture found

in the indoxamycin natural products was formed.

N
sp® C-H Activation COM
e
CO,CH Br 2
H Br

Rh,(S-PTAD),

-
3

86% yield, >20:1 dr

O 4 CoxCH,

indoxamycin core

(Davies/Yu/Sorensen, 2016)

Scheme 1.7 Key step in the synthesis of indoxamycin core

1.4. Conclusion

The development of dirhodium (II) carbene chemistry has exploded over the past decade.
It has moved from an organometallic novelty to a serious and powerful strategy for the synthesis
of small molecules or complex targets. The ability to access new chemical space instantly and with
high regio-, enantio- and diastereocontrol is unmatched by most methods. This ability is
demonstrated the best in the many examples of natural product synthesis using donor/acceptor
diazoacetates. In these selected examples, the C-H functionalization serves as a linchpin step that
not only streamlines the routes but creates dense stereochemically rich functionality in a single
step. However, all the previous strategies shown previous only us the first and second generations
of catalysts and are limited to activated C-H bonds. There has yet to be an endeavor using the
newest third generation of catalysts and attempting unactivated C-H functionalization in a total
synthesis project.

The focus of this dissertation will describe the utilization of the newest dirhodium (II)

tetracarboxylate catalysts in the synthesis of two natural products. Chapter 2 will detail the most
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ambitious application of the dirhodium technology, namely the streamlined synthesis of (-)-
cylindrocyclophane A using C-H functionalization logic. Chapter 3 will elaborate on how the
strategy to (-)-cylindrocyclophane A was able to be adapted to a formal enantioselective synthesis
of (-)-aflatoxin B,. Lastly, chapter 4 will go over the development of new donor/acceptor carbene

precursors, name o-aryl-o-diazoketones.
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Chapter 2
Streamlined Approach to (—)-Cylindrocyclophane A through C-H

Functionalization Logic

2.1. Introduction to Cylindrocyclophanes

2.1.1. Isolation and Structure determination

Since their first introduction by Cram and Steinberg in 1951, [m.n]paracyclophanes have
inspired chemists with their fascinatingly unique bridge aromatic architectural complexity.! It
wasn’t until 1990 that the first [7.7]paracyclophanes were isolated by Moore and co-workers from
two species of terrestrial blue-green algae, Cylindrospermum licheniforme Kutzing and
Nostoclickia (Roth) Bornet? In this isolation report both cylindrocyclophane A and
nostocyclophane D were reported as the first [7.7]paracyclophane natural products.? Since this
initial report, teams lead by Jimmy Orjala and Sabine Mundt, have isolated dozens of other
[7.7]paracyclophane natural product. These new natural products are the ribocyclophanes,’

5> and merocyclophanes,® 7 which join the cyclindrocyclophanes® and

carbamidocyclophanes,*
nostocyclophanes® as the five subclasses of [m.n]paracyclophane natural products (Figure 2.1).
However, since this work focuses on the synthesis of (-)-cylindrocyclophane A, only discussion
of the cylindrocyclophane subclass will be detailed. The absolute configuration of (-)-
cylindrocyclophane A was determined by NMR spectral analysis.® The '3C spectrum only included
18 carbons, while the HRMS assigned a molecular formula of C3sHs6Os, therefore alluding to a
molecule with a two-fold axis of symmetry. To assign the absolute configuration 'H NMR and

DEPT experiments were performed on the (R)- and (S)-Mosher esters of the benzylic alcohols with

the four phenolic groups methylated, resulting in the elucidation of (-)-cylindrocyclophane A.3
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Figure 2.1 Molecular architecture of the [7.7]paracyclophane natural products

During their initial isolation, the cylindrocyclophanes were evaluated for biological
activity and were found to exhibit promising cytotoxicity against KB and LoVo tumor cell lines at
<20 pg/ml.? Years later, after the isolation of additional subclasses of [7.7]paracyclophanes, many
were shown to have cytotoxic activity towards various cancer cell lines: HT-29 (colon cancer cells),
FI (human amniotic epithelial cells), MCF7 (breast adenocarcinoma cells), OVCAR3 (ovarian
epithelial cancer), MDA-MB-231 (human breast cancer cells), and MDA-MB-435 (human
melanoma cells), with ICso’s in the range of 0.1-5 pM.!%!2 Additionally, they displayed
antimicrobial activity against Gram-positive pathogens with minimum inhibitory concentrations

(MIC’s) in the range of 0.1-2 pM toward resistant Gram-positive bacteria, methicillin-resistant
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staphylococcus aureus (MRSA), along with activity against S. pneumoniae with MIC’s between
0.2-3 uM (Table 2.1).1%12 The most promising of the natural products reveal antimicrobial activity
with MIC’s at around 50-fold lower than their corresponding 1Cso value against non-tumorigenic

cell line HaCaT. Demonstrating the possibility for selective antimicrobial activity over general

cytotoxicity.
Antimicrobial testing
Gram-positive Cytotoxic testing
Compound MRSA S. pneumoniae HaCaT
MIC (uM) MIC (uM) ICs0 (M)
4

. R'= R3= °_ Ri_ A:MICO0.1-1.1uyM  A: MIC0.3-22uM  A: IC5 5.0 1.9 uM
A:R'=R’=OH R'~R'=CH, D: MIC 0.9 M D: MIC 2.4 M D: ICag 1 + 1 M
D:R'=R*=OAc, R'= R"= CHy A;MIC1.02pM Ay MIC 2.1 M Ay ICsp 11.3 uM
Aq: R'= R%= OH, R?= CHj3, R*= CH,CI A,: MIC 0.96 uM Ay: MIC 1.99 uM A,: ICso 11.5 uM
A,: R'= R®= OH, R?= CHj, R*= CHCl, Az: MIC 0.45 uM Az: MIC 0.92 uM Az 1C5 8.6 UM
Az R'= R%= OH, R2= CH,CI, R*= CHCl, A4 MIC 0.43 uM A4 MIC 0.87 uM A4 1C50 9.3 uM
A4 R'= R%= OH, R%= R*= CHCl,

Cylindrocyclophane Core

Table 2.1 Biological activity of select cylindrocyclophanes

2.1.2. Biosynthesis of Cylindrocyclophane

Lead by the team that first isolated (-)-cylindrocyclophane A, Moore and co-workers tried
to elucidate the biosynthetic pathway by feeding *H, '*C, and '®O-labeled sodium acetates to C.
lichenforme cultures.!> While NMR analysis of isolated metabolites resulted in a proposed
pathway, the team was unable to unravel the key dimerization event to form the macrocyclic
structure. It would not be until 2012 when Balskus and co-workers identified the
cylindrocyclophane (cyl) biosynthetic gene cluster in C. licheniforme.'* Furthermore, they were
able to characterize several components of the polyketide synthase (PKS) machinery, and in 2017
complete the biosynthetic pathway to (-)-cylindrocyclophane F.!>!8 While this work focuses on
(-)-cylindrocyclophane A, the biosynthetic pathway to F is the same approach to A and therefore

relevant to the discussion here.



22

The biosynthesis starts with decanoic acid 2.1 converting to the decanoyl-acyl carrier
protein (ACP) thioester 2.2 (Scheme 2.1).!7 From there, the next transformation is the key step
uncovered by the Balskus lab. Decanoyl-CylB thioester 2.2 is regioselectivity and
enantioselectively chlorinated by halogenase CylC to give chlorodecanoyl thioester 2.3. With the
chlorinated substrate in hand, CylD-CylH catalyzes enzymatic reactions through a type I PKS
assembly in the presence of malonyl-CoA to convert 2.3 into intermediate 2.4. This intermediate
then undergoes resorcinol formation yielding 2.5 by malonyl-CoA under type III PKS Cyll
enzymatic catalysis. Lastly, CylK functions as an alkylating enzyme promoting the double S,2

dimerization forming (-)-cylindrocyclophane F.

Enzymatic C-H Chlorination

CylD-CylH

CylC
o Type | PKS
J\/\/\/\/\ CylA, ATP % J\/W\/\ halogenase
HO ACP, CylB cr _—
21 22 Malonyl -CoA

CylK
alkylating enzyme

ACP Type ||| PKS
CyIH M, ,U\/U\/'\/\/Y\/\ cl - .
Malonyl -CoA Sp2

HO OH

KS
25

(-)-cylindrocyclophane F

Scheme 2.1 Biosynthesis of (-)-cylindrocyclophane F

2.1.3. Previous Total Syntheses of (-)-Cylindrocyclophane A

The unique molecule architecture combined with promising biological activity has
generated considerable synthetic interest of these compounds. To date, three major syntheses have
been developed to (-)-cylindrocycophane A.'°2? Historically, the approach has been the same,
using the inherent Cz-symmetry in the natural product as a functional handle for a convergent
strategy bringing two identical components together. The three approaches that will be outlined
here all use different dimerization techniques, as well as unique strategies to build their monomers.

While all the routes display considerable chemical innovation, they all have several limitations.
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First, all of them rely on building an advanced fragment and then dimerization of the two identical
fragments. Thus, limiting only the synthesis of symmetrical paracyclophanes. Furthermore, none
of the strategies are ideally suited for the synthesis of analogs because the diversification would
have to occur early in the synthesis. Lastly, the routes all require lengthy step count between 16 to
24 linear steps, or 21 total steps in the shortest route. Thus, a streamlined and modular route would
not only allow for a shorter synthesis but flexibility to create analogs to study the SAR and MOA,
both of which have been limited by the synthesis. For all three routes, the focus will be on the
general strategy and endgame as those components relate the most to the approach that will be
outlined in the results and discussion section.

The first total synthesis of (-)-cylindrocylophane A was accomplished in 2000 by Hoye
and co-workers.?! Exploiting the C,-symmetry of the macrocycle, the team’s strategy hinges on a
late-stage Horner-Wadsworth-Emmons (HWE) coupling to provide the cyclic dimer (Scheme 2.2).
The synthesis of the monomer utilizes a commercially available lipase enzyme (Amano P-30) to
kinetically resolve an alcohol. From there they perform an Ireland-Claisen rearrangement to set
the first benzylic stereocenter. After several functional group manipulation, the HWE reaction
provided the macrocycle in 55% yield. The final stereocenter is set after the macrocyclization by
an asymmetric hydroboration using a hindered monoisopinocampheyl borane derived from (+)-
alpha-pinene. With the final stereocenter set, the endgame for Hoye includes a simple
demethylation of the methoxy groups on the resorcinol subunit. This demethylation of the
resorcinol framework is a key late-stage reaction that will be seen in the other strategies and will
be relevant to the endgame discussed in the results and discussion section. Through this strategy
Hoye and co-workers synthesized the natural product in 24 linear steps, making it the longest route

to date.
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Scheme 2.2 Hoye’s synthesis of (-)-cylindrocyclophane A

In back-to-back publications, the next synthesis of (-)-cylindrocyclophane A came out right
when the Hoye route was published, from the team of Smith and co-workers.!”> 2° The synthesis
hinges on a key ring-closing olefin metathesis (RCM) to form the 22-membered macrocycle
(Scheme 2.3). Building the monomer subunit needed for the RCM reaction, the team forms the
resorcinol ring through a Danheiser benzannulation. To create the stereocenters, both Evans and
Myers auxiliaries are used to set all the stereocenters in the natural product. When faced with the
crux macrocyclization, Smith optimized the Schrock molybdenum-based catalyst to form the
macrocycle in 77% yield. With the ring formed, Smith’s endgame focuses on removal of the TES
protecting group, hydrogenation of the alkenes from the RCM and final demethylation of the
resorcinol framework. Key to this endgame is keeping the phenols masked as methoxy group until

the final step as the free resorcinol compound can easily be oxidized to the quinone. Through this
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strategy Smith and co-workers were able to form the natural product in 16 linear steps with an 8.1%

overall yield, resulting in the shortest synthesis to date.

CM/RCM

_________________

* Danheiser
Annulation

CM/RCM

(-)-Cylindrocyclophane A
16 linear steps

_ OTIPS SnBug \)\ 0
Bu/ . .\ Ph . NJW
Alkylation with ~~2" (S

Alkylation with
Myers Auxiliary

Evans Auxiliary

Scheme 2.3 Smith’s synthesis of (-)-cylindrocyclophane A

The final and most recent total synthesis of (-)-cylindrocyclophane A comes ten years after
the first two from Nicolaou and co-workers.?? Unique to this approach is a convergent route to
both (-)-cylindrocyclophane A and F from one late stage building block. The key dimerization
used by Nicolaou is a Ramber-Bécklund olefination that forms the macrocycle in a 51% yield over
two steps (Scheme 2.4). To synthesize the monomer for the dimerization, the key step uses a CBS
reduction that then directs a diastereoselective hydrogenation. Post-macrocycle formation, the
final two stereocenters are set with the same approach employed by Hoye via asymmetric
hydroboration. Since the endgame used by Nicolaou is the same approach employed by Hoye and
Smith, namely demethylation of the resorcinol, this highlights the difficulty of handling the free

phenols.?!: 22 Like both previous routes, demethylation of the methoxy groups on the resorcinol is
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the final step in the synthesis, clearly highlighting the need to mask the phenols until the end.
Through this strategy Nicolaou and co-workers synthesize (-)-cylindrocyclophane A in 22 linear

steps.

Asymmetric S,2 Dimmerization
’ Ramberg-Béacklund

________ . Hydroboration

.......

"OHE Asymmetric
;. Hydroboration

(-)-Cylindrocyclophane A
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OMs

N .

and Deoxygenation CBS Reduction

Scheme 2.4 Nicolaou’s synthesis of (-)-cylindrocyclophane A

2.1.4. A C-H Functionalization Strategy to (-)-Cylindrocyclophane A

The importance of the inherent symmetry in cylindrocyclophane can be seen since all the
past total syntheses use it as a synthetic handle. Therefore, the approach outlined here leverages
the C2-symmetry as a functional handle in my synthetic design of the natural product. However,
what makes my approach unique, compared to the others, is the C-H functionalization strategy
used to create the core structure, which allows for rapid building of complexity. Furthermore, while
all previous routes focus on one natural product, a C-H functionalization approach would in theory
be flexible and modular, allowing access to the other sub-classes of [m.n]paracyclophanes and

analogs for studying SAR and MOA.
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In 2016, Kuangbiao Liao and co-workers from the Davies lab developed a new chiral
dirhodium catalyst, Rh2(3,5-di(p-tBuCsH4)TPCP)4 (or Rh2(R-DiBic)s), that is selective for the
most accessible methylene C(sp?)-H bond in a molecule (Scheme 2.5a).2* During the presentation
on this new methodology at a NSF CCHF meeting, Dr. Brian Stoltz suggested a novel
retrosynthetic disconnection of the cylindrocyclophane core that would highlight both the power
of C-H functionalization as an enabling technology and would allow for a new efficient synthesis
of (-)-cylindrocyclophane A (Scheme 2.5b). Thus, a collaboration was initiated between the Davies
and Stoltz group to take on this ambitious plan. To accomplish this transformation, insertion into
a terminal methylene C(sp®)-H bond would need to be preferred over the benzylic activated
methylene C(sp?)-H. Further catalyst development studies by Wenbin Liu in the Davies group
identified ortho-chlorotriarylcyclopropanecarboxylate (TPCP) ligands, which generated a superior
catalyst to accomplish this feat.?* A representative example of a reaction with this catalyst can be

found in Chapter 1 Scheme 1.2.
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Scheme 2.5 Enabling methodology and key disconnection on cylindrocyclophane

With multiple catalyst at our disposal, the Davies laboratory has established a strong
precedent for the ability to construct the core of (-)-cylindrocyclophane A via C-H activation.
Additionally, the literature is sparse in using C-H activation in creating macrocyclic rings, with
one example coming from the White group where an allylic C-H bond is oxidatively activated to
form a macrocycle.?: 2® Another recent example comes from the Baran group where two aromatic
C-H bonds are coupled together through a copper mediated oxidative process.?’” Thus, not only
would this strategy to (-)-cylindrocyclophane A be a more efficient and modular synthesis than
any other route previously developed, but it would also advance C-H insertion technology for

preparing medium and macrocyclic rings in an unprecedented cyclization event.
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Encouraged by the promising new catalyst, Rha(R-2-Cl-5-BrTPCP)4, an ambitious
disconnection of (-)-cylindrocyclophane A was developed that relies on utilizing 12 C-H
functionalization reactions (Figure 2.2). Four enantioselective carbene-induced C-H
functionalizations to generate the six stereogenic centers,’* 2 four palladium-catalyzed C-H
functionalizations of diazocarbonyl compounds,?® and four directed C-H acetoxylations.? 3! Not
only would this synthesis represent a massive jump in streamlining the synthesis to all
[7.7]paracyclophane natural products, but additionally the modularity of the route imparted by the
C-H functionalization logic now allows for future studies to probe the SAR and MOA to

systematically study the pharmacological profile.
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Figure 2.2 A C-H functionalization approach to (-)-cylindrocyclophane A

This chapter will cover the progress to the synthesis of (-)-cylindrocyclophane A using C-
H functionalization logic. A discussion on the various strategies and current endgame will be

presented.

2.2. Results and Discussion

2.2.1. Model Synthesis of the [7.7]Paracyclophane core
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Embarking on this ambitious endeavor, the first question that needed to be addressed was
whether the macrocyclic framework could be synthesized by carbene insertion using our
dirhodium technology. To validate the hypothesis, a model study was conducted where all the
functionality in the natural product is stripped away (Scheme 2.6). The purpose of this study was
to focus in on if using our carbene methodology can build the [7.7]paracyclophane core via C-H

functionalization without interference from other functional groups.

Functional group
removal

(-)-Cylindrocyclophane A Model Paracyclophane Target

Scheme 2.6 Model study target compound and strategy

The model study starts with commercially available aryl iodide 2.6. Then the first step is a
palladium-catalyzed cross coupling of the aryl iodide 2.6 with the diazoacetate 2.7x to form the
aryldiazoacetate 2.8x in 87% yield for both TCE and TFE diazoacetates.?” Next, the first key
carbene-induced C-H functionalization between 2.8c1 and 2.6 was screened under a variety of
conditions (Table 2.2). Using previously established standard conditions, the first variable
screened was the catalyst.?? Looking at the available catalysts in the Davies toolbox, only two
catalysts can selectively functionalize unactivated methylene C-H bonds. Analyzing the reaction
with Rh(R-DiBic)s resulted in an unselective reaction where the regioselectivity for the C2
methylene C-H bond versus the benzylic C-H bond was only 1:1.!' When the reaction was

conducted with Rhy(R-2-CI-5-BrTPCP)s the regioselectivity excitingly increased to 11:1
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(C2:benzylic). Additionally, the product 2.9¢) was generated in 47% yield with 75% ee and >20:1
dr.2* Unfortunately, unwanted formation of a byproduct was lowering the yield and overall
efficiency. Analyzing the byproducts showed me the major byproduct was insertion into water,
along with dimerization of the donor/acceptor diazo. To minimize dimerization the reaction was
conducted at room temperature, however this just shut down any reactivity (Table 2.2, entry 3).
Next, concentration was looked at, which lowering or increasing it also did not improve the yield
(Table 2.2, entry 4+5). Then the solvent was optimized by distillation and adding 4A molecular
sieves (4A MS) to the reaction. Excitingly this greatly minimized byproduct formation from water
engaging the carbene and increased the yield to 66% (Table 2.2, entry 6). The final variable that
was optimized was the diazo itself, where switching from the TCE (2.8c1) to TFE (2.8r) group led
to not only a jump in yield but drastic increase in selectivity to >30:1 rr, >20:1 dr and 91% ee for
2.9p (Table 2.2, entry 7).2* With this step fully optimized it was now time to move to the key

macrocyclization.
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HT])LO/\CX i o A~
8 ~ \ 2.6 (3 equiv) XsC™ "0
| N2 27 X3C O
X Ra(Lo)s O O
PPhg, Pd(PPhg)s, AgoCO3 CH,Cl,
Et3N, toluene, 23 °C |
87% yield
2.6 2.8y 2.9y
Entry Catalyst Conc. X Additive Temp Yield Prod: rr dr/ee
(M) Byproduct?® | (2°:benzylic)
1 Rhy(R-DiBic), 0.13 Cl - 40°C - - 11 -
2 Rhy(R-2CI5Br-TPCP), | 0.13 Cl - 40°C 47% 2:1 11:1 >20:1
175%
3 Rhy(R-2CI5Br-TPCP), | 0.13 Cl - rt - - - -
4 Rhy(R-2CI5Br-TPCP), | 0.05 Cl - 40°C 15% 1:2.5 11:1 >20:1
175%
5 Rhy(R-2CI5Br-TPCP), | 0.2 Cl - 40°C 25% 11 11:1 >20:1
175%
6° Rhy(R-2CI5Br-TPCP), | 0.13 Cl 4A MS 40°C 66% 10:1 11:1 >20:1
175%
7° Rhy(R-2CI5Br-TPCP), | 0.13 F 43 MS 40°C 83% >20:1 >30:1 >20:1
191%

aByproducts observed are dimerization and O-H insertion. °DCM was distilled over CaH», under argon,

over molecular sieves.

Table 2.2 Optimization of the model study intermolecular C-H insertion

After optimizing the first half of the model system, the next step was to take product 2.9
further to screen macrocyclization conditions. A second palladium-catalyzed reaction®® with 2.9y
and 2.7x gave the next carbene precursor 2.10x in 81% yield for both TCE and TFE diazoacetates,
which subsequently underwent screening via dirhodium catalyzed conditions (Table 2.3). Based
on previous results, Rho(R-2-CI-5-BrTPCP)4 was chosen as the only catalyst compatible with the
¢ 24

system, and that the reaction would require refluxing conditions and rigorously dry of the solven

When the optimization was initiated, inspiration from known macrocyclizations that perform
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under high dilution conditions, such as RCM reactions, were used as a precedent.’? Varying
catalyst loading from 1 to 5 mol % unfortunately lead to no product formation (Table 2.3, entry
1+2). Undeterred by the result it was hypothesized if more concentrated conditions would work,
therefore increasing the concentration excitingly formed some of the desired product 2.11c1 (Table
2.3, entry 3)! Notably, White and co-workers experienced the same effect with their palladium-
catalyzed macrolactonization, where White hypothesized high dilutions are unnecessary because
the catalyst dictates the maximum concentration.?6 However, at this stage the reaction was
irreproducible, and the major byproducts generated were insertion of the donor/acceptor diazo into
water along with polymerization of the diazo. Switching from the 2.10c to 2.10r diazoacetate and
distilling the solvent instead of degassing it improved the dr from 3:1 to 5.6:1 for product 2.11¢
and minimized the byproduct formation slightly. Yet the reaction was still not reproducible, and
the yield poor (Table 2.3, entry 4). Adding HFIP to the reaction, which historically has been used
to improve the selectivity of dirhodium carbene transformation,*® unfortunately did not improve
the reaction either and it seemed as if there were no more variables to change (Table 2.3, entry 5).
It was hypothesized that insertion into water was outcompeting the C-H functionalization in the
small scale which the screen was conducted. Therefore, we postulated that increasing the scale of
the reaction would minimize the background reaction and thus increase the yield. Conducting the
reaction on 1.0 mmol scale incredibly doubled the yield to 68%, as well as drastically suppressed
byproduct formation (Table 2.3, entry 6). Furthermore, increasing the scale of the reaction also
lead to a reproducible result. Excitingly, due to the symmetrical structure of the product, the
asymmetric induction is amplified in the second C-H functionalization through the Horeau
principle, and 2.11F is produced in >99% ee with good yield, although this comes at the expense

of a lower level of overall diastereoselectivity.>* Notably, this macrocyclization is the first example
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of an enantioselective macrocyclization by means of functionalization of an unactivated C(sp®)-H

bond.?*

e

(o]
Hjl)ko/\cx3

N 2.7

FsC FsC

Rh,(R-2-CI-5-BrTPCP),
—eeeee

—_—
PPhj, Pd(PPhg),, Ag,CO3 CH,Cly, 40 °C, MS 4A
Et3N, toluene, 23 °C

81% yield

CXq

2.9, © 2.104 2.1y
Entry Catalyst Conc. X Additive Solvent Yield Prod: dr/ee
Loading (M) purification Byproduct?
1 1 mol % 0.004 | CI | 4AMS Degassed | 0% - -
2 5 mol % 0.004 | CI 43 MS Degassed 0% - -
3 1 mol % 0.02 Cl 43 MS Degassed | 0-23% 2:1 3:1/-
4 1 mol % 0.02 F 4A MS Distilled 0-24% 4:1-8:1b 5.6:1/
Fresh -
5 1 mol % 0.02 F 4R MS Distilled 0-29% 6:1-12:1° 5.6:1/
/HFIP Fresh -
6° 1 mol % 0.02 F 43 MS Distilled 68% >20:1 5.6:1/
Fresh >99%

aMajor byproduct observed is O-H insertion with some polymerization. *Inconsistent ratio, not

reproducible. cReaction done on 1mmol scale.

Table 2.3 Optimization of the model study C-H macrocyclization

With the proof-of-principle validated, we now knew that our carbene methodology could
form the [7.7]paracyclophane framework in good yields with incredibly high regio-, diastero- and
enantioselectivity. Even more encouraging was that a stepwise route was developed to build the
macrocycle, allowing diversity on the scaffold that the previous routes could not access. However,
there was still interest in a direct dimerization approach of aryl diazoacetate 2.8 to the model
paracyclophane 2.11r (Scheme 2.7). While this approach would not allow for the synthesis of

unsymmetrical cyclophanes, this strategy would be a landmark result for our methodology as in a
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single step two C-C bonds and four stereocenters would be formed. Unfortunately, after exhaustive
screening of conditions, only dimerization and polymerization of the donor/acceptor diazo 2.8
was observed. Only in one case did the reaction create any product, interestingly it was a reverse
set up where the catalyst was added directly to the refluxing diazo. Yet this resulted in a low yield
of 16% with impurities remaining after purification. Moving forward it was decided that the

stepwise approach would be the most reliable and reproducible for the synthesis.

3
Rh,(R-2-CI-5-BrTPCP),
' e
CH,Cl,, 40°C, MS 4A

16% yield

2.11¢

Scheme 2.7 Dimerization strategy to [7.7]paracyclophane core

Once the initial hypothesis was validated the next step was to probe the compatibility of
the carbene chemistry with a more functionalized substrate. This new model system consisted of
a protected resorcinol compound 2.12 in the form of acetoxy groups. This substrate 2.12 would
allow analysis of functional group compatibility with our carbene technology, specifically the
resorcinol protected acetoxy functionality. Due to the difficulty of synthesizing the aryl iodide
starting material 2.12, which was made by my collaborator Elizabeth Goldstein, only one initial
pass has been attempted on this more functionalized model system (Scheme 2.8). Palladium-
catalyzed reaction?” on 2.12 with 2.7 gave the carbene precursor 2.13, which was ready to be
subjected under the previously optimized conditions from Table 2.2. Upon conducting the reaction,

it was found to be able to do the intermolecular C-H insertion yielding 2.14, however the
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diastereoselectivity drastically suffers, switching from >20:1 to 1:1.5. Even more critically, the dr
switches and favors the minor diastereomer that does not match the natural product (see chapter 2
SI). We hypothesized that incorporating the 2,6-acetoxy functionality sterically crowds the carbene
pocket, resulting in the dr switching. Thus, this distinctly told me that the acetoxy functional groups
could not be pre-installed before formation of the macrocycle, and this result will be key to

designing the synthetic strategy.

o

Q AcO
H
ﬁ])j\o/\CFa Q 212 (H)
| N, F.CN0 N, (3 equiv) N M.
2.7 8
Rh,(R-2-CI-5-BrTPCP),
AcO OAc  PPhg, Pd(PPhy)s, AgoCO4 AcO OAc CH,Cl,, 40°C, MS 4A ACO
Et3N, toluene, 23 °C
_Yield=51%
Yield= 70% L dr=1:15""
2.12 2.13 214

Scheme 2.8 Model study on resorcinol protected substrate

In summary, we were able to demonstrate the newly developed Rha(R-2-Cl-5-BrTPCP)4
catalyst can assemble the [7.7]paracyclophane framework in good yield with excellent selectivity
(Scheme 2.9).2* Notably, the yield for the macrocyclization was able to be increased after repeating
and scaling the reaction even more from 68% to 73% yield. Moving forward, application of the
model studies were used to develop a retrosynthesis to (-)-cylindrocyclophane A based on the

results.
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0" CF, -
N 2.6 (3 equiv)
N, FsC 2

2.7¢ Rh,(R-2-CI-5-BrTPCP),
CH,Cl,, 40°C, MS 4A

PPhj, Pd(PPhg),, Ag,CO3

EtsN, toluene, 23 °C 83% yield, >30:1 r.r.

87% yield 26:1 d.r., 91% ee
2.8

2.6

(0}
H\n)J\ ~
0" "CF3 FC/\O ",

3
N2 o7,

FsC
Rhy(R-2-CI-5-BrTPCP)

=

PPhg, Pd(PPhg),, Ag,CO3
Et3N, toluene, 23 °C

81% yield

Y

CH,Cl,, 40°C, MS 4A

73% yield,
5.6:1d.r.,

0,
210, >99% ce 211,

Scheme 2.9 Summary of the model study to the [7.7]paracyclophane architecture

2.2.2. Retrosynthetic Analysis

The first-generation approach that was developed is by far the most ambitious and shortest
route proposed to the natural product (Scheme 2.10). The proposed route starts with known aryl
diazoacetate 2.15 and an ambitious primary insertion with the methyl C(sp*)-H bond in n-hexane
to set the first stereocenter.>> Following the insertion, the ester is then converted to the Weinreb
amide 2.16, which is posed to direct a double C-H acetoxylation®* 3! forming 2.17. Reduction of
the amide 2.17 to the ketone and palladium catalyzed C-H functionalization?* would afford the
diazo compound 2.18. This diazo compound 2.18 is now posed to do a double C-H
cyclodimerization to form the macrocyclic compound 2.19. The final steps would involve a
chemoselective reduction of the ketone, then hydrolysis of the TFE ester before oxidative
decarboxylation to yield structure 2.20. The last step would be global hydrolysis of the six acetoxy

groups yielding (-)-cylindrocyclophane A in 9 steps from the starting aryl diazoacetate 2.15.
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Global Deprotection

(-)-Cylindrocyclophane A
9 steps
Chemoselective Oxidative
Carbonyl Reduction decarboxylation

H) 27

Rh (Il) Catalyzed Double

Pd Catalyzed C-H Cyclodimerization

C-H Functionalization

Weinreb Amide
Reduction

Primary C-H Insertion

Directed C-H Np
Acetoxylation ®\/\/\/ O._CCl
AcO OAc ; ~o
O\\\« \\I\“' | o]
\I N Wienreb Amide Formation
N ISR
[N MeO 2.15
MeO 217 2.16

Scheme 2.10 First-generation retrosynthetic analysis of (-)-cylindrocyclophane A

While this retrosynthesis was the original strategy for the natural product, completion of
the model studies gave key insight that allowed for revision of the strategy. First, C-H
acetoxylation before the macrocycle is formed will not be viable due to the regioselectivity issue
uncovered in the model system in Scheme 2.8. Thus, directed C-H acetoxylation would have to
happen post-macrocycle formation. Next, since the Weinreb amide will be utilized to conduction
the acetoxylation, it needs to be formed and reduced after the macrocycle is formed. Alternatively,
one can envision using our TCE or TFE functionality to direct the C-H acetoxylation, over the
Weinreb amide as the directing group. However, when these functionalities were screened in a
model system to see if they could competently perform the reaction, all of them failed to produce

any product (Scheme 2.11). Therefore, the Weinreb amide is the only functional group reported to
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perform the desired C-H acetoxylation.>? Additionally, incorporation of the Weinreb amide on the
starting diazo or before the macrocycle is formed is also not viable, as the Weinreb amide
functional group incorporates extra activated protons that interfere with rhodium carbene reactions,
even with Rhy(R-2-Cl-5-BrTPCP)s. Finally, direct dimerization of a donor/acceptor diazo
compound directly to the macrocycle gave minimal desired product in the simple model 2.11F, and
therefore would not work in the complicated diazo proposed in Scheme 2.10.

OAc
Pd(OAc),, Phl(OAC),
Oo._ _CX
ISR oedl 56 ik
O )
| Ac,0, HFIP, 80°C, 4 days | OA%

X=ClI, F No product

Scheme 2.11 Failed alternative directing groups for C-H acetoxylation

With this information in hand, the strategy to (-)-cylindrocyclophane A was revised.
Considering all that was discussed above, a less ambitious and more reasonable second-generation
approach to (-)-cylindrocyclophane A is proposed (Scheme 2.12). The modified route starts with
the same aryl diazoacetate 2.15, which can be synthesized from the corresponding phenylacetic
acid derivative (see chapter 2 SI), followed by primary insertion on n-hexane.®> After the initial
carbene insertion, the same C-H functionalization sequence used in the model will be performed
to build up the macrocycle 2.23 quickly. Once the macrocycle 2.23 is formed, selective hydrolysis
of the Troc group can be performed followed by amide coupling to yield the Weinreb amide 2.24.
The amide 2.24 then can undergo the directed four-fold C(sp?)-H acetoxylation®® forming the late-
stage macrocycle 2.25. At this stage several endgames could be envisioned, namely
hydrolysis/oxidative decarboxylation of the TFE group, Grignard reduction of the amide to the

ketone, and finally reduction of the ketone to the alkane forming (-)-cylindrocyclophane A.
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Hydrolysis then
Oxidative Decarboxylation

—————————
—

Grignard Reduction then
Carbonyl Reduction

(-)-Cylindrocyclophane A
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Acetoxylation Hydrolysis
; . . Intramolecular C-H
Amide Coupling Macrocyclization

ClaC O

|

(0]

2.23
o
N
) s Hoer,
H) 27
E CAOJL" F Primary C-H Insertion
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C-H Functionalization o\/(';(‘;|3
o
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Insertion

|
2.15

Made in 93% yield over 2 steps
from 4-iodophenylacetic acid

Scheme 2.12 Second-generation retrosynthetic analysis of (-)-cylindrocyclophane A

2.2.3. Studies Toward the Synthesis of (-)-Cylindrocyclophane A

At this stage with successful synthesis of the model paracyclophane 2.11r, and a
retrosynthesis to the natural product, it was time to move forward with the route proposed in
Scheme 2.12. The synthesis of aryl diazoacetate 2.15 starts from the commercially available 4-
iodophenylacetic acid, DCC coupling and Regitz diazo transfer with o-NBSA results in the diazo
2.15in 93% yield over 2 steps (see chapter 2 ST).3¢ With the starting diazo 2.15 in hand, we moved
forward with optimizing the primary methyl C-H insertion on n-hexane. Analyzing our catalyst
toolbox, only one catalyst at the time could functionalize unactivated methyl C(sp*)-H bonds,
Rhy[R-3,5-tris(p-'BuPh)TPCP]s (or Rhy(R-TriBic)s).>> Conducting the reaction under the
published conditions resulted in a poorly regioselective reaction (Scheme 2.13). The reaction gave

a 52% yield and a mixture of regioisomers in a 1:1.4 ratio (2.21 : 2.26) favoring the methylene
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insertion over the methyl. Furthermore, this mixture was completely inseparable via flash
chromatography. Therefore, the ambitious primary insertion on n-hexane was not going to be a

viable path to set the first stereocenter.

Nz Rhy[Rtris(pBUCGH)TPCPL, .
O CCls + @’\/\/\ - > \\I\“ O\\l\‘.‘
o] (12 equiv) CH,Clp, 40°C, 4A MS rO o
! ¢
52% yield CCl
2.15 1:1.4 (19:29) 1r 5 221 CCly 226

Scheme 2.13 Primary C-H insertion on n-hexane

Undeterred by the unselective C-H functionalization with n-hexane, a new strategy that
would overcome this limitation was developed. The solution we arrived at is conducting the
reaction on trans-2-hexene (hexene) instead of n-hexane. Switching to hexene now converts that
terminal methyl proton to an activated C(sp*)-H bond through allylic stabilization during the C-H
abstraction transition state. Since the desired C-H bond is now activated, not only does this increase
the chance for a selective reaction, but it also allows other catalyst in the Davies toolbox to be
screened. With several primary selective catalysts available, notably all are in the third generation
TPCP class of catalyst, the two best catalysts were tested, again Rho(R-TriBic)4 and now Rha(R-p-
PhTPCP)s4 (or Rha(R-BPCP)4).2% 3° Screening both catalysts under the previously reported
conditions resulted in an impressive result from both catalyst (Scheme 2.14). Surprisingly, both
catalysts gave identical results. Nearly quantitative yield of 96% yield and almost perfect
selectivity of >20:1 rr and 97% ee for 2.27. Rho(R-BPCP)4 was chosen as that optimum catalyst,
due to ease of its ligand synthesis over Rhy(R-TriBic)4.*> Notably, this reaction was capable of

being scaled up to 25g scale where the catalyst loadings can be dropped to 0.25 mol %.
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Rh,[R-tris(p-'BuCgH4) TPCP],
or
No Rhy(R-p-PhTPCP), (0.25 mol %)

O _CCl3 . @/\/\/\ - O\\I\“.
o) (3 equiv) DCM, 40°C, 4A MS |/o
|

96% yield, >20:1 rr
2.15 96% ee CClz 227

Scheme 2.14 Primary C-H insertion on frans-2-hexene

With the primary insertion of hexene optimized, enabling an excellent way to make an
almost enantiopure starting material setting the crucial first stereocenter in the synthesis, the next
problem was hydrogenation of the resultant alkene 2.27. Normally hydrogenating a disubstituted
alkene is quite facile, however the aryl iodide in my system presented another challenge. Since
most transition metals used in hydrogenation reactions are also metals that can oxidatively add
into aryl iodide moieties, there was a need to find orthogonal conditions to hydrogenate the alkene.
Looking to the literature three catalysts were chosen that seemed like they could perform the
desired reaction (Table 2.4). Screening the three catalysts, the first one evaluated was Adam’s
catalyst (Table 2.4, entry 1).>” Under these conditions the alkene was successfully hydrogenated
to 2.21, however cleavage of the aryl iodide was also detected. Additionally, the hydrogenated
product with and without the iodide is inseparable via column chromatography. Using Wilkinsin’s
catalyst led to no reactivity at all (Table 2.4, entry 2).® However, the last catalyst tried was
Crabtree’s catalyst, yielding quantitative hydrogenation yielding 2.21 with no detected iodide

cleavage (Table 2.4, entry 3).3% 40



43

H
Catalyst, H, H
Oo._CcCl
o.__CcCl > N8
NS solvent
| ° ' °
297 2.21
Entry Catalyst solvent yield (%)
1 PtO, EtOH 842
2 [RhCI(PPhg)s] benzene 0
3 [Ir(cod)(PCy3;)(py)]IPFs CH,Cl, >99

3lsolated with small quantities of the dehalogenated product

Table 2.4 Hydrogenation catalyst screen

After successful hydrogenation, the next stage was to carry the pseudo-hexane
functionalized product 2.21 forward through the macrocycle formation sequence outlined in the
model study. Taking aryl iodide 2.21 under the standard palladium-catalyzed C-H cross coupling
conditions® with 2.7 resulted in the diazoacetate compound 2.28 that is now posed for the next
key carbene C-H functionalization (Scheme 2.15). Taking diazo 2.28 and reacting it with the
previous aryl iodide 2.21, under the optimized conditions from Table 2.2, resulted in the
intermolecular C-H insertion product 2.22.2* Notably, to obtain good reactivity the aryl iodide 2.21
must be used in excess as a C-H trap in the reaction. However, we found that the unreacted material
from purification could be recycled and resubjected to the reaction with no loss to selectivity. This
was a valuable discovery as this is important material with a stereocenter already set. The

optimized conditions from the model studied resulted in an excellent reaction that performs in
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good yield up to 68%, with excellent selectivity of >20:1 rr and 95:5:< 5:< 5 dr for 2.22. Regio-
and relative diastereoselectivity can be determined from the crude "H NMR of the reaction, while

the diastereoselectivity ratio caused by the catalyzed was determined by chiral HPLC (see chapter

2 SI).
0]
| N
o F,C7 0 2
H
Ao,
O\\]\\" N2 2'7F _ O\ .
0] PPhs, Pd(PPh3)4, A92003 \]
Et3N, toluene, 23°C (O
CCls 2.21 88% yield co, 228
| 0 0
FsC/\OJ . "‘\J\O/\CCIS
Rh,(R-2-CI-5-BrTPCP),
(0.5 mol %)
+ O%]““ -
) CHZCl, 40°C, MS 4A 0'30\/0\[\\
( 291 68% yield, >20:1 rr,
y 95:5:< 5:< 5 dr O

CCl3 (3 equiv)
2.22

Scheme 2.15 Diazo cross coupling and intermolecular C-H insertion

Moving intermolecular C-H insertion product 2.22 forward, surprisingly the final sequence
of the macrocyclization turned out to be very difficult to reproduce and optimize. Aryl iodide 2.22
was subjected under the standard palladium-catalyzed C-H cross coupling conditions? with 2.7,
which surprisingly yielded an irreproducible result (Scheme 2.16). Under these conditions yields
were generated up to 77% for diazoacetate 2.29, however other times it would result in no product
at all. After analyzing the reaction and the reagents used, we noticed that when the reaction did not

work there would be no silver mirror in the round bottom flask that was seen when the reaction
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worked. Since at this point, a fresh bottle of palladium tetrakis was being used, along with dry
solvents and freshly prepared substrates, it was hypothesized that the silver carbonate purity and
source would be key to a reproducible reaction. After screen various silver carbonate sources, we
found that only silver carbonate purchased from Strem would enable a reproducible reaction up to

77% yield for 2.29.

(@]
H P ) ,
0" CF,
N2 2'7F

I
o0">cal,

L

PPh3, Pd(PPh3)4, Ag,CO3
Et;N, toluene, 23°C CliC O

1. Standard Conditions
0-77% yield
(inconsistent)

2. Ag,CO; (strem)

77% yield

2.22

Scheme 2.16 Late-stage palladium-catalyzed C-H cross coupling

Finally, with diazoacetate 2.29 in hand the stage was set for the key macrocyclization.
Subjecting diazo 2.29 under the optimized macrocyclization conditions from Table 2.3, again led
to a surprising result. Under these conditions the reaction was irreproducible with inconsistent
yields between 0-20% in 8:1 dr for 2.23 (Scheme 2.17).?* This inconsistent result even persisted
with my rigorously dry conditions and scale up technique that was developed from the model study
(Table 2.3). The problem was solved by making physical observations in lab. After carefully
synthesizing and purifying diazo 2.29, the compound was stored in a -20 °C freezer overnight to
be used in the C-H macrocyclization reaction the next day. After storage overnight in the freezer
we noticed the compound had significant bubbles from diazo decomposition. Realizing that to
synthesize this diazo 2.29 the previous two steps used transition metals, namely rhodium and

palladium, where trace metals could be lingering around after purification destroying the diazo
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2.29. Therefore, to address this hypothesis diazo 2.29 was freshly prepared and immediately
subjected to the dirhodium catalyzed macrocyclization. Excitingly in this first attempt the yield
jumped to 70% for 2.23! Furthermore, using freshly prepared diazo 2.29 allowed for the reaction
to be reproducible. Even though the reaction only performs in 8:1 dr this compound is easily
recrystallized to a single diastereomer. Lastly, the macrocyclization for 2.23 is under the Horeau
principle’* and performs with >99% ee, which is confirmed through X-ray crystallography that
demonstrates all six stereocenters are set and they all match the stereochemistry in (-)-

cylindrocyclphane A (see chapter 2 appendix SI).2

Rhy(R-2-CI-5-BrTPCP),

CH,Cl,, 40°C, MS 4A

1. Standard Conditions
0-20% vyield, 8:1 dr
(inconsistent)

2.23

2. Freshly made diazo
70% yield, 8:1 dr

Scheme 2.17 Key macrocyclization using Rha(R-2-Cl-5-BrTPCP)4

After successful macrocycle formation and optimization of the key step, the next stage was
investigating functional group manipulations around the macrocycle. Taking macrocycle 2.23 and
subjecting it under zinc/acetic acid conditions allows for chemoselective hydrolysis of the Troc
group over the TFE ester yielding 2.30 (Scheme 2.18).*! The key to the exquisite chemoselectivity
is the mechanism for hydrolysis, which zinc facilitates homolysis of the weaker carbon-chlorine
bond over the carbon-fluorine bond. While the reaction takes four days to go to completion it

performs in quantitative yield and needs no purification before the next step.
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Zn (dust)

.

AcOH, 23°C, 4 days
>99% yield

2.23 2.30

Scheme 2.18 Chemoselective Troc hydrolysis

With carboxylic acid 2.30 in hand, the compound was subjected to amide coupling
conditions. Since there are an abundant amount of amide coupling conditions in the literature, the
most robust procedures were screened to see which one would perform the best (Table 2.5).
Starting with the Appel-type conditions,*> ** this gave a promising yield of 71% for 2.24 (Table
2.5, entry 1). However, a small impurity always remained after column chromatography, therefore,
we moved on to other coupling conditions. EDCI coupling conditions** led to poor yield of 35%,
while excitingly HATU catalyzed conditions* formed the Weinreb amide 2.24 in excellent yield

of 83% (Table 2.5, entry 2+3).

Conditions

2.30

Entry Conditions yield (%)

HNMeOMe+HCI, PPhj .
1 CBr,, pyridine, CH,Cl, 4

HNMeOMe-HCI, EDC
DMAP, EtzN, DMF

3 HNMeOMe-HCI, HATU 85
DIPEA, DMF

35

aTrace unknown impurity detected in '"H NMR after purification



48

Table 2.5 Weinreb amide coupling screen

Now that optimized conditions were found for the formation of Weinreb amide 2.24 the
final key C-H functionalization step could be attempted. While bis-acetoxylation is known on
simple substrates,*® this ambitious four-fold C-H acetoxylation has never been attempted and
would push the directed C-H functionalization to its limit. Subjecting amide 2.24 under the
literature conditions for C-H acetoxylation excitingly formed the desired product 2.25 after 3 days
(Scheme 2.19). Unsurprisingly the reaction also creates all the acetoxylated isomers on the way to
the tetra-functionalized product, resulting in an incredibly difficult purification. However, some of
the desired product 2.25 can be purified out and the resulting mixture of isomers can be re-
subjected to the reaction conditions and purified out again. After 2 cycles of the reaction, both 3-

day long, the desired product 2.25 can be isolated in up to 61% yield.

Me.,  .OMe

Pd(OAc), (20 mol %)
PIDA (8 equiv)
Ac,0 (40 equiv)

|

HFIP, 80°C, 72 hr

61% yield
(over 2 cycles)

224

Scheme 2.19 Directed C-H acetoxylation on the macrocycle

While this is a working route and enables formation of the product 2.25 that can be carried
forward, a more efficient procedure would be desired. Thus, collaboration with the Yu group here
was essential as they were able to suggest and send me a critical pyridine sulfonic acid ligand 2.31
that they suggested would greatly accelerate the rate-determining step of the reaction.*! The

pyridine sulfonic acid ligand 2.31 coordinates to the palladium atom, forcing an acetate ligand off,
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making the palladium complex cationic speeding up the concerted metal-deprotonation (CMD) C-
H functionalization step. Using ligand 2.31 greatly increased the efficiency of the rection the first
time it was utilized. With the ligand the reaction goes to completion in 24 hours and in that single
pass generates a 77% yield for 2.25 (Scheme 2.20). Not only does the ligand 2.31 decrease the
time of the reaction for six days to one day, but it also greatly improves the purification of the

macrocycle 2.25 as only the tetra and tri acetoxylated isomers are formed.

F3C\(ﬁ/803H
2 (20 mol %)

N
2.31

Pd(OAc), (20 mol %)
PIDA (8 equiv)
Ac,0 (40 equiv)

r

HFIP, 80°C, 24 hr
77% vyield

MeO” “Me

2.24 2.25

Scheme 2.20 Directed C-H acetoxylation with pyridine sulfonic acid ligand

With the final proposed C-H functionalization step completed in the synthesis, all that
remains are functional group manipulations around the macrocycle. It was envisioned at this stage
a chemoselective hydrolysis of the all the esters over the Weinreb amide would be possible. While
the ester should be more electrophilic than the amide, a model study was conducted to make sure
the hydrolysis would be selective for the esters and not epimerize the stereocenters. In this vein,
Me;SnOH (TMTOH) hydrolysis conditions were chosen, which was developed by Nicolaou to
hydrolyze esters with highly epimerizable stereocenters.*® Attempting the reaction on the two
models led to selective hydrolysis on macrocycle 2.32 and TFE ester 2.34 (Scheme 2.21).

Hydrolysis of macrocycle 2.32 to resorcinol 2.33 elucidated the chemoselectivity of the acetoxy
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groups over the Weinreb amide on the macrocycle. While hydrolysis of TFE ester 2.34 to

carboxylic acid 2.35 shows the TFE ester is also compatible under these hydrolysis conditions.

MessnOH

>
1,2-DCE, 80°C

41% yield
(unoptimized)

0 ! Me3SnOH o) !
>
FSC/\O 1,2-DCE, 80°C HO

>99% vyield
2.34 2.35

Scheme 2.21 Model hydrolysis reactions

After successful demonstration of the hydrolysis in the two models, we confidently moved
to testing the reaction with material at the front end of the synthesis. Taking macrocycle 2.25 and
subjecting it to the TMTOH hydrolysis conditions surprisingly led to an unselective reaction
(Scheme 2.22). Varying the equivalents, temperature, time, concentration and work up all lead to
either degradation or over hydrolysis with loss of the Weinreb amide peaks in the 'H NMR.
Moving to other base or acid catalyzed conditions (Scheme 2.22) led to the same result.*’->2 Again,
under any of the new conditions, varying the equivalents, temperature, time, concentration and
work up all lead to either no reaction, degradation or over hydrolysis. Clearly a selective reaction
on the esters of substrate 2.25 to 2.36 was not going to work, and it was time to think of an

alternative strategy.



Hydrolysis Conditions
N

N\ -

-MesSnOH

-LiOH, H,0,

-LiOH*H,0
-K,CO3, MeOH
2.25 -KOH 2.36
-H,0, THF

-KOTMS

-TFA

Scheme 2.22 Failed late-stage hydrolysis on the macrocycle

My previous hypothesis was that the esters in macrocycle 2.25 should be more electrophilic
and react first, but clearly that was not the experimental result. Since all the attempts failed to
selectively hydrolyze the esters, it was hypothesized if it would be possible to chemoselectively
reduce the Weinreb amide over the esters to form aldehyde 2.37. While the amide should be a less
reactive functional group to nucleophilic attack, on the flip side it should be more nucleophilic
than the esters due to the imidate resonance structure. Therefore, harnessing the nucleophilicity of
the amide could potentially lead to preferential reduction yielding 2.37. After searching the
literature for precedented conditions, the Schwartz reagent was chosen as one of the most robust
amide reduction reactions.>* Unfortunately, using the Schwartz reagent led to no reduction of the
amide 2.25 (Table 2.6). Either purchasing the Schwartz reagent (Table 2.6, entry 1), making it
fresh®* (Table 2.6, entry 2), or generating it in situ®> (Table 2.6, entry 3) all led to no reaction on
the amide and loss of the acetoxy functionality seen in the crude '"H NMR. Lastly, trying Mo(CO)s
catalyzed hydrosilylation led to only recovery of the starting material 2.25.° With only failed

results from the ester hydrolysis or amide reduction attempts the endgame strategy was re-evaluate.
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Conditions
2.37
Entry Conditions yield (%)

Cp,Zr(H)Cl, .
1 (purchased) Over reduction

szzr(H)Clz .
2 (made fresh) Over reduction
3 CpoZr(H)Cly Over reduction

(generated in situ)

4 Mo(CO)g, TMDS No reaction

Table 2.6 Amide reduction screen

2.2.4. Third-Generation Retrosynthetic Analysis

With a slew of bad results, it was at this point that we decided to re-analyze the endgame
strategy. It was hypothesized that attempting the hydrolysis on the polyfunctionalized product 2.25
potentially has too many functional groups for a selective reaction. Therefore, to overcome the
unselective reaction, we decided to try the hydrolysis before conducting the C-H acetoxylation on
the molecule to reduce the number of functional groups (Scheme 2.23). For simplicity in the
retrosynthesis shown here (Scheme 2.23) the previous steps that are already established were
omitted. The new strategy laid out here starts with TFE hydrolysis on macrocycle 2.24, affording
the carboxylic acid 2.38 that is primed for oxidative decarboxylation. After inversion of the
carboxylic acid group the directed four-fold C-H acetoxylation will be performed to give
macrocycle 2.39. At this stage all that is left is Grignard reduction to add the final carbons in (-)-

cylindrocyclophane A, followed by reduction of the ketone to the alkane. The approached outlined
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here would end up being 13 steps from the known aryldiazoacetate and 15 linear steps in the

longest sequence from commercially available material.

Grignard
Reduction

Wolff Kishner AcO
Reduction 0

(-)-Cylindrocyclophane A MeO” Mo
13 Steps from starting aryldiazoacetate

Me.  .OM
o e OMe
Oxidative Ester
Decarboxylation Hydrolysis

Directed C-H
Acetoxylation

MeO” “Me

2.38

Scheme 2.23 Third-generation endgame retrosynthetic analysis

2.2.5. Final Approach to (-)-Cylindrocyclophane A

Excited by the new endgame strategy, we embarked on trying the newly proposed
hydrolysis on the simpler macrocycle 2.24. Subjecting macrocycle 2.24 to lithium hydroxide
(LiOH) hydrolysis conditions incredibly gave 97% yield for 2.38 (Scheme 2.24)! Simply stirring
the macrocycle 2.24 open to air overnight yielded a chemoselective reaction that requires no
purification afterwards. The one downside to this approach was that the LiOH does slightly
epimerize the stereocenter adjacent to the newly formed acid 2.38. However, this turns out to be
not important as the following reaction is the photoredox decarboxylation that destroys and

reforms the stereocenter.



LiOH+H,0

Y

THF, H,O
97% yield

Scheme 2.24 Hydrolysis of the TFE esters

After successful hydrolysis the carboxylic acid 2.38 was now in hand to attempt the
oxidative decarboxylation. Originally the idea was developed from classic conditions that utilize
lead tetraacetate.’”** However, while the synthesis was being worked on over the years a recent
photoredox catalyzed reaction came out that replaces the classic conditions with a modern

t.%! Instead of lead tetraacetate, these new conditions utilize an acridinium based

varian
photocatalyst and copper (II) acetate. The proposed mechanism starts with blue light excitation of
the photocatalyst, which then can facilitate radical decarboxylation. That resultant radical can then
recombine with copper then reductively eliminate the product. A key aspect for why this specific
oxidative decarboxylation method was chosen is that the authors proposed radical recombination
with copper. Since the mechanism for this transformation goes through a radical, destroying the
stereocenter already set, we hypothesized that the radical recombining with a large atom, such as

rt,%% 93 would allow for facial selectivity from the adjacent

copper, versus oxygen in another repo
stereocenter.
Subjecting the macrocyclic carboxylic acid 2.38 to a small-scale test reaction with the

organophotoredox conditions excitingly generated the product 2.40 in around 20% unoptimized

yield. However, after this initial result, attempts to repeat the reaction were unsuccessful.
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Undeterred by the irreproducible reaction the photoredox literature was studied to learn more about
reactions of this type to optimize the transformation.®* The first variable that found to be important
was light penetration. Since these reactions were run on small scale (5-10mg), the reaction needed
to be diluted significantly, as well as use minimal 4A MS to minimize blue light scattering. The
next variable that was unraveled was the amount of photocatalyst that needs to be added. Again,
due to the small scale of the reaction, too much of the acridinium organophotocatalyst was being
added, which can result in self quenching. Lastly, rigorously sparging the reaction to remove all
the oxygen was critical as well for an effective reaction.®® Testing the reaction again now that all
these variables have been analyzed, we were pleasantly surprised to not only have the reaction
reproducible but achieve an 52% yield for 2.40 (Scheme 2.25). Even more excitingly the reaction
performs in 9:1 dr favoring the major diastereomer I need to make (-)-cylindrocyclophane A (see
chapter 2 SI). The one limitation from this reaction is that it does not scale up at all and the largest

scale achieved was up to 70 mg.

Cu(OAc),, blue light

\

Acetonitrile, AcOH (2:1),
4 AMS, 45°C
52% yield, 9:1 dr

N. N.
MeO™ 'Me 2.38 MeO”™ "Me 240

Scheme 2.25 Photoredox catalyzed decarboxylation acetoxylation

With carboxy inversion compound 2.40 in hand, the material was carried forward to the
final C-H functionalization reaction. While the four-fold directed C-H acetoxylation worked on

macrocycle 2.24, we were unsure how effective the reaction would be on this modified substrate
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2.40. Taking the optimized ligand 2.31 catalyzed conditions®' from the second-generation route
(Scheme 2.20), macrocycle 2.40 was subjected to the reaction conditions. Luckily, no further
optimization was needed as the previously optimized conditions worked beautifully here (Scheme
2.26). While this substrate takes two days instead of one to go to completion, no re-subjection of
the isomer mixture is needed as a 60% yield for 2.39 is generated in the first cycle.

FaCa - SOH
| 7~

N
2.31 (20 mol %)

Pd(OAc), (20 mol %)
PIDA (8 equiv)
Ac,0 (40 equiv)

HFIP, 80°C, 48 hr
60% yield

Scheme 2.26 Directed four-fold C-H acetoxylation third-generation route

Only two steps away from the (-)-cylindrocyclophane A, we moved to the final reductions
in the synthesis. After C-H acetoxylation to form macrocycle 2.39, the next step proposed is global
reduction via Grignard addition. The hypothesis is that by running the Grignard reduction with a
vast excess of Grignard, the Grignard would be able to deprotect all the acetoxy functional groups
and reduce the Weinreb amide to the ketone. However, since all the previous syntheses of
cylindrocyclophane had phenol deprotection as the final step, we were unsure if the phenols would
be stable enough for purification. Upon subjecting the macrocycle 2.39 to the Grignard conditions
on small-scale (1mg), the desired product 2.41 was exciting found via mass hit by HRMS (Scheme
2.27). Yet, due to the miniature scale of the reaction the product 2.41 could never be seen in the

"H NMR or isolate it via prepLC. Even with the promising mass hit result we were hesitant to scale
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the reaction up to increase the chances of isolation. Therefore, macrocycle 2.39 was tested against

a few other reactions before moving to a model.

Product found in HRMS
could not isolate

2.41

Scheme 2.27 Global Grignard reduction attempt

Since we didn’t know if the Grignard wasn’t working due to stability or purification of the
free phenols, additional chemoselective reactions were found that would selectively reduce the
Weinreb amide 2.39, leaving the acetoxys intact. Since the Schwartz reduction failed in the similar
system before (Table 2.6), we searched for other chemoselective reactions. The first reaction
attempted was reduction via MgAB reagent (Scheme 2.28).%° The MgAB reagent is a modified
borohydride reagent that was disclosed in a publication to selectively reduced amides in the
presence of esters. However, after synthesizing the MgAB reagent and subjecting the conditions
to my macrocycle 2.39, complete destruction of the starting material was found, with no signs of
my macrocycle seen in the 'H NMR. The next reaction attempted was activation of the amide via
ethyl triflate, followed by reduction of the imidate via LiAlH(O#-Bu); (Scheme 2.28).57
Unfortunately, in every attempt the Weinreb amide was still present in the crude '"H NMR, with
unselective reactions happening on the acetoxy functional groups. The final conditions tried was

reduction with DIBAL-H, with the hope of reducing the Weinreb amide to the aldehyde and
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deprotection of the acetate groups to the alcohol (Scheme 2.28). However, this reaction led to a
product that was insoluble in all NMR solvents and no mass hit in the HRMS.

DIBAL-H
or
MgAB
or
EtOTf then LiAIH(Ot-Bu)g

N
N\

Y

R=HorAc

Scheme 2.28 Failed late-stage Weinreb amide reductions on the macrocycle

After several failed attempts to reduce macrocycle 2.39 it was clear a new strategy was
needed. Therefore, to validate the best endgame to (-)-cylindrocyclophane A we decided to screen
reactions on a model system to pinpoint the reactivity desired without the complication of the

macrocycle.

2.2.6. Endgame Strategies and Model Studies for Late-Stage Transformations

At this stage we couldn’t tell if the reactions just weren’t compatible with the 2,6-acetoxy
functionality in the system, or if the issue is with the macrocycle’s steric hindrance or solubility.
To test the endgame strategies, a model system was synthesized using material early in the
synthetic route (Scheme 2.29). This model would allow testing if selective reduction on the
notoriously difficult 2,6-disubstituted aromatic system would be possible. Taking the pseudo-
hexane functionalized product 2.21 under zinc/acetic acid hydrolysis conditions*! quantitatively
hydrolyzed the Troc group to the carboxylic acid 2.42. The resultant carboxylic acid 2.42 can be

coupled with HATU to generate Weinreb amide 2.43 in 78% yield,* which is subsequently subject
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to the directed double C-H acetoxylation.®® Since the model is a simpler substrate than the
macrocycle, the pyridine sulfonic acid ligand 2.31 is not needed here, forming the bisacetoxylated

product 2.44 in 58% yield.

Pd(OAC), (20 mol %)

H *HClI PIDA (4 equiv)
Zn o HATU, DIPEA, ~ " ~0oMe Ac,0 (20 equiv)
—_— > —_—
AcOH, 24 h DMF HFIP, 80°C, 3 days
| 99% yield [ 78% yield ! 58% yield
2.42 2.43 2.44

Scheme 2.29 Synthesis of the model compound to probe endgame strategies

With the model substrate in hand, the reactions we chose to explore were amide activation

then imidation/reduction®” and Petasis ofefination/alkylation.®%-70
y

While these strategies were
explored Tyler Casselman tested iridium catalyzed hydrosilylation conditions.”! Unfortunately, all
attempts by Tyler Casselman failed to generate the desired aldehyde, resulting in over reduction
to the amine. Since these results were conducted by Tyler Casselman and are not relevant to the
current endgame they will not be shown here. The first reaction explored was the amide
activation/reduction sequence with 2.44 (Scheme 2.30).%” This reaction is a recent JOC publication
where the authors report a selective reduction of 2,6-disubstituted benzamides in the presence of
other electrophilic functional groups, including esters. With a promising precedent the reaction
was explored with several different activating reagents used in the paper (Scheme 2.30). However,
in all cases, regardless of the activating agent, preferential reduction of the acetoxy group occurred.
This either generated the free phenol 2.45, or the phenol would cyclize on the amide forming

lactone 2.46. Since this reaction was monitored by LCMS and analyzed by crude 'H NMR, no

isolated yields were obtained.
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Activating reagent

DCM, 45C o/n
- +
o’ | then LIAIH(Ot-Bu)s, THF, -78 °C
AcO
2.44 Activating reagent: Tf,0, EtOTf, Me;O*BF,, Et;0°BF, 2.45 2.46

Scheme 2.30 Model study on amide activation/imidate reduction

After failure to preferentially activate the Weinreb amide over the acetoxys, we turned to
Petasis olefination/alkylation.%®-7° The hypothesis here is the amide should preferentially react with
the titanium complex forming the enamine, which can then be subjected to alkylation to form the
desired ketone product. Subjecting the model 2.44 to the Petasis reagent excitingly generated a
mass hit by LCMS for the enamine 2.48, however following alkylation and acid work up yielded
no product detection via LCMS for the desired ketone (Scheme 2.31). It turns out that the mass for
the enolization of the acetoxy (2.47) is the same mass for enamine formation (2.48). After acidic
work up the enol is hydrolyzed to the phenol, which cyclizes on the amide forming the lactone
2.46 seen in the previous strategy. This was validated through LCMS and 'H NMR analysis of the
crude reaction. While not the desired reactivity, both strategies in Schemes 2.30 and 2.31 allow
illumination of the hypothesis. Namely, the acetoxy groups will always preferentially react in this

system over the Weinreb amide.

Cp.__M
STz
Cp Me
toluene, 90 °C

Yy

then ~ |
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Scheme 2.31 Model study on Petasis olefination/alkylation

While the hypothesis was disproven with the model system, these studies gave key insight
into the endgame strategy. We discovered that no matter what conditions we tried to reduce the
Weinreb amide, the acetoxy group will always react first. Thus, chemoselective reduction of the
Weinreb amide is unattainable in this system. With this knowledge in hand, we decided to turn our
efforts back to the Grignard reduction on the macrocycle. Since purification and isolation of the
Grignard product 2.41 was previously impossible, collaboration with the Stoltz lab was
instrumental to utilize their analytical expertise to see if we could solve the purification issue. At
Caltech not only was the LCMS mass hit from the Grignard reduction reproduced, but we were
also even able to isolate the product 2.41 via prepLC (Scheme 2.32)! Currently Tyler Casselman
is working on optimizing the Grignard reduction and the subsequent ketone reduction to synthesize

(-)-cylindrocyclophane A.

/\/MgCI

THF 0 °Cto rt

6% yield
(unoptimized)

2.41

Scheme 2.32 Successful late-stage Grignard reduction on the macrocycle

At last, with one step to go, we currently are focused on the final reduction needed to
synthesize (-)-cylindrocyclophane A. For the final step we proposed condensation of the ketone

2.41 with p-toluenesulfonyl hydrazide to form the hydrazone, which can be subsequently reduce
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to the alkane via hydride reduction with sodium cyanoborohyride (Scheme 2.33).7>7° Currently
Tyler Casselman is working on studying and optimizing the final reduction against model
compound 2.44. Once successful conditions are found Tyler Cassleman will then move to
conducting the reaction on the macrocycle 2.41. Ultimately, we hope that by the time this
dissertation is submitted the proposed total synthesis of (-)-cylindrocyclophane A outlined here

will close to completion.

TsNHNH,
then NaCNBH3

Tosylhydrazone
reduction

(-)-Cylindrocyclophane A
13 steps from starting aryldiazoacetate

Scheme 2.33 Proposed final step to synthesize (-)-cylindrocyclophane A

2.3. Conclusion

In conclusion a novel synthesis to (-)-cylindrocyclophane A was developed using C-H
functionalization logic. Completion of this work would represent a major milestone in total
synthesis, encompassing 6 C-H functionalization steps and primarily constructing the carbon
skeleton through these steps. The proposed synthetic approach described herein is versatile and
can access a wide variety of [7.7]paracyclophane derivatives and their analogs, previously
inaccessible with traditional synthetic methods. In the future, the modular route disclosed here will
allow for SAR and MOA analysis to probe the promising biological activity and determine if this
class of compounds warrants further development as potential drug candidates. At the beginning

of the project, a model study of the [7.7]paracyclophane core was completed where the model
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[7.7]paracyclophane was formed in >99% enantiopurity with an overall yield of 46% from the
starting aryldiazoacetate. Notably, this macrocyclization is the first example of an enantioselective
macrocyclization by means of functionalization of an unactivated C(sp?)-H bond, pushing the
boundaries of not only the C-H functionalization field, but representing a novel entry to
macrocyclic rings. With the proof of principle validated we conducted several additional model
studies to determine the best route to the natural product, resulting in the work discussed here.
With the optimal route unraveled, 14 out of the 15 total steps have been achieved, including the
four-fold acetoxylation, indicating successful use of all the desired C-H functionalization steps.
We anticipate that this project will serve as a pinnacle for what C-H functionalization can achieve

in total synthesis, acting as a model for future total syntheses utilizing C-H functionalization logic.

2.4. Distribution of Credit

My role in this project was the lead researcher to explore the synthesis of (-)-
cylindrocyclophane A using C-H functionalization logic. The initial model study and synthesis of
2.11 was disclosed in a JACS publication in 2018.2* I mentored an undergraduate Camila Suarez
during part of the studies, and she contributed to some of the steps under my direction. Specifically,
Camila was key in synthesizing the starting aryl diazoacete 2.15 and acceptor only diazoacetate
2.7¢. Additionally, she conduction the primary C-H insertion with hexene (2.27) and the following
hydrogenation (2.21). Elizabeth Goldstein and Tyler Casselman from the Stoltz group also
contributed to some components of the project and their contributions will be acknowledged when
discussed. The last results in section 2.2.6. were conducted by myself as a visiting scholar at

Caltech in Dr. Brian Stoltz’s lab. Finally, Hoojon Park from the Yu lab contributed to this project
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by synthesizing and sending me the pyridine sulfonic acid ligand 2.31. A manuscript of the current

work in this chapter is currently being written by myself.
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Chapter 3
A C-H Functionalization Strategy Enables an Enantioselective Formal

Synthesis of (-)-Aflatoxin B:

3.1. Introduction

3.1.1. Isolation, Structure Determination and Biosynthesis

The aflatoxins (3.1-3.4) are mycotoxins and potent heptocarcinogenic polyketide natural
products produced by the pathogenic fungi Aspergillus flavus, Aspergillus versicolor, and
Aspergillus parasiticus. > Biologically they are dangerous liver carcinogens, afflicting humans
and animals that ingest contaminated grain flour, nuts, and corn. They gained notoriety in the
1960s by causing the mas turkey death in Great Britain.>* However, their effects on tissues other
than the liver is largely unknown as is the underlying mechanism for their biological activity. In
their pure states, aflatoxins B and G fluoresce blue and green, respectively,’ and their molecular
structures were elucidated by the analytical studies of Biichi and co-workers' %7 and confirmed
by X-ray crystallographic analyses.® The aflatoxins contain a substituted coumarin framework
fused to two dihydrofuran rings and either a cyclopentanone ring [e.g., aflatoxins B (3.1) and B>
(3.2)] or a é-lactone ring [e.g., aflatoxins Gi (3.3) and Gi (3.4)] (Figure 3.1). The C-ring alkene of
aflatoxins B (3.1) and G (3.3) heightens the mutagenicity of these compounds in relation to that

of the dihydro counterparts.’
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Aflatoxin G,
3.3
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Figure 3.1 Aflatoxins B1, B2, G1 and G2
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Aflatoxins are produced by a polyketide pathway that was first proposed by Birch in 1967

and at least 27 enzymatic reactions have been shown to be involved in this process.!® Among

natural products, it has long been considered that the biosynthesis of aflatoxin is one of the longest

and most complex due to the high number of oxidative rearrangements it entails.!! Therefore, the

complete biosynthetic pathway is unknown at this time and only critical steps have been elucidated.

In 1985 Dutton'? characterized three critical oxidation steps/oxidative enzymes incorporated in the

biosynthesis, including monooxygenases responsible for incorporating oxygen atoms and

dioxygenases involved in ring-cleavage reaction. Finally, a Baeyer-Villiger type reaction is

catalyzed by cytochrome P-450 enzymes responsible for inserting oxygen atoms between carbons.

3.1.2. Previous Enantioselective Syntheses of (-)-Aflatoxin B;
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The biological activity of these metabolites, along with their densely oxidized core, has
inspired several total syntheses of the various aflatoxins. The landmark racemic syntheses were
disclosed by Biichi'* 4 and Roberts'> in 1966 and 1968 respectively. Since these initial reports,
the aflatoxins have served as a testing ground for novel synthetic strategies and methodologies
over the past several decades. These efforts have culminated in several enantioselective

syntheses, !6-23

many of which rely on constructing the ABC tricyclic core, followed by assembly
of the D- and E-rings. With this in mind, this thesis will focus on the two major asymmetric
syntheses relevant to the work disclosed here.

In 2003, Trost and co-workers!” achieved the first asymmetric synthesis of aflatoxin B
and Ba. The synthesis hinges on a key palladium-catalyzed dynamic kinetic asymmetric
transformation (DYKAT) of a y-acyloxybutenolide to establish the stereochemistry at the ring-
junction acetal (Scheme 3.1). To synthesize their key coupling partners, the coumarin precursor
was constructed via Pechmann reaction. Next, Trost uses their previously reported DYKAT
methodology to set the chiral center of the B-ring with excellent enantioselectivity (>95% ee).
Finally, the BC-ring is formed through an intramolecular Heck reaction. After several functional

group manipulations, the synthesis of aflatoxin Bza is complete, and after elimination of the

hemiacetal, aflatoxin B is formed in nine total steps.
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Scheme 3.1 Trost’s asymmetric total synthesis of (-)-aflatoxin B; and B2a

In 2005, Corey and co-workers?® reported the first asymmetric synthesis of (-)-aflatoxin Bo.
The key step in the route features a remarkable oxazaborolidinium-catalyzed [3+2] cycloaddition
forming the ABC-ring system in a single step with excellent enantioselectivity (92% ee), which
could be recrystallized up to enantiopurity (Scheme 3.2). The precursors for the cycloaddition are
commercially available demonstrating a concise entry to the stereochemical rich core. Notably,
the cycloaddition product obtained does not match the A-ring of Aflatoxin B,, thus six functional
group manipulations were needed to transpose the hydroxyl group over. However, this strategy
was reported by Noland and follows Friedel-Crafts acylation, hydroxyl protection, 1,2-addition,
DMP oxidation, oxygen insertion, saponification, and reduction. Finally, the DE-ring can be
synthesized employing the conditions reported by Biichi,?* enabling an eight-step linear synthesis

of (-)-aflatoxin Bo.
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Scheme 3.2 Corey’s asymmetric total synthesis of (-)-aflatoxin B

As a consequence of its highly oxidized nature and sensitive stereogenic centers, the
furo[2,3-b]benzofuran core (3.14) has proven to be challenging to construct and continues to
inspire innovative concepts for synthesis. Therefore, the approached outlined in this chapter will

detailed a C-H functionalization strategy to the ABC-ring of (-)-aflatoxin Bo.

3.1.3. A C-H Functionalization Strategy to (-)-Aflatoxin B;

Inspired by the successful four-fold acetoxylation in my cylindrocyclophane synthesis (see
chapter 2), this formal synthesis came out of conversation between the Sorensen and Davies groups.
However, before the collaboration started, the Sorensen lab had attempted a similar strategy to (-)-
aflatoxin B> several years prior and failed. The original synthesis relied on a key C-H
functionalization of 1,3-dioxolane 3.6 using a donor/acceptor diazoacetate 3.5, and after a
functional group manipulation to afford 3.8, a directed C-H acetoxylation would be performed

(Scheme 3.3). Unfortunately, this strategy failed in both key transformations. First, the insertion
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of 3.5 into dioxolane 3.6 performs in low yield with decent enantioselectivity for the product 3.7.
The yield suffers because cyclic ethers tend to engage the rhodium carbenes in ylide chemistry,
undergoing ring-expansion instead of C-H functionalization.’> Second, the directed C-H
bisacetoxylation failed to generate product 3.9 in all attempts. With failure of both key steps, this

project was set aside until the technology needed to complete the synthesis was developed.

MeO O
Rh,[DOSP],

OR oD
3.5 >§(o 3.6

< 35% yield, 90% ee

N3

FGI

DG __O
Qhe Pd-catalyzed
° : - N
H e VAN
0] ; .
%r AcO OR directed acetoxylation
3.9

Scheme 3.3 Key C-H functionalization steps in the original strategy to (-)-aflatoxin B:

Several years later, the Davies lab has now expanded their catalyst toolbox substantially,?¢
as well as the Yu lab’s directing group technology.?’-* With the success of my multifold
acetoxylation to (-)-cylindrocyclophane A (see chapter 2), using the newly developed pyridine
sulfonic acid ligand,?*: 3+ 35 the Sorensen lab realized this approach could be applied to their failed
aflatoxin synthesis. Therefore, they reached out to initiate a collaboration to tackle this synthesis.

However, one problem remained, the initial carbene C-H functionalization to set the first



75

stereocenter. In thinking about how to overcome this challenge, we realized that the efficient and
selective primary C-H functionalization of trans-2-hexene, followed by oxidative cleavage of the
alkene, could access the desired chemical space (Scheme 3.4).3¢ Thus, not only was the multifold
acetoxylation developed in Ch.2 instrumental in creating a successful route, but also the initial

insertion into trans-2-hexene was also necessary to set the first stereocenter.
Rh (Il

RO.__O CH
Hsc/\/\/ 3
>

X

Scheme 3.4 Circumventing the dioxolane insertion

Going through the retrosynthetic analysis we envisioned a formal synthesis to the ABC-
ring core that would be a single established step away from (-)-aflatoxin Ba. The route starts from
a donor/acceptor diazoester 3.10 undergoing a dirhodium catalyzed C-H insertion of trans-2-
hexene at the primary methyl C(sp?)-H bond, establishing a key C-C bond and the benzylic
stereocenter (Scheme 3.5).>” Concomitantly, this would also install functionality to enable the
eventual annulation of rings B and C. Enantioenriched 3.11 could thus be elaborated to key
intermediate 3.12 through traditional functional group manipulations. To complete the oxidation
pattern on the aromatic ring, we envisioned a carbonyl-directed bis-C—H palladation/oxidation to
form 3.13.27-28:34.35 In the wake of these transformations, we imagined that global protecting group
cleavages and a partial reduction of the Weinreb amide moiety in 3.13 would generate a fleeting
aldehyde (not shown) that will spontaneously cyclize to afford compound 3.14, the penultimate
intermediate towards (-)-aflatoxin B,. Notably, the initial stereocenter set from the carbene

insertion would control the stereochemistry of the cyclization. Thus, high control of the first
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stereocenter will be crucial for high diastereoselectivity later in the route. With promising results
from the (-)-cylindrocyclophane A synthesis we embarked on modifying them to synthesize (-)-

aflatoxin Bo.

(0]
O D ARERRREREEEE . OAc
Biichi Pechmann-type ! OH ' Reductive
: annulation ' SH ! Cyclization Me OAc
: H N o
O > O S — Ve :
H O OMe ! HO OMe ! o
3.2 : : AcO OMe
(-)-Aflatoxin B, ;  Target Compound 313
8 steps from aryldiazoacetate |  tmmmmmeees 3 1 4 ---------- ‘ .
' Directed
bis-C-H

Acetoxylation

OAc
Enantioselective
RO 0 Primary C-H Dihydroxylation
Insertion Oxidative Cleavage
N Me
5 ————
X Weinreb Amide OMe Reduction
Formation Acetate Protection
3.10 3.1

Scheme 3.5 Revised C-H functionalization strategy to (-)-aflatoxin B>

3.2. Results and Discussion

3.2.1. Enantioselective Primary C-H Insertion

The execution of the synthesis commenced with the optimization of the enantioselective
C-H insertion using dirhodium carbenes derived from aryl diazoacetates.’® 37 With the impressive
success of the nearly perfect reaction on frans-2-hexene in the cylindrocyclophane project (96%
yield, 96% ee, >20:1 rr, see chapter 2), studies were conducted to apply this protocol to the
aflatoxin synthesis. However, while the cylindrocyclophane synthesis utilized a para-iodo group
on the donor side of the aryl diazoacetate, the route employed here would need a para-OMe found
in aflatoxin. Based on the earlier optimizations of the frans-2-hexene insertion reaction, various
donor/acceptors diazo compounds were evaluated with Rha(R-p-PhTPCP)s (Table 3.1). At the

outset, we were concerned that the electron-rich nature of the para-OMe derivative might cause
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deleterious dimerization of the thodium carbene during attempts to perform the C—H insertion and
set the benzylic stereocenter. We anticipated that para-halo-substituted carbenes 3.10a - 3.10c
would react more efficiently, while also providing a functional handle for the introduction of the
methoxy group at a later stage.>® This maneuver, albeit less expeditious, would provide additional
flexibility if the bis-C(sp?)-H oxidation proved to be challenging on an electron-rich para-

methoxyphenyl intermediate.

@ e

N (3 equiv)
RO 2 Rhy(R-p-PhTPCP), (1.0 mol %)
m X CH,Cl,, 40 °C, 4 AMS
3.10
4 N\

B _ Entry R X Yield ee r(A:B)

Ph’:<]_4' "Th 1 CH.CF; CI(3.10a) 69 92 11:1
Ph

1Rh CH,CCl; CI(3.10b) 51 96  13:1
CH,CCl; 1(3.10c) 96 96 >20:1
CH,CF; OMe (3.10d) 59 96 11:1
CH,CCl; OMe (3.10e) 47 96  10:1

L Ja
Rh,(R-p-PhTPCP),
.

a A O N

J

Table 3.1 Enantioselective C-H insertion results with frans-2-hexene

Reactions with para-Cl diazoesters 3.10a and 3.10b furnished the desired insertion
products in moderate to good yields and excellent enantio- and regioselectivity (Table 3.1, entries
1 and 2, respectively). lodo-substituted derivative 3.10¢ performed exceptionally well under the
reaction conditions, providing the product in 96% yield and excellent enantioselectivity as a single
detectable regioisomer (Table 3.1, entry 3). Gratifyingly, reactions with para-OMe diazoesters

also delivered the desired insertion products, albeit with slightly diminished yields but excellent
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enantioselectivity and good regioselectivity (Table 3.1, entries 4 and 5). The lower yields and
selectivity obtained with diazoesters 3.10d and 3.10e demonstrate the sensitivity of this
transformation to the electronics of donor/acceptor rhodium carbenes.

This brings up a key problem with #rans-2-hexene, namely the allylic position creates a
site-selectivity challenge between the primary and secondary C-H bonds. Critically, the desired
aryldiazoacetates 3.10d and 3.10e both yield small amounts of the undesired regioisomer from the
methylene insertion, that can’t be purified out until later transformations. While this still allows
for material to be moved forward, ideally, we would like to avoid the unwanted regioisomer. Early
efforts to circumvent issues of regioselectivity using diazoacetate 3.10d anethole furnished the
insertion product 3.15 in moderate yields with high enantioselectivity (Scheme 3.6). However, this
reaction produced more impurities than the reaction with ¢rans-2-hexene, some of which could not
be removed. Combined with the lower overall enantioselectivity compared to the frans-2-hexene

insertion, this route was not explored further.

OMe
‘\/ X ‘
N Rh,(R-p-PhTPCP), (1.0 mol %)
F3C_O .~
o) CH,Cl,, 4 AMS, 40 °C
OMe

52% vyield, 91% ee
3.10d

Scheme 3.6 C-H insertion with anethole

While the anethole reaction did not solve the regioselectivity issue we had another strategy
that could solve this problem. The highly efficient and selective C—H insertion with diazo 3.10c

prompted efforts to install the methoxy group present in the natural product through C-O
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coupling® and advance to the bis-C—H oxidation step. Even though this would add another step to
the synthesis, the exquisitely selective reaction with diazo 3.10¢ and trans-2-hexene would be the

ideal entry to this strategy, thus encouraging our efforts to probe this strategy.

3.2.2. Investigating a C-O Coupling Strategy

Due to the superior results of para-iodo diazo 3.10¢ over para-Cl diazos 3.10a and 3.10b,
the functionalized para-iodo product 3.16 was decided to be carried forward to test the C-O
coupling strategy. Using standard conditions, the Troc moiety was converted to the Weinreb amide
(Scheme 3.7) through zinc/acetic acid hydrolysis* (96% yield) followed by HATU coupling* in
74% yield, albeit with slight erosion of ee due to the basic nature of the reaction (see chapter 3 SI).
This material was then sent to Nick Falcone, who subjected the Weinreb amide to Buchwald’s C-
O coupling conditions®® afforded the desired para-OMe derivative 3.11. At this stage, Nick
Falcone sent the Buchwald coupled product 3.11 back to the Davies lab for HPLC analysis.
However, even though the desired product could be formed, the sensitive benzylic stereocenter
racemized even further under the harsh basic and heating conditions required for the conversion
to 3.11 (see chapter 3 SI). The erosion of enantiopurity while advancing 3.16 compelled us to

revisit the insertion with para-OMe diazoester 3.10d.

1) Zn, AcOH, 96% yield

2) HATU, DIPEA
MeONHMe-HCI,
DMF, 74% yield

3) Cul (cat.),Cs,CO4
Me,Phen (cat.)
PhMe, 80 °C
90% yield, 48% ee

OMe

3.16
98% ee

Scheme 3.7 Investigating a C-O coupling strategy
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3.2.3. Completing the Enantioselective Formal Synthesis

Moving forward with our optimal diazoester 3.10d, the donor/acceptor diazoacetate could
be synthesized in two steps from the commercially available 4-methoxyphenylacetic acid in 76%
yield over two steps (see chapter 3 SI). Subjecting diazoester 3.10d to the C—H insertion, we found
that the yield of this transformation could be improved to 71% on a multigram scale with 0.5 mol %
catalyst loading (Scheme 3.8). Due to the TFE group being more labile than the Troc group,
compound 3.18 can be directly converted to the Weinreb amide 3.11 in 70% yield with retention
of stereochemistry, thereby setting the stage for the palladium-catalyzed bis-C(sp?)-H
acetoxylation. At this stage the amide 3.11 was shipped off to Nick Falcone in the Sorensen

laboratory. Thus, the rest of the work outlined in this chapter is all work conducted by Nick Falcone

alone.
(CFB Rhy(R-p-PhTPCP),
0. .0 (0.5 mol %)
NHMeOME-HCI
X~CHs " 0s0y4 (2 mol %)
N HaC iPrMgCl, THF NalQy,, 2,6-lutidine
onte CHCly, 40°C, 4A MS 70% yield, 94% ee THF:H,0 (1:1)
3.10d 71% yield, 96% ee, 10:1 rr 88% yield
Made in 76% yield
over 2 steps from
4-methoxyphenylacetic acid FSC\(TSOSH
l 2 3.20 (20 mol %)
N OAc
Pd(OAc), (20 mol %)
. PIDA (8 equiv) Me OAc

1) NaBH,4, MeOH, 0 °C Ac,0 (40 equiv) N A

MeQO” :

2) Ac,0, Et3N, HFIP, 80°C, 24 h H

e  DMAP (cat), CH:Cly OMe  76% vield. 94°% ' %co OMe
85% (2 steps) o yield, 947 ee 3.13

o)
EtO,C
OH oH | ’>

H Br
DIBAL (4.5 eq.) OH 2 Blichi Pechmann-type
CHoCl,, -78°C Ox O~ annulation
_— B |f——— N _—
w o
then HCI, rt H H OMe [G. Zhou & E.J. Corey, H 3.0
64% yield, 94% ee HO OMe Target Compound JACS, 2005,127, 11958] (-)-Aflatoxin B,
3.21 3.14 8 steps from aryldiazoacetate

Scheme 3.8 Completing the enantioselective formal synthesis of (-)-aflatoxin B>
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Anticipating that the olefin in 3.11 would interfere with the C-H acetoxylation, we elected
to elaborate the 2-hexenyl fragment to a suitable precursor for the C-ring in the natural product.
Subjecting the alkene 3.11 under dihydroxylation conditions, followed by oxidative cleavage
afforded us the aldehyde 3.19 in 88% yield.*! Attempts to conduct the acetoxylation with aldehyde
3.19 unfortunately led to a complex mixture containing no detectable product. To overcome this,
the aldehyde was converted to acetate ester 3.12 in 85% yield over two steps by reduction with
sodium borohydride and acetate formation with acetic anhydride. At last, the stage was set for the
pivotal bis-C(sp?)-H oxidation. Upon exposure to Yu’s palladium-catalyzed acetoxylation
conditions,?’ using the pyridine sulfonic acid ligand 3.20,%% 3* 3> the desired product 3.13 was
generated in 76% yield, with no erosion of enantioselectivity. Notably, Nick Falcone was able to
use the exact conditions optimized for the cylindrocyclophane route (see chapter 2) with the
substrate 3.12 to affect the desired transformation. Finally, treatment of 3.13 with excess
diisobutylaluminum hydride (DIBAL-H) at a low temperature accomplished a selective
monoreduction of the Weinreb amide and reductive cleavage of all three acetates. The Weinreb
amide reduction liberated a putative aldehyde intermediate 3.21, which spontaneously cyclized
forming rings B and C in 64% yield, thus completing our formal synthesis of the penultimate

precursor 3.14 to (-)-aflatoxin Bo.

3.3. Conclusion

In summary, a concise formal synthesis of (-)-aflatoxin B, has been achieved by a strategy
that is reliant on three site-selective C-H functionalizations. The route developed here highlights
two impressive C-H functionalization methodologies enabling a completely novel strategy to this

family of natural products. Chiral dirhodium-mediated C-H insertion not only establishes a key
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benzylic stereocenter with high enantioselectivity but also installs the appropriate functionality for
the annulation of the C-ring. This reaction demonstrates the power of donor/acceptor carbenes to
enable efficient access to complex chiral building blocks. Following the carbene insertion,
carbonyl-directed bis-acetoxylation site-selectively introduces the appropriate oxidation
functionality needed in the natural product. This eliminated the need for lengthy and troublesome
late-stage manipulations on the central aromatic ring. Notably, the bis-acetoxylation was achieved
under mild conditions, preserving the delicate benzylic stereogenic center. We anticipate that this
mode of reactivity will find applications in the synthesis of other highly oxygenated complex
molecules. Together, these crucial transformations provide direct access to the tricyclic core of (-)-
aflatoxin B> and highlight the considerable potential of site-selective C—H functionalization in

natural product synthesis.

3.4. Distribution of Credit

This project stems from cross talk between the Davies lab and Sorensen lab and was
recently disclosed in an Org. Lett. publication.*? The Sorensen lab initiated this collaboration after
seeing results from my cylindrocyclophane work (see Ch.2) during one of our weekly meetings
for the NSF CCHF. All the carbene reactions and optimizations were conducted by me as well as
conversion of ester 3.18 to amide 3.11. I then sent amide 3.11 to my collaborator Nick Falcone in
the Sorensen lab, who conducted all the subsequent steps to our target compound 3.14.
Additionally, for the Buchwald C-O coupling study, I took ester 3.16 through the Zinc hydrolysis
and HATU amide coupling, then sent that material to Nick Falcone who conducted the C-O
coupling. To be consistent with our HPLC data, Nick Falcone then sent the Buchwald coupling

product back to me for HPLC analysis. Finally, Hojoon Park from the Yu lab, synthesized the
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pyridine sulfonic acid ligand 3.20, which was sent to Nick Falcone who used it to conduct the

acetoxylation using the conditions reported by me in the cylindrocyclophane study.
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Chapter 4
Aryl Diazoketones as New Donor/Acceptor Carbene Precursors for Highly

Selective Intermolecular C-H Functionalization Reactions

4.1. Introduction

Donor/acceptor diazo compounds have been widely used for dirhodium(Il)-catalyzed C-H
functionalization reactions.!** Out of all the different donor/acceptor diazo compound out there,
aryl diazoacetates have emerged as a privileged scaffold for intermolecular C-H functionalization
(Figure 4.1). The exquisite selectivity comes from the subtle attenuation of the carbene by the aryl
“donor group” and ester “acceptor group” and changing either one of these results in a fast drop in
overall site- and stereoselectivity.> ¢ Notably, incorporation of nitrogen or oxygen functionality as
donor groups has been inaccessible due to the unstable nature of the diazo compounds themselves.
To circumvent this problem, several landmark studies using 1,2,3-triazoles as carbene precursors
has enable the incorporation of alpha-amino functionality in place of the ester acceptor group.’”!!
Furthermore, efforts to change the acceptor unit of the diazo leads to poor reactivity for
intermolecular C-H insertion with not current examples in the literature. Thus, currently the state-
of-the-art technology of intermolecular C-H insertion with diazo compounds is narrowly limited
to aryldiazoacetates. However, their incomparable ability to access valuable and difficult to
synthesis chiral building blocks warrants studies to expand the current diazo scope.!*!8 One of the
key goals in this field is incorporation of valuable heteroatoms into the diazo scaffold. While this
is not possible from the donor side, having a surrogate for the desired heteroatom on the acceptor

side would be a notable advancement from the current technology. One such functional group that

could be consider is a ketone over the tradition ester. While seemingly similar to the ester, the
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lower oxidation state of the ketone allows for the potential of stereoretentive Baeyer-Villiger

reactions!® or Beckmann-rearrangements? to yield chiral oxygen or amino functionality.

H H R=Ns N,

X > M
EDG EWG base EDG EWG
N2 N2 N2

X
0 0 ©
X= carbon

-stable, safe to handle
-well established -no examp|es for
intermolecular C-H
functionalization

N2 N2 N2

OR R. JI\H/OR )J\H/OR
P y A0

R @) R O O

-unstable or inaccessible via diazo transfer
-limited studies

Figure 4.1 General synthesis and different forms of donor/acceptor diazo compounds

In searching the literature for reactions with diazoketones, the majority have been
constrained to cyclopropanation reactions or ylide chemistry, with C—H insertion examples limited
to highly activated and biased systems or intramolecular reactions.?! In 2007, Tain and co-
workers?? reported an intramolecular C-H insertion to synthesize a-aryl cyclopentanones (Scheme
4.1). The scope of the reaction was very limited with only minor modifications on the aromatic
substituent. Furthermore, yields for these reactions were only modest to good, and even though
they were using a chiral catalyst (Rha(S-PTTL)4) the enantioselectivity furnished poor ee’s ranging

from 44% to 49% ee.



88

Ny l )
X R Rhy(S-PTTL), . RE AN

P O toluene, 23 °C Z

up to 81% yield
up to 49% ee

Scheme 4.1 Intramolecular C-H functionalization with a-aryl-a-diazoketone

Moving to ylide chemistry, a recent report in 2014 by Zhou and co-workers? disclosed an
enantioselective N-H insertion (Scheme 4.2). Since reactions undergoing ylide chemistry generate
an enol, chiral rhodium catalysts give no enantioselectivity and thus chiral phosphoric acids were
used to achieve chiral induction in the proton-transfer step. Additionally, the researchers were able
to demonstrate the utility of their reaction to generate unnatural chiral amino acids. The scope
outlined by Zhou demonstrates decent breath of scope with excellent yields and high

enantioselectivity up to 98% ee.
Na Rh,(TFA), (1 mol %) NHBoc
R (R)-SPA (1 mol 5) R
+ BocNH, —>>
O CHCl3, 25 °C, 1 min 0

R = alkyl or aryl up to 95% yield
up to 98% ee

Scheme 4.2 Enantioselective ylide reaction with a-aryl-a-diazoketone

Lastly, the Charette group has done extensive work with cyclopropanation of various diazo
compounds. In 2010 and 2011 they reported two separate reports on asymmetric intermolecular
cyclopropanation with diazoketones (Scheme 4.3). The 2010 publications studied the use of
additives with various diazoketones, looking at only acceptor/acceptor, either o-nitro-o-

diazoketones or a-cyano-o-diazoketones (Scheme 4.3a).2* They found additives were able to
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increase the diastereoselectivity with the a-nitro diazo compound, but not with the a-cyano.
However, chiral catalyst Rha(S-TCPTTL)s was used in the a-nitro case and achiral Rha(oct)4 with
the a-cyano, hinting the additives only display effects with chiral catalysts. Moving to the 2011
study, the team again focused on acceptor/acceptor diazoketones for highly diastereo- and
enantioselective cyclopropanations with Rhy(S-TCPTTL)4.2° However, they did screen one a-aryl-
a-diazoketones, while having impressive diastereo- and enatioselectivity, the yield was poor in
only 9% yield (Scheme 4.3b). The resulting products from their impressive scope furnished a
variety of cyclopropane o~ and f-amino acid derivatives. Thus, with few and far between examples
of reactions with a-aryl-a-diazoketones, we are interested in applying our expanded catalyst

toolbox in the hopes finding new carbene precursors for intermolecular C-H insertion.
a) 2010 additive study on diazoketones
styrene (0]
N
2 Rho(Ln)a @,—41
R >

additive
0] Et,0, -50 °C, 16 h

up to 97% yield
R =NO, , Rhy(L,)4 = Rho(S-TCPTTL),  up to 39:1 dr
R = CN, Rhy(L,)4 = Rhy(oct)4

b) 2011 study with aryl diazoketone

OMe styrene
Rh,(S-TCPTTL),

Et,0, -50 °C

9% yield
>20:1 dr
98% ee

Scheme 4.3 Asymmetric intermolecular cyclopropantion with acceptor/acceptor diazoketones

and a-aryl-o-diazoketone
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While we have previously reported that aryl diazoketones are also competent
donor/acceptor carbene precursors, the application was limited to cyclopropanation and the scope
of alkene substrates was relatively narrow (Scheme 4.4).2° While the scope was limited to only a
handful of styrenal derivatives, the yields and diastero- and enantioselectivies were excellent for
all the diazoketones when using Rhy(S-PTAD)4 as a catalyst — apart from phenyl substituted
ketones. Notably, to achieve high asymmetric induction, the researchers utilized quite unusual
alkynyl groups in the R! position. Furthermore, when this reaction was disclosed, it was the first
reported example of intermolecular reactions with o-aryl-oa-diazoketone. However, the only
example of C-H functionalization using aryl diazoketones in the paper used cyclohexadiene as the
substrate, which is one of the easiest substrates due to double electronic activation from the diene
functionality. Therefore, one of the primary goals for this project was to expand our donor/acceptor
carbene reactions toolbox and demonstrate the synthetic utility of the newly incorporated ketone

functionality as opposed to an ester group.

"Rhy(S-PTAD Rh,(S-PTAD),

i
Al [ ] 2
' R1 R1 R2 b 2 \I(
Ar ———— R R ]
)a A R
O r

1 5 up to >20:1 dr
up to 89% ee R'= alkyl, alkyne, phenyl R<= aryl up to 98% ee

Scheme 4.4 Previously reported chemistry on aryl diazoketones as donor/acceptor carbene

precursors

The motivation for this work comes from the ability of the ketone functionality to open
new chemical space the ester acceptor group could not. On the outset of the project, we envisioned

the ketone functional group could undergo a stereoretentive Baeyer-Villiger oxidation then
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hydrolysis to form chiral alcohols. The other transformation we were interested in exploring was
ketoxime formation followed by Beckmann-rearrangement to form chiral benzylamides (Scheme
4.5). The synthesis of chiral alcohols has been widely studied with a plethora of reactions available,
one common example is the asymmetric reduction of a ketone.?”3* The preparation of enantiopure
benzylamides has also been heavily pursued in the chemical community due to their presence in a
variety of biologically relevant compounds and synthetic versatility as building blocks.**37 The
acylation of chiral amines is one of the principal methods for their preparation, and the most
common reaction performed in the pharmaceutical industry.’* 3> 3% New methods for their
synthesis are constantly being developed, one such example is C-H insertion through nitrenes, via
metal® 342 or enzymatic catalysis.***® However, these approaches can be limited, either through
the preparation of a chiral amine for acylation or limited functional group tolerance with nitrenes.
In this chapter, a new way of synthesizing chiral benzylamides is reported that was enabled by a
key C-H functionalization step using the recently discovered dirhodium catalyst, Rho(S-TPPTTL)4,

in conjunction with the use of donor/acceptor diazoketone compounds.

R
Ro H
Y O
Het/Ar "NJJ\Ar
H
H R Enantiopure benzylamides
Ny Z R")_® RS H =
g =R R o TR — or
Het/Ar Rhy(L,)s Het/Ar X —_— R
0 © Re H

Het/Ar %"OH

Enantiopure alcohols

Scheme 4.5 Proposed modifications of C-H insertion products from reactions with a-aryl-a.-

diazoketones
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4.2. Results and Discussion

4.2.1. Catalyst Screen and Reaction Optimization

Initial reaction optimization focused on the identification of an aryl diazoketone as an
effective carbene precursor. Based off of previous work in our lab, para-bromophenyl
methylketone 4.1 was chosen as a suitable diazo to screen against our catalyst library.?® The diazo
4.1 was synthesized through Regtiz diazo transfer with p-ABSA in 82% yield. As a model substrate
4-ethyltoluene was chosen as an ideal substrate, which would allow evaluation of the site-
selectivity for methyl vs. methylene C(sp®)-H bonds. Upon extensive catalyst screening,
temperature, solvent, and concentration optimization, the only catalyst that gave any of the desired
product was Rha(S-TPPTTL)4 (Table 4.1, entry 1). The product was formed only in trace yield
(<5%), but excitingly in only one regio- and diastereomer for methylene C-H insertion. Modifying
the electronics on the donor side of the diazo to the p-nitro compound 4.2 (found in our diazo
library) led to no increase in the yield (Table 4.1, entry 12). Additionally, screening alkynyl diazos
4.3 and 4.4 found in our diazo library led to no product generation either (Table 4.1, entry 13+14).
It was hypothesized that the diazoketones screened here might be too sterically small versus that
standard ester, leading to unproductive pathways. To test this theory, tertbutyl diazoketone 4.5 was
synthesized and screened with the optimum catalyst, but found it ineffective as well (Table 4.1,

entry 15).



93

G Ro
R1 Me
Me °© g, o0
N ™ 2
R )l\n/Rz . Me + (H)
1 - R
o) Rh(ll) catalyst Me !
Solvent, temperature A B
Entry ~ Compd. Ri Ro C(O,\;l‘)c T(earC“)p Solvent Catalyst yield(%)
1 41 (p-Br)Ph Me 0.125 25 CH,CI, Rhy(S-TPPTTL), trace?
2 4.1 (p-Br)Ph Me 0.25 25 CH,Cl, Rh,(S-TPPTTL), 0
3 41 (p-Br)Ph Me 0.125 40 CH,Cl, Rho(S-TPPTTL), 0
4 4.1 (p-Br)Ph Me 0.125 0 CH,Cl, Rh,(S-TPPTTL), 0
5 4.1 (p-Br)Ph Me 0.125 25 TFT Rhyo(S-TPPTTL), 0
6 4.1 (p-Br)Ph Me 0.125 25 CH,Cl, Rh,(S-DOSP), 0
7 4.1 (p-Br)Ph Me 0.125 25 CH,Cl, Rhy(S-PTTL), 0
8 4.1 (p-Br)Ph Me 0.125 25 CH.Cl,  Rhy(R-2-CI5-BIrTPCP), 0
9 4.1 (p-Br)Ph Me 0.125 25 CH.Cl, Rh,(R-DiBic), 0
10 4.1 (p-Br)Ph Me 0.125 25 CH,Cl, Rhy,(R-TriBic), 0
11 4.1 (p-Br)Ph Me 0.125 25 CH,Cl, Rhy(S-TCPTTL), 0
12 4.2 (p-NO,)Ph Me 0.125 25 CH,Cl, Rhy(S-TPPTTL), trace?

MeO 1'7771, ll‘sl 0.125 25 CH,Cly Rhy(S-TPPTTL), 0
13 4.3 /
Z
MeO Ph
OMe
1771‘4 /Lﬁ% 0.125 25 CH,CI Rhy(S-TPPTTL) 0
14 4.4 Bu : 2Clo 2 4

15 4.5 (p-Br)Ph Bu 0.125 25 CH,Cl, Rh,(S-TPPTTL), 0

8Products from the reactions with 4.1 and 4.2 were produced in >20:1 rr (A:B) and >20:1 dr

Table 4.1 Initial optimization of the C-H insertion with a-aryl-a-diazoketones
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After extensive screening with poor results, clearly the model diazoketone had to be
modified. While sterics weren’t making a difference from the initial screen, electronic
modifications were studied next. In thinking how the diazoketone could be modified to act similar
to the diazoester, it was hypothesized in order to mimic an ester group increasing the electronic
profile on the ketone would be beneficial. Thus, to achieve this the phenyl substituted ketone 4.6
was chosen. Under the previous conditions that generated trace product (Table 4.1, entry 1), the
new diazo 4.6 was subjected to the rhodium catalyzed C-H insertion (Table 4.2). Excitingly, the
yields not only jumped from <5% to 46%, but the reaction was exquisitely regio-, diastereo- and
enantioselective for the methylene C-H bond (Table 4.2, entry 1). The exclusive methylene site
selectivity could be attributed to the structural features of the catalyst that imparts a very defined
way the rhodium-carbene interacts with the substrate. However, with the moderate yield we
wanted to confirm that optimal catalyst was being used. Testing the related Rha(S-PTAD)4 catalyst,
previous used for aryl diazoketone cyclopropanation,”® gave a low yield and only moderate
selectivity (Table 4.2, entry 2). Furthermore, screening several other catalysts from the catalyst
toolbox all led to worst enantioselectivity and poor 'H NMR yields (Table 4.2, entries 3-7).
Notably, at the same time catalysts were being screened, we also were studying various diazo
compounds against the lead catalyst Rho(S-TPPTTL)4. Since all the diazos routinely gave excellent
regio-, diastereo- and enantioselective, the diazos available at the time were used for the catalyst
screen. Hence, the switch to the para-Br 4.7 and para-CF; 4.8 diazos. Additionally, because these
diazos give similar selectivity with only changes in yield (Table 4.3), we are confident with the
results from the catalyst screen.

Validated that the optimum catalyst was in hand, we sought to change the solvent and

concentration in hopes of increasing the yield. To avoid the potential for Wolff-rearrangement,
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refluxing the reaction was avoided as heat is known accelerates the rearrangement.*’ *® Running
the reaction in TFT led to a drop in the yield (Table 4.2, entry 8). However, diluting the reaction
increased the yield by about 10% (Table 4.2, entry 9). Finally, isolation of the major byproduct of
the reaction allowed discovery that insertion of the carbene into oxygen, generating a diketone,
was causing the modest yields.** Additionally, the diazoketone was found to be unstable in DCM,
and after sitting in DCM overnight the diazo decomposes. Therefore, to circumvent this, the
reaction and the diazoketone was degassed before adding the diazo to the mixture of catalyst and
substrate. Furthermore, the diazo was added all at once instead of traditional slow addition to avoid
decomposition in the DCM. With this procedure the optimization was completed achieving a 66%
yield (Table 4.2, entry 10). Notably, using freeze-pump-thaw technique to set up the reaction led
to the same result generated via sparging the reaction with Schlenk line technique. Therefore, we
carried forward with sparging the reactions via Schlenk line technique as this is a simpler and

faster protocol.
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H
(@]
N, O Me Rp< O
g w . SO

R
o Rh(ll) catalyst Me 1
solvent, temperature A B
Entry Compd. R 2% Solvent C(c;\;ll)c . Catalyst yield(%) ( Ar:rB) dr  ee(%)

1 4.6 Ph Ph CH,Cl, 0.125 Rhy(S-TPPTTL), 46 >20:1 >20:1 99
2 47 Ph (p-Br)Ph CH,Cl, 0.125 Rhy(S-PTAD), 15 2:1 >20:11 77
3 4.8 Ph (p-CF3)Ph CH,Cl, 0.125 Rh,(S-DOSP), 242 >20:1 81 54
4 48 Ph (p-CF3)Ph CH,Cl, 0.125 Rho(S-NTTL), 13 >20:1  >20:11 32
5 48 Ph (p-CF3)Ph CH,Cl, 0.125 Rhy(R-TCPTAD), 132 >20:11  >20:11 52
6 48 Ph (p-CF3)Ph CH,Cly 0.125 Rh2(R-2-CI 5-BrTPCP), 3a 5:1 >20:1 52
7 4.8 Ph (p-CF3)Ph CH,Cl, 0.125 Rhy(S-pBrTPCP), 42 7:1 22011 86

8 4.8 Ph (p-CF3)Ph TFT 0.125 Rhy(S-TPPTTL), 30 >20:1 >20:1 -
9 4.8 Ph (p-CF3)Ph CH,Cl, 0.0625 Rhy(S-TPPTTL), 57 >20:1 >20:1 99
100 4.8 Ph  (p-CFy)Ph CH,Cl,  0.0625  Rhy(S-TPPTTL), 66 >20:1  >20:1 99

aYields were determined by NMR with trichloroethylene as internal standard
PReaction was degassed and the diazo added all at once

Table 4.2 Optimization of the C-H functionalization with the phenyl substituted diazoketones

4.2.2. Aryl Diazoketone Scope

Having identified that an aryl ketone is essential for a successful reaction, we moved to
studying the diazo scope, modifying the functionality on both the donor and acceptor side. Notably,
since the goal of the project is to convert the ketone to an alcohol or benzylamide, the focus was
on modifying the donor side with minimal perturbations on the acceptor side. The synthesis of the
diazoketones starts from the commercially available phenylacetic acid derivatives 4.9, which under
EDCI coupling conditions affords the Weinreb amide 4.10 (Scheme 4.6). Next, the amide is

subjected to a Grignard addition, either using commercially available Grignards or Grignards
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synthesized in the lab to yield ketone products 4.11. Finally, the last step is the Regitz diazo transfer
with 0-NBSA to afford the aryl diazoketones 4.12. Notably, this procedure had to be slightly
modified from the established method. It was found that upon quenching the diazo transfer with
saturated sodium ammonium chloride, the slightly acidic work-up would destroy the diazo. Thus,
the work-up was removed from the procedure and by concentrating the crude down and purifying
it instantly via basified flash chromatography, the diazoketone compounds could be cleanly and

reproducibly isolated.

DMHA HCI, EDC HCl, N
@\)(i DMAP o ‘3\)01\ 8H3 Mg(0), Br—@ @\)Cf\@ o-NBSA, DBU ®)‘\n,®
[l - ,
OH DCM, 25 °C, o/n N THF, -20 °C, 3 hr ACN, 0 °C, 30 min 5
4.9 Yield: 77% to quant 410 Yield: 16%to 61% 411  Yield: 52% to 90% 412

Scheme 4.6 General diazoketone synthesis prep

With the library of diazo compounds in hand, we moved to subjecting them to the
optimized C-H insertion conditions against 4-ethyltoluene with Rho(S-TPPTTL)4 (Table 4.3).
Starting with exploring changes to the acceptor side, modification of the para position is well
tolerated, displaying low yields with electron donating groups and good yields with electron
withdrawing groups (Table 4.3, entries 4.13, 4.14, 4.15, 4.17, 4.18). The improved result of the
para-CF; diazo 4.8 can be rationalized by making the carbene slightly more electrophilic and
reactive, finding the “sweet spot” of reactivity attributed to aryl diazoacetates. Bis-para substituted
compound 4.19 also performed well, however a slight drop in enantioselectivity (90% ee) was
seen as presumably the diazo could be interfering with the wall of the chiral catalyst. After the
initial evaluation studies to generate the six products described above, the further optimization and
evaluation of a range of aryl diazoketones was conducted by Terrence Nguyen and his complete

results are summarized in Table 4.3. Terrence Nguyen started his study with meta substitution on
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the acceptor side, which was tolerated in modest yields but excellent overall selectivity with meta-
CF; product 4.20. Unfortunately, substituting anything at the ortho position to the ketone shut
down reactivity. Moving to the donor side, para substitution (Table 4.3, entries 4.21, 4.22, 4.23,
4.24) is tolerated well in low to modest yields. Meta substitution performs in low to modest yields
as well (Table 4.3, entries 4.25, 4.26, 4.27, 4.28, 4.29), notably the electron donating group
performing better on the donor side over the acceptor side. Besides standard phenyl rings,
naphthalene (Table 4.3, entry 4.30) and excitingly 2-cloropyridine (Table 4.3, entry 4.31) are both
tolerated in fair to good yield, respectively. Unfortunately, ortho substituent on the donor ring is
also not tolerated in the reaction, as well as para-Ph substitution on the donor ring, presumably
due to a steric clash with the wall of the chiral catalyst. Notably, the regio- and diastereoselectivity
is perfect across the board with all diazos in the scope performing in >20:1 rr and >20:1 dr.

Additionally, the enantioselectivity is excellent as well ranging from 90% to >99% ee.
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Rh,(S-TPPTTL),
(0.5 mol%)
4-ethyl toluene
(5-10 equiv)

CH,Cl,, 1t, 4A MS

O
4.13. R = H, 64% yield, >20:1 r.r.,, >20:1 d.r., 99% e.e. Br 4.19
4.14. R = OMe, 30% yield, >20:1 r.r.,, >20:1 d.r., >99% e.e 57% yield
4.15. R = CF3, 66% yield, >20:1 r.r., >20:1 d.r., 99% e.e. =201 rr.
4.17. R = Br, 54% yield, >20:1 r.r., >20:1 d.r., >99% e.e. =20:1 d.r.
4.18. R = F, 36% yield, >20:1 r.r,, >20:1 d.r., >99% e.e. 90% e.e.

p-MePh j/ p-MePh
‘o, ~Ph
Ph 'n)i)\ CF3 "
o) R O
4.20
56% vield 4.21. R = CF3, 50% yield, >20:1 r.r., >20:1 d.r., 94% e.e.
>20?1yrr 4.22. R = F, 31% yield, >20:1 r.r., >20:1 d.r., 96%e.¢e.
201 d.r 4.23. R = Cl, 44% yield, >20:1 r.r.,, >20:1 d.r., 92% e.e.
~99% e 6. 4.24. R = Br, 39% yield, >20:1 r.r.,, >20:1 d.r., 94% e.e.
p-MePh
‘o, ~Ph
"
0]
R
4.25. R = CHg, 46% yield, >20:1 r.r., >20:1 d.r., 96% e.e.
4.26. R = F, 39% yield, >20:1 r.r., >20:1 d.r., 94%e.e. 48% vyield
4.27. R = Cl, 55% yield, >20:1 r.r.,, >20:1 d.r., 96% e.e. >20:1 r.r.
4.28. R = Br, 40% yield, >20:1 r.r.,, >20:1 d.r., 92% e.e. >20:1 d.r.
4.29. R = OMe, 52% vyield, >20:1 r.r., >20:1 d.r., 99% e.e. 98% e.e.
p-MePh )
66% yield
.. _Ph >20:1rr
"Il/ >20:1 d.r.
0O >99% e.e.

Table 4.3 Scope of aryl diazoketone reactivity with 4-ethyltoluene
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4.2.3. Substrate Scope

With the diazo scope now completed, we turned our attention to understanding the
substrate scope. Analyzing the diazo scope, the para-CF; diazo 4.8 was chosen as the optimum
diazo to move forward with for the substrate scope. It was reasoned that a para-CF3 group would
serve two purposes: 1) it attenuates an even more reactive carbene that could allow us to
functionalize unactivated substrates, 2) critically it would facilitate regioselective Baeyer-Villiger
oxidation or Beckmann-rearrangement in the next step by increasing the migratory aptitude of the
secondary alkyl group in the ketone product. Thus, with the optimized catalyst, carbene precursor
and reaction conditions in hand, we next sought to challenge the selectivity of the catalyst by
exploring the scope of a variety of activated and unactivated substrates (Scheme 4.7). This study
was conducted in collaboration with my undergraduate student mentee, Camilla Suarez.

Starting with the activated substrates, ethyl benzene derivates 4.15, 4.32, 4.33 all
functioned well with good yield and excellent selectivity. The two allylic substrates 4.34 and 4.35
also were competent in the reaction resulting in good yields and excellent selectivity. Moving to
the other benzylic substrates, indane 4.36 performed well, however, not only was the
regioselectivity lower but this substrate had one of the lowest enantioselectivity in the scope with
81% ee. Both cyclobutane 4.37 and dihydrobenzofuran 4.38 are tolerated in fair to low yields
respectively, with excellent regioselectivity but poor diastereoselectivity for the
dihydrobenzofuran. Notably, cyclobutane 4.37 is related to a transient receptor potential vanilloid
3 antagonist developed by Abbvie.’® Excitingly the highest yield obtained was with THF product
4.39 in 75% yield, however with modest diastereo- and enantioselectivity. Interestingly, changing

from THF to tetrahydropyran yielded product 4.40 in low yields but excellent regio- and
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enantioselectivity with modest diastereoselectivity. Moving to unactivated systems, cyclopentane
4.41 and cyclohexane 4.42 and 4.43 are all tolerated in fair to good yields respectively with perfect
overall selectivity. Lastly, adamantane is tolerated in good yield with excellent selectivity for
product 4.44. Overall, our scope demonstrates a huge leap in reactivity with aryl diazoketones,

unseen before in the literature.
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Scheme 4.7 Substrate scope with para-CF3 a-aryl-a-diazoketone

To demonstrate the impressive selectivity developed here with aryl diazoketones and
Rhao(S-TPPTTL)4, we sought to compare the scope outlined here with known reactions with
aryldiazoacetates (Scheme 4.8). Beginning with 4.15 and 4.45, the yields and regioselectivity are
identical, however the diastereo- and enantioselectivity selectivity found in 4.15 completely
outclasses the reaction with Rha(S-DOSP)4 and the corresponding aryldiazoaceate.’! With acetate
derivative 4.32 and 4.46, yields are higher for the aryldiazoacetate, however overall selectivity is
greatly improved using the diazoketone.? Comparing 4.33 and 4.47, again yields are higher for
the aryldiazoacetate, enantioselectivity is comparable, yet the dr is drastically increased (from 2:1
to >20:1) when using the diazoketone.>?> Moving to trans-2-hexene, 4.48 is formed in better yield
than 4.34, however 4.34 is notably exquisitely selective, whereas the aryldiazoacetate is formed in
moderate yield and the authors note a poor mixture of diastereomers.> Allylic alcohol 4.49 is
generated in better yield and enantioselectivity over 4.35, while diastereoselectivity is greatly
improved using the diazoketone.!! Furthermore, both reactions (4.49 and 4.35) utilize Rhy(S-
TPPTTL)4 indicating increase catalyst compatibility with diazoketones. Comparing cyclobutane
4.50 and 4.37 both using Rh2(S-TPPTTL)a, the aryldiazoacetate outperforms the diazoketone, with
only moderately better enantioselectivity for 4.37.5 THF product 4.39 is generated in higher yield
and diastereoselectivity compared to 4.51.°> However, interestingly this is one of the few cases
where the diazoketone gives a higher yield but lower enantioselectivity compared to the
aryldiazoacetate. Moving to the cyclic hydrocarbons, 4.41 is formed in higher enantioselectivity
but lower yield compared to 4.52.% Similarly, cyclohexane 4.42 and 4.53 are both generated in

99% ee, however higher yields are obtained with the aryldiazoacetate.’® Diazoketone 4.8
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outperforms the classic reaction with the diazoester when tert-butyl cyclohexane (4.43) was used
as the substrate.>® Only one diastereomer (>20:1) was observed and formed in essentially complete
enantioselectivity (>99% e.e.), while moderate diastereoselectivity (11:1) is reported with
aryldiazoacetates (4.54) but higher yield. This result indicates that when an aryl diazoketone is
used as the carbene source, the catalyst can achieve better kinetic resolution between the C-3 and
C-5 C-H bonds and therefore give an improved desymmetrization reaction. The same trend
follows the reaction with adamantane, product 4.44 gives better enantioselectivity but lower yield
compared to 4.55.°° The indane (4.36), dihydrobenzofuran (4.38) and tetrahydropyran (4.40)
products have no known reactions in the literature with aryldiazoacetates and thus cannot be
compared here. Currently these substrates are being screened against aryldiazoacetates and Rho(S-
TPPTTL)4 to compare the selectivity. Overall, the diazoketone substrate scope demonstrates that
while yields are typically lower when using a diazoketone, the regio-, diastereo- and

enantioselectivity is typically superior for most cases.



Ar "“/
4.45

Rh,(S-DOSP),
Ar = CgHy(p-Br)
R = CH20H200|3
66% yield, >20:1 rr,
3:1dr, 81% ee

/\j/\/

Ar fo
OR
4.48

Rhy(S-DOSP),

105

H Rhy(Lp)s
rvy—<H - Ar i OR
R (@)
AcO MeO
Ar -,,,”/OR Ar ~.,,”/OR
(0] (@]
4.46 4.47
Rh,(S-DOSP), Rh,(S-DOSP),
Ar = C6H4(p-Br) Ar = C6H4(p-BI‘)
R = CH3 = H3
77% yield, 3.6:1 dr 86% yield, 2.1:1 dr
86% ee 89% ee
(|) RO__O Bu
TBSO (\y
\/\/'\“ J\OR Ar
Ar
4.49 4.50
Rhy(S-TPPTTL),
Ar = CqHa(p-Br) Rhy(S-TPPTTL),

Ar = CgH,(p-Br)
R = CH3
75% vyield, 9:1 rr

R = CH2CHQCF3
64% yield, >20:1 rr,
3.5:1.dr, 99% ee

Ar = CgH,(p-Br)
R = CH,CH,CCl3
71% yield, >20:1 rr

94% ee
0 O o)
I JU
“" OR ** “OR on
AI’ Ar Ar "'lI
4.51 4.52 o)
Rhy(S-DOSP) Rhy(S-TPPTTL) 459
2(o- 4 3
Ar = CgHs Ar= CgHa(p-Br) Rhy(S-TPPTTL),
R = CHs R = CH,CH,CCls Ar = CgHa(p-Br)
67% yield, 2.8:1 df, 73% yield, 97% ee R = CH,CH,CCl,
97% ee 79% vyield, 99% ee
Ar O
OR OR
Ar
4.54
Rhy(S-TPPTTL), 4.55
Ar = CgHy(p-Br) Rh,(S-TPPTTL),

R = CH,CH,CCl,
80% yield, >20:1 rr,
11:1 dr, 95% ee

Ar = CgHy(p-Br)
R = CH20H200|3
72% yield, 90% ee



106

Scheme 4.8 Comparison of the substrate scope with aryldiazoacetates

While the scope outlined in Scheme 4.7 shows a wide variety of activated and unactivated
substrates, several other compounds were not tolerated for C-H functionalization. Outlined below
are a variety of substrates that were screened which were found to be unproductive for the reaction
(Figure 4.2). Notably, a wide variety of nitrogen protected substrates (4.56, 4.57, 4.58, 4.59, and
4.60), either piperidine, pyrrole, indoline or exocyclic amines, were not tolerated at all in the
reaction. Exploring different protecting groups (ex. Boc, Ts, Phth) gave no change in reactivity for
any of the substrates. Attempting to diversify the cyclohexane results, adding a pendant TBS
protected alcohol 4.61 resulted in loss of reactivity. Activated substrates p-cymene 4.62 and xylene
4.63 gave no product either, presumable to the catalyst preference for methylene C-H bonds, then
methine over methyl.’® Substrates with a balance of benzylic activation but deactivated with a
ketone functionality, 4.64 and 4.65, both gave no product, demonstrating the subtle effects
electronics have on the system. Finally, linear alkane 2-methylpentane 4.66 gave no product at all
and using hexane as a co-solvent only gave trace product. Overall, these failed substrates for C-H
insertion elucidate the subtleties of the C-H functionalization reaction, showing a need for future

catalyst development to expand the scope of reactivity for aryl diazoketones.
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\ CFs H Rh,(S-TPPTTL),
2 Ry —=H (1 mol %)
+ NE
Ph R N——>
CH.Cl,, rt, 4A MS
(5 equiv)
4.8

Unsuccessful substrates

Boc Boc Ts o OTBS
N N N
O L O : N
Boc O o

4.56 4.57 4.58 4.59 4.60 4.61
O
0)
4.62 4.63 4.64 4.65 4.66

Figure 4.2 Failed substrates for C-H functionalization with aryl diazoketones

4.2.4. Derivatization of Aryl Diazoketone Products

Having established a robust profile of substrates competent under our new diazoketone
carbene, we then sought to demonstrate its utility in post-functionalization transformations.
Notably, the transformations outlined here are chemoselective for the ketone functional group and
thus these compounds would not be accessible using our standard aryldiazoaceatate. Starting with
a variety of our C-H insertion products we screened a plethora of Baeyer-Villiger oxidation
conditions against these ketones. Since the majority of precedented Baeyer-Villiger oxidations
utilized either cyclic ketones or sterically unhindered linear ones, we were unsure of how the steric
profile on our C-H functionalization products would affect the reaction. Thus, we decided to screen

the Baeyer-Villiger reaction against ketone 4.13 and 4.43. Starting with the 4-ethyltoluene product



4.13, standard mCPBA conditions®’*° or a variety of Lewis acid assisted H,O» oxidations

no desired product 4.67 and complete recovery of starting material (Table 4.4).

9

Beayer-Villiger Conditions

AV4

SN
~ )g©

4.67

VAN ' ol
Solvent
Entry Conditions yield (%)
1 mCPBA, CH20|2 0
0 Bi(OTf)3, mCPBA, 0
CH,Cl,
3 TFAA, H,0, 0
BCF, H,0,, DCE
4 50 °C 0
5 NaBARF, H,0,, DCE 0
50 °C
5 BF;OEt,, H,0,, DCE 0

50 °C

60-62

108

gave

Table 4.4 Baeyer-Villiger oxidation screen against functionalized 4-ethyltoluene product

Moving to the fert-butyl cyclohexane product 4.43, again a variety of mCPBA>">? or Lewis

acid assisted H,O» oxidations

60-63

gave no product 4.68 and complete recovery of starting material

(Table 4.5). Even attempting the harshest known oxidation conditions, with either AICl; (entry

8)%* or TFAA (entry 9),% resulted only in recovery of starting material. Therefore, with no hint of

product in any reaction, it was concluded that the C-H insertion products are too hindered for

Baeyer-Villiger oxidation. This was further validated by Terrence Nguyen where he was able to

conduct control experiments demonstrating the conditions we screened worked on the simple
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substrates. Thus, validating the hypothesis that the products generated from the C-H

functionalization reaction are too sterically hindered.

Ph "”/O 0
M Beayer Villiger Conditions Ph >—®—CF3
N/ | ; al O
CF
4.43 °

>& o
Solvent
4.68
Entry Conditions yield (%)
1 mCPBA, NaHCO, 0
CH,Cl,, 40 °C

5 mCPBA, NaHCO,, 0
DCE, 80 °C

3 mCPBA, HFIP 0

CH,Cl,, phosphate buffer

4 NaBARF, H,0,, 0
DCE, 50 °C

5 LlB(CGF5)4'25Et20, 0

H,0,, DCE, 50 °C
6 2 Na2C03'3 H50,, 0
TFA
2 Bi(OTf)3, mCPBA, 0
CH,Cl,

AICl3, Ho0,,

8 ethanol 0

9 TFAA, H,0,, 0

Na2HPO4, CH2C|2

Table 4.5 Baeyer-Villiger oxidation screen against functionalized fert-butylcyclohexane product

Undeterred by the failed Baeyer-Villiger oxidations, we turned our attention to the
Beckmann-rearrangement. Due to the potential steric hindrance, that was seen in the Baeyer-
Villiger oxidation attempts, we chose to carry forward the hexene functionalized product 4.34

through the Beckmann-rearrangement synthesis. Notably, Terrence Nguyen was the only one to
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work on the Beckmann-rearrangement and therefore all the results that will be discussed were
performed by him. The synthesis starts with the functionalized product 4.34 being subjected to
ketoxime formation via condensation with hydroxylamine (Scheme 4.9). Formation of the
ketoxime 4.69 performs in great yield (87%) and results in a mixture of £/Z isomers in a ratio of
3.8:1. Using the "H NMR we propose the minor isomer is the desired ketoxime that is desired to
undergo Beckmann-rearrangment. Subjecting ketoxime 4.69 to Beckmann-rearrangement
conditions® with tosyl chloride furnished a 20% yield for the desired benzylamide 4.70. Since the
desired ketoxime was approximately 20% of the E/Z mixture, it is hypothesized that the minor
isomer quantitatively rearranges to the benzylamide, while the major ketoxime has an undesired
reactivity. Currently we are trying to synthesize the desire ketoxime cleanly to test this hypothesis.
Notably, the chiral benzylamide formed is generated in 96% ee with stereoretention. Excitingly

Terrence Nguyen was able to confirm the absolute stereochemistry with an X-ray crystal structure.

w0, 20 Hydroxylamine HCI, pyr Ph” /N"»OH TosCl, DMAP, EzN Ph” “NH

Ph”
EtOH, 120 °C, o/n

87% yield
3.8:1 E/Z

CH,Cl,, 25°C, oln o
20% yield
96% ee CF

434 CF, 4.69 CFs 4.70

Absolute configuration
confirmed with X-ray structure

Scheme 4.9 Beckmann-rearrangement of C-H insertion product to access chiral benzylamides

4.3. Conclusion

In conclusion, we have developed a new donor/acceptor diazo compound competent in
intermolecular C-H functionalization of a wide array of activated and unactivated C-H bonds.
Optimization of the ketone/catalyst pairing led us to a highly selective system using an a-aryl-o.-

diazoketone and Rha(S-TPPTTL)4, often outperforming what can be achieved with the established
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aryldiazoacetate systems. Following functionalization, we demonstrated this new ketone handle
can be used to synthesize chiral benzylamides, allowing access to new chemical space unseen by
the previous diazoesters. However, this particular step needs further optimization for it to be
broadly useful. This space includes a plethora of functionalized chiral building blocks with
orthogonal handles, useful for medicinal chemistry libraries and total synthesis applications.
Ultimately our aryl diazoketone expands our toolbox of carbenes compatible under dirhodium

catalyzed C-H functionalization.

4.4. Distribution of Credit

The work reported in this chapter is in collaboration with several members from the Davies
lab: Dr. Jiantao Fu, Camila Suarez and Terrence-Thang H. Nguyen. This project was initiated by
myself in thinking about how I could utilize different donor/acceptor diazo compounds for the
cylindrocyclophane synthesis. When optimizing the reaction, I achieved the breakthrough result
with 4.6 discovering the necessity of an aryl ketone. I found the best catalyst was Rha(S-TPPTTL)a,
which was developed by Dr. Jiantao Fu, hence the two of us collaborated on this project as it stems
from innovation from both of us. Dr. Jiantao Fu helped with the initial optimization and substrate
scope, as well as some of the Baeyer-Villiger screening. Once he graduated, I mentored an
undergraduate Camila Suarez during part of the studies, where she contributed to the rest of the
substrate scope. Notably, all the reactions conducted by Dr. Jiantao Fu and Camila Suarez were all
evaluated by me. Terrence Nguyen joined the project at the start of 2021 and was critical to
finalizing the optimization and screening the diazoketone scope with 4-ethyltoluene. Terrence
Nguyen synthesized the majority of the diazoketones, where together we looked at changes to the

acceptor side, while only Terrence synthesized and evaluated modifications to the donor ring.
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Additionally, Terrence Nguyen assisted in the Bayer-Villiger screening and was the sole person to
evaluate the Beckmann-rearrangement. A manuscript is in preparation of the current findings in

this chapter, and it has been co-written by me and Dr. Jiantao Fu.
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Experimental Section

5.1. General Considerations

Reactions were carried out under nitrogen in flame-dried unless otherwise specified.
Dichloromethane, diethyl ether, tetrahydrofuran, and toluene were purified using a Glass
Contour Solvent System. Dichloromethane used for C—H functionalization reactions was distilled
under nitrogen from calcium hydride onto 4A molecular sieves and stored under nitrogen for 24
h prior to use. Flash column chromatography was performed on Silicycle SiliaFlash P60 silica
gel (60 A pore size, 4063 pum particle size, 230400 mesh) and ACS reagent grade solvents.
Reactions were monitored by thin layer chromatography (TLC) carried out on with aluminum-
sheet or glass-backed silica gel plates, visualizing with UV light, and staining with aqueous
KMnO4.

All '"H NMR spectra were recorded at either 400 MHz, 500 MHz, or 600 MHz on Varian-
400, Varian-500, or Bruker-600 spectrometers. 3C NMR spectra were recorded at either 101
MHz, 126 MHz, or 151 MHz on Varian-400, Varian-500, or Bruker-600 spectrometers. °F
NMR spectra were recorded at 282, 376 or 565 MHz on Varian-300, Varian-400 or Bruker-600
spectrometer. NMR spectra were obtained from solutions of CDCl3 0.03% TMS, CsDs, MeOD,
and AcOD-ds with residual solvent serving as internal standard (7.26 ppm for 'H or 0.00ppm and
77.16 ppm for *C in CDCls, 7.16 ppm for 'H and 128.06 for '3C in C¢Ds, 3.31 ppm for 'H and
49.00 for *C in MeOD, and 2.04 ppm for 'H and 20.0 for *C in AcOD-ds). NMR shifts were
reported in parts per million (d ppm). Abbreviations for signal multiplicity are as follow: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, brs = broad singlet, dd = doublet of

doublet, etc. Coupling constants (J values) were calculated directly from the spectra.
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All reagents were purchased from commercial sources (Sigma Aldrich, Thermo Fisher,
TCI Chemicals, AK Scientific, Oakwood Chemical, Acros Organics, Combi- Blocks, Strem,
Enamine, and Santa Cruz Biotechnology) and used as received without purification. IR spectra
were collected on a Nicolet iS10 FT-IR spectrometer (cm™). Optical rotations were measured on
Jasco P-2000 polarimeters. Mass spectra were taken on a Thermo Finnigan LTQ-FTMS
spectrometer with APCI, ESI or NSI by the Department of Chemistry at Emory University.
Racemic standards were generated by performing reactions with the appropriate racemic
dirhodium catalyst for the reaction by dissolving an equimolar mixture of the R and S catalyst in
a minimal amount of dichloromethane and concentrating under vacuum. The enantiomeric
excess (ee) was determined by High performance liquid chromatography analysis was performed
on either Varian Prostar chiral HPL instrument, Agilent 1100 Technologies HPLC instruments,
or Agilent Technologies 1290 Infinity UHPLC instrument, and the data outlined below varies in
presentation based on the software used for each system. Chiral HPLC conditions were
determined by obtaining separation of the racemic products generated using a mixture of the
appropriate catalysts. The HPLC instruments used isopropanol/hexane gradient and commercial
ChiralPak/ChiralCel columns from Daicel Chemical Industries, notably ChiralPak AD-H (5 pm
particle size, 4.6 mm vs. 250 mm), ChiralCel OZ-H (5 um particle size, 4.6 mm vs. 250 mm),
and ChiralCel OD-H (5 pm particle size, 4.6 mm vs. 250 mm), ChiralCel AS-H (5 um particle

size, 4.6 mm vs. 250 mm), and ChiralCel OJ-H (5 pum particle size, 4.6 mm vs. 250 mm).

5.2. Experiment Section for Chapter 2
Substrates and reagents

The following compounds were prepared according to published procedures:
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2,2 2-trifluoroethyl 2-diazoacetate!

Rha(R-2-C1-5-BrTPCP)4?

Rhy[R-tris(p-"BuCeH4) TPCP]4>

Rha(R-p-ph-TPCP)4*

5-(trifluoromethyl)-3-pyridinesulfonic acid® (synthesized by Hojoon Park)

2-heptyl-5-iodo-1,3-phenylene diacetate (synthesized by Elizabeth Goldstein)

2,2,2-Trifluoroethyl 2-diazo-2-(4-heptylphenyl)acetate

A 250-ml round-bottom flask with stir bar was flame dried under vacuum. Once cool enough all
solids were added first: PPh; (1.65 mmol, 0.1 equiv.), Pd(PPh3)4 (0.825 mmol, 0.05 equiv.) and
Ag>COs3 (8.25 mmol, 0.5 equiv.). After solids added, the reaction vessel was purged with argon
three times. Next the liquids were added: toluene (66 ml), EtsN (21.5 mmol, 1.3 equiv.), 1-
heptyl-4-iodobenzene (16.5 mmol, 1 equiv.), and finally the 2,2,2-trifluoroethyl 2-diazoacetate
(21.5 mmol, 1.3 equiv.) was added last. The resulted mixture was stirred at room temperature (23
°C) for 5 h and then, filtered through a short silica plug (3.5 cm diameter, 5 cm height), eluting
with ethyl acetate until elutes clear. The crude product was concentrated and purified by column
chromatography (5% ether in pentane) to afford the product as a yellow oil (87% yield). This

compound is disclosed in a publication.?

Rf =0.71 (pentane/diethyl ether = 9/1);

'"H NMR (600 MHz, CDCl3) § 7.36 (d, J= 8.3 Hz, 2H), 7.22 (d, J = 8.2 Hz, 2H), 4.65 (q, J =
8.4 Hz, 2H), 2.60 (t, J= 7.6 Hz, 2H), 1.63 — 1.57 (m, 2H), 1.36 — 1.22 (m, 8H), 0.87 (t, J= 6.6
Hz 3H);
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13C NMR (125 MHz, CDCl3) 6 163.4, 141.5,129.1, 124.3,122.9 (q, J = 277.6 Hz), 121.3, 60.3
(q,/=36.9 Hz),35.4,31.7,31.2,29.1, 29.1, 22.6, 13.9 (The resonance resulting from the diazo

carbon was not observed);
'F NMR (282 MHz, CDCl3) 6 -73.9 (t, J = 8.4 Hz);

IR (neat) 2957, 2927, 2856, 2089, 1715, 1515, 1456, 1410, 1350, 1280, 1242, 1167, 1137, 1074,
1020, 974, 923, 839, 810, 733, 653 cm’!;

HRMS (+p NSI) calcd for Ci7H22F3N>02 (M+H)* 343.1628 found 343.08576.

2,2,2-Trifluoroethyl (2R,35)-2-(4-heptylphenyl)-8-(4-iodophenyl)-3-methyloctanoate

A 50-ml flame-dried round-bottom flask with condenser was charged with 4 A MS and Rha(R-2-
Cl-5-BrTPCP)4 (0.02 mmol, 1.0 mol%) and then, purged three times with argon. 1-n-Heptyl-4-
iodobenzene (6.29 mmol, 3.0 equiv.) and distilled CH>Cl, (8 ml) were added next, then the
mixture was heated to 40 °C and refluxed for at least 15 min before addition of the diazo
compounds. Next, 2,2,2-Trifluoroethyl 2-diazo-2-(4-heptylphenyl)acetate (2.09 mmol, 1.0
equiv.) was purged under argon in a 20-mL scintillation vial, then diluted with distilled CH>Cl»
(8 ml). Then, under reflux conditions and argon atmosphere, the diazo solution was added to the
reaction vessel dropwise via syringe pump over 3 h. The reaction mixture was stirred at 40 °C for
another 30 min, and concentrated under vacuum for crude '"H NMR. The crude product was
purified by flash column chromatography (3% ether in pentane) to afford as an opaque oil (83%
yield, >30:1 rr, 26: dr, 91% ee). This compound is disclosed in a publication.?

Note: Solvent must be carefully dried (distilled over CaH> and stored on activated 4 A MS).
Rf=0.71 (pentane/diethyl ether = 19/1);
[a]**p: -18.6° (c = 1.00, CHCl3, 91% ce);
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TH NMR (600 MHz, CDCLs) & 7.56 (d, J = 8.2 Hz, 2H), 7.20 (d, J = 8.0 Hz, 2H), 7.12 (d, J= 8.0
Hz 2H), 6.86 (d, J= 8.1 Hz, 2H), 4.55 (dq, J = 8.5, 4.1 Hz, 1H), 4.29 (dq, J = 8.5, 4.2 Hz, 1H),
3.32 (d,J=10.9 Hz, 1H), 2.57 (t, J= 7.6 Hz, 2H), 2.45 (t, J = 7.7 Hz, 2H), 2.23 — 2.16 (m, 1H),
1.63 — 1.56 (m, 2H), 1.51 — 1.41 (m 2H), 1.34 — 1.23 (m, 10H), 1.22 — 1.09 (m, 4H), 1.00 (d, J =
6.7 Hz, 3H), 0.88 (t, J= 6.7 Hz, 3H);

13C NMR (125 MHz, CDCL) § 172.5, 142.3, 137.2, 134.1, 130.5, 128.6, 128.4, 123.0 (q, J =
277.2 Hz), 90.5, 60.2 (q, J = 36.5 Hz), 57.9, 36.2, 35.6, 35.3, 33.1, 31.8, 31.3, 31.0, 29.3, 29.2,
29.0,26.0,22.7, 17.7, 14.1;

15F NMR (282 MHz, CDCls) 6 -73.7 (t, J = 8.5 Hz);

IR (neat) 2927,2855,1753,1484,1464,1400,1278,1165,1128,1061,1006,979,824,793,737cm™;
HRMS (+p NSI) calcd for C30H41021F3; (M+H)* 617.2098 found 617.20986;

HPLC (R,R-Whelk column, 0 % i-propanol in hexane, 1 mL min!, 1 mg mL!, 30 min, UV 210

nm) retention times of 14.9 min (major) and 17.6 min (minor) 91% ee with Rhy(R-2-Cl-5-

BrTPCP)..

2,2,2-Trifluoroethyl (2R,35)-8-(4-(1-diazo-2-0x0-2-(2,2,2-trifluoroethoxy)ethyl)phenyl)-2-(4-
heptylphenyl)-3-methyloctanoate

A 50-ml round-bottom flask with stir bar was flame dried under vacuum. Once cool enough all
solids were added first: PPh; (0.129 mmol, 0.1 equiv.), Pd(PPhs)4 (0.065 mmol, 0.05 equiv.) and
Ag>COs3 (0.645 mmol, 0.5 equiv.). After solids added, the reaction vessel was purged with argon
three times. Next the liquids were added: toluene (5.2 ml), EtsN (1.67 mmol, 1.3 equiv.), 2,2,2-
Trifluoroethyl (2R,3S5)-2-(4-heptylphenyl)-8-(4-iodophenyl)-3-methyloctanoate (1.29 mmol, 1
equiv.), and finally the 2,2,2-trifluoroethyl 2-diazoacetate (1.67 mmol, 1.3 equiv.) was added

last. The resulted mixture was stirred at room temperature (23 °C) for 5 h and then, filtered
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through a short silica plug (3.5 cm diameter, 5 cm height), eluting with ethyl acetate until elutes
clear. The crude product was concentrated and purified by column chromatography (2% ether in
pentane) to afford product as a yellow oil (81% yield). This compound is disclosed in a
publication.?

Rf = 0.45 (pentane/diethyl ether = 9/1);

TH NMR (600 MHz, CDCl3) 6 7.34 (d, J = 8.3 Hz, 2H), 7.21 (d, J= 8.1 Hz, 2H), 7.16 (d, J =
8.3 Hz, 2H), 7.12 (d, J = 8.1 Hz, 2H), 4.64 (q, J = 8.4 Hz, 2H), 4.55 (dq, J = 12.7, 8.5 Hz, 1H),
4.29 (dq, J=12.7, 8.5 Hz, 1H), 3.32 (d, J = 10.5 Hz, 1H), 2.57 (t, J= 7.6 Hz, 2H), 2.51 (t, J="7.7
Hz, 2H), 2.23 —2.15 (m, 1H), 1.62 — 1.56 (m, 2H), 1.52 — 1.44 (m, 2H), 1.35 — 1.24 (m, 10H),
1.22-1.11 (m, 4H), 1.00 (d, J= 6.5 Hz, 3H), 0.87 (t, /= 7.0 Hz, 3H);

13C NMR (125 MHz, CDCl3) 8 172.5, 142.3, 141.3, 134.1, 129.2, 128.6, 128.4, 124.2, 123.0 (q,
J=277.7 Hz), 122.9 (q, J=277.7 Hz), 121.3, 60.3 (q, J= 36.9 Hz), 60.2 (q, J= 36.6 Hz), 57.9,
36.2,35.6,35.3,33.1,31.8,31.3, 31.1, 29.3, 29.2, 29.1, 26.0, 22.7, 17.7, 14.1;

19F NMR (282 MHz, CDCL) 8 -73.7 (t, J = 8.5 Hz), -73.9 (t, J = 8.3 Hz);

IR (neat) 2928, 2856, 2090, 1753, 1717, 1514, 1456, 1409, 1350, 1279, 1242, 1165, 1135, 1074,
976, 923, 839, 733 cm’!;

HRMS (+p NSI) calcd for C34H4104N2Fs (M-H) 655.2976 found 655.29807;

Bis(2,2,2-trifluoroethyl) (2R,3S5,10R,115)-3,11-dimethyl-1,9(1,4)-dibenzenacyclohexadeca-
phane-2,10-dicarboxylate

A 100-ml flame-dried round-bottom flask with condenser were charged with 4 A MS and Rh(R-
2-Cl-5-BrTPCP)4 (0.01 mmol, 1.0 mol%), then purged three times under argon. Distilled CH>Cl»

(10.5 ml) was added using oven dried syringes, then the mixture was heated to 40 °C and



122

refluxed for at least 15 min before addition of the diazo compounds. Next, 2,2,2-Trifluoroethyl
(2R,35)-8-(4-(1-diazo-2-0x0-2-(2,2,2-trifluoroethoxy)ethyl)phenyl)-2-(4-heptylphenyl)-3-
methyloctanoate (1.04 mmol, 1.0 equiv.) was purged under argon in a 20-mL scintillation vial,
then diluted with distilled CH2Cl> (10.5 ml). Then, under reflux conditions and argon
atmosphere, the diazo solution was added to the reaction vessel dropwise via syringe pump over
3 h. The reaction mixture was stirred at 40 °C for another 30 min, and concentrated under
vacuum for crude '"H NMR. The crude product was purified by flash column chromatography
(3% ether in pentane) to afford the product as a white solid (73% yield, 5.6:1 dr, >99% ee). This

compound is disclosed in a publication.?

Note: Solvent must be carefully dried (distilled over CaH> and stored on activated 4 A MS).
m.p. 141-143 °C

Rf = 0.45 (pentane/diethyl ether = 9/1);

[@]**p: -11.0 ° (¢ = 1.00, CHCl3, 5.6:1 d.r., >99% ee);

'"H NMR (600 MHz, CDCl3) § 7.16 (d, J= 8.0 Hz, 4H), 7.01 (d, J = 8.1 Hz, 4H), 4.55 (dq, J =
12.7, 8.5 Hz, 2H), 4.27 (dq, J = 12.7, 8.4 Hz, 2H), 3.21 (d, J = 11.4 Hz, 2H), 2.58 (dt, J = 13.1,

6.4 Hz, 2H), 2.42 (dt,J=13.6, 7.6 Hz, 2H), 2.19 — 2.09 (m, 2H), 1.48 — 1.27 (m, 6H), 1.12 —
0.96 (m, 10H), 0.96 — 0.85 (m, 4H), 0.80 — 0.68 (m, 2H);

13C NMR (151 MHz, CDCl3) 6 172.7, 141.8, 134.4, 128.8, 128.2, 122.95 (q, J = 277.3 Hz),
60.21 (q, J=36.5 Hz), 58.3, 36.4, 35.5, 32.7, 30.8, 28.3, 26.0, 17.7,

F NMR (282 MHz, CDCl3) 6 -73.7 (t, J = 8.5 Hz);

IR (neat) 2929, 2856, 1748, 1403, 1385, 1347, 1303, 1275, 1225, 1160, 1123, 1052, 981, 909,
838, 822, 740, 661 cm™!;

HRMS (+p NSI) calcd for C30H420.1F3 (M)" 628.2987 found 628.29995;

HPLC [for better separation, the ester product was reduced to ((2R,3S,10R,115)-3,11-dimethyl-
1,9(1,4)-dibenzenacyclohexadecaphane-2,10-diyl)dimethanol, and the pure major diastereomer

of the alcohol derivative was obtained via prep HPLC (Ascentis® C18 column, 80% acetonitrile

in H,O with 0.1% trifluoroacetic acid)]

(ADH column, 10 % i-propanol in hexane, 1.0 mL min!, 1 mg mL"!, 80 min, UV 210 nm)
retention times of 28.69 min (major) and 60.71 min (minor) >99% ee with Rh(R-2-CI-5-
BrTPCP)s.
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5-(1-diazo-2-0x0-2-(2,2,2-trifluoroethoxy)ethyl)-2-heptyl-1,3-phenylene diacetate

The procedure is adapted from the literature!: A 10-ml round-bottom flask with stir bar was
flame dried under vacuum. Once cool enough all solids were added first: PPh; (6.3 mg, 23.9
pmol, 0.1 equiv.), Pd(PPh3)s (13.8 mg, 12.0 umol, 0.05 equiv.) and Ag>COs3 (33.0 mg, 0.12
mmol, 0.5 equiv.). After solids added, the reaction vessel was purged with argon three times.
Next the liquids were added: toluene (1.0 ml), EtsN (0.04 m, 0.311 mmol, 1.3 equiv.), 2-heptyl-
5-iodo-1,3-phenylene diacetate (100 mg, 0.239 mmol, 1 equiv.), and finally the 2,2,2-
trifluoroethyl 2-diazoacetate (52.2 mg, 0.311 mmol, 1.3 equiv.) was added last. The resulted
mixture was stirred at room temperature (23 °C) for 5 h and then, filtered through a short silica
plug (3.5 cm diameter, 5 cm height), eluting with ethyl acetate until elutes clear. The crude
product was concentrated and purified by column chromatography (10% ether in pentane) to

afford the product as a red oil (70% yield).
Rf = 0.63 (hexane/ether = 1:1)

IH NMR (600 MHz, CDCl3) & 7.08 (s, 2H), 4.63 (q, J = 8.3 Hz, 2H), 2.40 (t, J = 7.78 Hz, 2H),

2.32 (s, 6H), 1.46 — 1.41 (m, 2H), 1.32 — 1.23 (m, 8H), 0.88 (t, /= 7.23 Hz, 3H).

13C NMR (151 MHz, CDCL) 5 168.9, 162.6, 150.3, 125.8, 123.5, 122.7 (q, J = 277.5 Hz) 115.5,

60.3 (q,J=37.0 Hz), 31.6, 29.5, 28.9, 28.9, 24.6, 22.6, 20.8, 14.1.

IR (neat) 2827, 2858, 2099, 1766, 1624, 1577, 1416, 1369, 1283, 1160, 1108, 1041, 1020, 975,

893, 840 cm™!.

HRMS (+p ESI) calcd for C21H29F3N306 (M+NH4)* 476.2003 found 476.2003
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2-((6S,7R)-7-(3,5-diacetoxy-4-heptylphenyl)-6-methyl-8-0x0-8-(2,2,2-trifluoroethoxy)octyl)-
5-iodo-1,3-phenylene diacetate

A 10-ml flame-dried round-bottom flask with condenser was charged with 4 A MS and Rha(R-2-
Cl-5-BrTPCP)4 (3.92 mg, 2.05 pmol, 1.0 mol %) and then, purged three times with argon. 2-
heptyl-5-iodo-1,3-phenylene diacetate (257 mg, 0.614 mmol, 3.0 equiv.) and distilled CH>Cl»
(0.8 ml) were added next, then the mixture was heated to 40 °C and refluxed for at least 10 min
before addition of the diazo compounds. Next, 5-(1-diazo-2-0x0-2-(2,2,2-trifluoroethoxy)ethyl)-
2-heptyl-1,3-phenylene diacetate (94 mg, 0.205 mmol, 1.0 equiv.) was purged under argon in a
20-mL scintillation vial, then diluted with distilled CH>Cl> (0.8 ml). Then, under reflux
conditions and argon atmosphere, the diazo solution was added to the reaction vessel dropwise
via syringe pump over 3 h. The reaction mixture was stirred at 40 °C for another 30 min and
concentrated under vacuum for crude "H NMR. The crude product was purified by flash column
chromatography (5% ether in pentane) to afford the product as an opaque oil (51% yield, 1:1.5
dr).

Rf = 0.36 (hexanes/ether = 1:1)

[0]p: +1.9° (c = 0.8, CHCl)

'H NMR (400 MHz, CDCL3) 5 7.29 (s, 2H), 6.93 (s, 2H), 4.61 (dq, J = 12.7, 8.5 Hz, 1H), 4.28
(dq, J=12.7, 8.4 Hz, 1H), 3.32 (d, J = 10.1 Hz, 1H), 2.38 (dd, J = 9.1, 6.7 Hz, 2H), 2.30 (s, 6H),
2.28 (s, 6H), 2.15 — 2.07 (m, 1H), 1.48 — 1.38 (m, 3H), 1.36 — 1.17 (m, 16H), 1.17 — 1.09 (m,

1H), 0.97 (d, J= 6.5 Hz, 3H), 0.88 (t, /= 7.0 Hz, 3H).



125

13C NMR (151 MHz, CDCl3) 8 171.6, 168.8, 168.7, 149.9, 149.6, 135.5, 129.2, 127.8, 127.0,
122.8 (q,J=277.3 Hz), 120.3, 88.4, 60.3 (q, /= 36.6 Hz), 57.2, 36.7, 33.2, 31.6, 29.6, 29.5,

28.9,28.8 (d, J=2.2 Hz), 26.0, 24.7 (d, J = 7.1 Hz), 22.6, 20.8, 20.7, 17.3, 14.0.
19F NMR (376 MHz, CDCL3) 6 -73.6 (dt, J = 12.9, 8.4 Hz).

IR (neat) 2928, 2858, 1768, 1595, 1572, 1464, 1431, 1402, 1369, 1278, 1190, 1131, 1109, 1041,

1021, 979, 909 cm.

HRMS (+p ESI) caled for C3sH49F31010 (M+H)* 849.2324 found 849.2342

/@/\[rOvCC|3
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2,2,2-trichloroethyl 2-(4-iodophenyl)acetate

To a 250-ml round bottom flask purged with argon was added the 2,2,2-trichloroethyl 2-(4-
iodophenyl)acetate (10.0 g, 38.2 mmol, 1 equiv), DMAP (467 mg, 3.8 mmol, 0.1 equiv),
trichloroethanol (4.4 ml, 45.8 mmol, 1.2 equiv) and 84 ml of DCM. Then the reaction mixture
was cooled to 0 °C via ice bath. At 0 °C, DCC (8.67 g, 42 mmol, 1.1 equiv) was dissolved in 42
ml of DCM and added slowly to the reaction over a few minutes. The reaction mixture was then
stirred overnight. Then the reaction was filtered over celite, washing the solid with ether. The
filtrate was concentrated and purified by flash column chromatography (hexane/ethyl acetate =
9/1) to provide a white solid (>99% yield). The physical and spectral data were identical to those
previously reported for this compound.®

TH NMR (400 MHz, CDCl3) 8 7.69 — 7.65 (m, 2H), 7.10 — 7.05 (m, 2H), 4.75 (s, 2H), 3.71 (s,

2H).
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2,2,2-trichloroethyl 2-diazo-2-(4-iodophenyl)acetate

To a flame-dried 100-ml round-bottom flask purged under argon was added 2,2,2-trichloroethyl
2-(4-iodophenyl)acetate (5.0 g, 12.7 mmol, 1.0 equiv), 43 ml of acetonitrile and o-NBSA (4.35 g,
19.1 mmol, 1.5 equiv). Then the reaction was cooled to 0 °C via ice bath and DBU (4.21 ml, 28
mmol, 2.2 equiv) was added dropwise at 0 °C. The reaction was stirred for 1 hr at 0 °C. Then the
mixture was quenched with sat. NH4Cl. The layers were separated and then extracted with ether
(x3). The organic layer was washed with sat. brine, dried with MgSO4 and concentrated under
reduced pressure. The crude residue was purified by flash column chromatography
(hexane/diethyl ether = 9/1) to provide an orange solid (93% yield). The physical and spectral
data were identical to those previously reported for this compound.®

IH NMR (600 MHz, CDCl3) § 7.73 — 7.70 (m, 2H), 7.28 — 7.23 (m, 2H), 4.91 (s, 2H).

O A

b

@)

C

CCl3

2,2,2-trichloroethyl (S,E)-2-(4-iodophenyl)oct-4-enoate

A 250-ml flame-dried round-bottom flask with condenser was charged with 4 A MS and Rh(R-
p-ph-TPCP)4 (52 mg, 0.03 mmol, 0.25 mol%) and then, purged three times with nitrogen. Trans-

2-hexene (4.5 ml, 35.8 mmol, 3.0 equiv.) and distilled CH>Cl> (48 ml) were added next, then the
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mixture was heated to 40 °C and refluxed for at least 10 min before addition of the diazo
compounds. Next, 2,2,2-trichloroethyl 2-diazo-2-(4-iodophenyl)acetate (5.0 g, 11.9 mmol, 1.0
equiv.) was purged under nitrogen in a 100-mL round-bottom flask, then diluted with distilled
CH:Cl> (48 ml). Then, under reflux conditions and nitrogen atmosphere, the diazo solution was
added to the reaction vessel dropwise via syringe pump, or addition funnel with larger scales,
over 3 h. The reaction mixture was stirred at 40 °C for another 30 min and concentrated under
vacuum for crude '"H NMR. The crude product was purified by flash column chromatography
(3% ether in petroleum ether) to afford the product as an opaque oil (96% yield, >20:1 rr, 96%
ee). This compound is disclosed in a publication.’

Rf = 0.76 (hexane/diethyl ether = 9/1)

[a]?’p: +23.5° (¢ = 0.67, CHCl3)

TH NMR (600 MHz, CDCl3) 6 7.65 (d, J= 8.3 Hz, 2H), 7.10 (d, J = 8.3 Hz, 2H), 5.50 (ddd, J =
15.1,7.5,6.0 Hz, 1H), 5.31 (ddd, J=15.3, 7.7, 6.1 Hz, 1H), 4.73 (d, /= 12.0 Hz, 1H), 4.67 (d, J
=12 Hz, 1H), 3.69 (dd, J = 8.4, 7.0 Hz, 1H), 2.80 (dt, J=15.0, 7.8 Hz, 1H), 2.50 (dt, J = 13.7,
7.0 Hz, 1H), 1.91 (q, /= 7.2 Hz, 2H), 1.31 (h, J= 7.3 Hz, 2H), 0.83 (t, /= 7.4 Hz, 3H).

13C NMR (151 MHz, CDCl3) § 171.4, 137.7, 137.3, 134.0, 130.1, 125.6, 94.7, 93.1, 74.1, 51.5,
36.1,34.5, 30.3, 29.6, 22.4, 13.5.

IR (neat) 2955, 2923, 2854, 2257, 1751, 1586, 1484, 1436, 1403, 1372, 1336, 1258, 1204, 1138,
1062, 1006, 968, 819, 801, 751, 718, 517, 498, 438 cm’!.

HRMS (+p APCI) calcd for CisH 9CI310, (M+H)"474.9495 found 474.9489.

HPLC (ADH, 0.5 % i-propanol in hexane, 1 mL min!, 1 mg mL"!, 30 min, UV 210 nm)

retention times of 6.4 min (major) and 7.2 min (minor) 96% e.e. with Rho(R-p-PhTPCP)s4.
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2,2,2-trichloroethyl (S)-2-(4-iodophenyl)octanoate

To a 500-ml round-bottom flask flame-dried and purged under nitrogen was added 2,2,2-
trichloroethyl (S,E)-2-(4-iodophenyl)oct-4-enoate (5.37 g, 11.3 mmol, 1.0 equiv), crabtree's
catalyst (90.9 mg, 113 umol, 1.0 mol %) then DCM (113 mL). Then the atmosphere was
exchanged with hydrogen and the reaction was run for 2 h. After 2 h crabtree's catalyst (90.9 mg,
113 pmol, 1.0 mol %) was added again and the atmosphere was exchanged with hydrogen then
let stir overnight. The reaction mixture was then concentrated under vacuum and purified by
flash column chromatography (10% ether in hexane) to afford the product as an opaque oil.
(>99% yield).

Rf = 0.8 (hexane/diethyl ether = 9/1)

[a]?’p: +12.8° (¢ = 1.0, CHCl3)

TH NMR (600 MHz, CDCl3)  7.65 (d, J = 8.2 Hz, 2H), 7.10 (d, J = 8.2 Hz, 2H), 4.74 (d, J= 12
Hz, 1H), 4.67 (d, J=12.0 Hz, 1H), 3.62 (t, J= 7.7 Hz, 1H), 2.11 (dtt, J=12.8, 8.3, 4.8 Hz, 1H),
1.81 (dtt, J=12.8, 8.3, 4.8 Hz, 1H), 1.27 (dtt, J=31.4, 14.0, 11.5, 5.0 Hz, 8H), 0.86 (t, J = 6.9
Hz, 3H).

13C NMR (151 MHz, CDCl3) 6 171.9, 137.8, 137.7, 130.1, 94.8, 93.0, 74.0, 51.1, 33.0, 31.5,
28.9,27.3,22.5, 14.0.

IR (neat) 2953, 2926, 2856, 1751, 1484, 1465, 1403, 1372, 1263, 1200, 1140, 1062, 1007, 821,

793, 758,719, 572, 500 cm.
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HRMS (+p APCI) calcd for Ci16H21CI3102 (M+H)"476.9652 found 476.9646.
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2,2,2-trichloroethyl (5)-2-(4-(1-diazo-2-0x0-2-(2,2,2-trifluoroethoxy)ethyl)phenyl)octanoate
The procedure is adapted from the literature?: A 250-ml round-bottom flask with stir bar was
flame dried under vacuum. Once cool enough all solids were added first: PPh; (297 mg, 1.13
mmol, 0.1 equiv.), Pd(PPh3)4 (653 mg, 0.565 mmol, 0.05 equiv.) and Ag,COs (1.56 g, 5.65
mmol, 0.5 equiv.). After solids added, the reaction vessel was purged with nitrogen three times.
Next the liquids were added: toluene (45 ml), EtsN (2.05 ml, 14.7 mmol, 1.3 equiv.), 2,2,2-
trichloroethyl (S)-2-(4-iodophenyl)octanoate (5.40 g, 11.3 mmol, 1.0 equiv.), and finally the
2,2 2-trifluoroethyl 2-diazoacetate (2.47 g, 14.7 mmol, 1.3 equiv.) was added last. The resulted
mixture was stirred at room temperature (23 °C) for 5 h and then, filtered through a short silica
plug (3.5 cm diameter, 5 cm height), eluting with ethyl acetate until elutes clear. The crude
product was concentrated and purified by flash column chromatography (3% ether in hexane) to

afford the product as a red oil (88% yield).
Rf = 0.47 (hexane/diethyl ether = 9/1)

[a]**p: +6.4° (c = 1.0, CHCI3)
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TH NMR (600 MHz, CDCl3) § 7.45 — 7.37 (m, 4H), 4.75 — 4.67 (m, 2H), 4.65 (q, J = 8.3 Hz,
2H), 3.68 (1, J = 7.7 Hz, 1H), 2.14 (dt, /= 13.3, 8.5 Hz, 1H), 1.82 (dt, /= 13.3, 8.5 Hz, 1H), 1.35
— 1.19 (m, 8H), 0.86 (t, J = 6.9 Hz, 3H).

13C NMR (151 MHz, CDCL) § 172.1, 163.1, 136.4, 128.9, 124.2, 123.6, 122.0 (q, J = 277.2
Hz), 94.8, 74.0, 60.2 (g, J = 36.6 Hz), 51.0, 33.0, 31.5, 28.9, 27.3, 22.5, 14.0.

1F NMR (565 MHz, CDCl3) & -73.9 (t, J = 8.3 Hz).

IR (neat) 2929, 2858, 2092, 1751, 1716, 1514, 1452, 1411, 1353, 1281, 1241, 1169, 1139, 1074,

974,924, 838, 761, 720, 652, 572, 513, 427 cm’..

HRMS (+p ESI) calcd for Co0H22Cl3F3N2O4Na (M'l‘Na)Jr 539.0495 found 539.0493.

ClyC._O

9-(2,2,2-trichloroethyl) 1-(2,2,2-trifluoroethyl) (2R,35,85)-8-(4-iodophenyl)-3-methyl-2-(4-
((8)-1-0x0-1-(2,2,2-trichloroethoxy)octan-2-yl)phenyl)nonanedioate

A 100-ml flame-dried round-bottom flask with condenser was charged with 4 A MS and Rh(R-
2-Cl1-5-BrTPCP)4 (53.6 mg, 0.028 mmol, 1.0 mol %) and then, purged three times with nitrogen.
2,2,2-trichloroethyl (S)-2-(4-iodophenyl)octanoate (4.01 g, 8.40 mmol, 3.0 equiv.) and distilled
CH>Cl: (11 ml) were added next, then the mixture was heated to 40 °C and refluxed for at least
10 min before addition of the diazo compounds. Next, 2,2,2-trichloroethyl ($)-2-(4-(1-diazo-2-

0x0-2-(2,2,2-trifluoroethoxy)ethyl)phenyl)octanoate (1.45 g, 2.80 mmol, 1.0 equiv.) was purged
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under argon in a 20-mL scintillation vial, then diluted with distilled CH>Cl, (11 ml). Then, under
reflux conditions and nitrogen atmosphere, the diazo solution was added to the reaction vessel
dropwise via syringe pump over 3 h. The reaction mixture was stirred at 40 °C for another 30
min and concentrated under vacuum for crude '"H NMR. The crude product was purified by flash
column chromatography (3% ether in hexane) to afford the product as an opaque oil. (68%

yield, >20:1 rr, 95:5:< 5:< 5 dr).

Note 1: Solvent must be carefully dried (distilled over CaH, and stored on activated 4 A MS).

Note 2: The drawn absolute and relative major stereochemistry is drawn based on analogy to the
model system. Further confirmation of this assignment is achieved for x-ray structure of a later
intermediate. Since chiral centers are already present in the substrates the asymmetric induction
for the two new chiral centers formed by the catalyst is reported as diastereoselectivity. The
diastereomeric ratio of the relative stereochemistry for the two new stereogenic centers was
determined by the methyl shielding in the crude 'H NMR. The diastereomeric ratio caused by the
catalyst was determined by chiral HPLC. The product from the racemic catalyst was not cleanly
sparable by HPLC, however both S and R catalyzed reactions were conducted to distinguish
between the two peaks. The resolution was not great; thus, the racemic and R-chiral reactions
were reduced by DIBAL-H to confirm the absolute diastereoselectivity. In the reduced HPLC the
racemic catalyst has two peaks for the two major diastereomers but there are other contaminants
in the HPLC, thus the assignment for the two major diastereomers (known for the anti) is

assigned from the HPLC of the ester products with the R and S catalyst.
Rf=0.21 (hexane/diethyl ether = 9/1)

[@]**p: +3.8° (¢ = 1.05, CHCI3)
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'H NMR (600 MHz, CDCLs) § 7.64 (d, J= 8.1 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 7.24 (d, J =
8.1 Hz, 2H), 7.04 (d, J = 8.2 Hz, 2H), 4.77 — 4.62 (m, 4H), 4.53 (dq, J = 12.8, 8.4 Hz, 1H), 4.31
(dq, J=12.8, 8.3 Hz, 1H), 3.66 (t, J= 7.7 Hz, 1H), 3.55 (t, /= 7.7 Hz, 1H), 3.33 (d, J=10.5 Hz,
1H), 2.16 (dtq, J = 18.2, 8.9, 4.7, 3.9 Hz, 2H), 2.03 (dtd, J = 14.0, 8.9, 5.5 Hz, 1H), 1.86 — 1.77
(m, 1H), 1.69 (ddt, J=19.3, 13.3, 6.1 Hz, 1H), 1.36 — 1.19 (m, 10H), 1.13 (dtt, J=25.2, 15.4,
7.1 Hz, 4H), 0.98 (d, J = 6.6 Hz, 3H), 0.87 (h, J = 6.9 Hz, 3H).

13C NMR (151 MHz, CDCl) § 172.3, 172.1, 171.8, 137.7, 137.7, 137.6, 136.1, 130.0, 128.7,
128.4, 122.8 (q, J = 277.3 Hz), 94.9, 94.7, 93.0, 74.0, 73.9, 60.2 (q, J = 36.6 Hz), 57.7, 51.2,

50.9, 36.1, 33.0, 32.9, 32.9, 31.5, 28.9, 27.4, 27.3, 25.9, 22.5, 17.5, 14.1.

F NMR (376 MHz, CDCl3) 6 -73.7 (t, J = 8.3 Hz).

IR (neat) 2930, 2858, 2361, 1751, 1510, 1485, 1456, 1404, 1372, 1276, 1166, 1134, 1061, 1006,
979, 821, 753, 718, 572, 504, 493, 450, 430 cm".

HRMS (+p ESI) calcd for C36Ha6ClsF3NIOs (M+NH4)"982.0453 found 982.0482.

HPLC [for better separation, the ester product was reduced with DIBAL-H to (2R,3S,8S)-2-(4-
((S)-1-hydroxyoctan-2-yl)phenyl)-8-(4-iodophenyl)-3-methylnonane-1,9-diol] (ODH, 5.0 % i-
propanol in hexane, 1.0 mL min™!, 1.0 mg mL"!, 90 min, UV 210 nm) retention times of 63.6 min

(major) and 72.8 min (minor) 91% dr with Rha(R-2-Cl-5-BrTPCP)q4.
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9-(2,2,2-trichloroethyl) 1-(2,2,2-trifluoroethyl) (2R,35,85)-8-(4-(1-diazo-2-0x0-2-(2,2,2-
trifluoroethoxy)ethyl)phenyl)-3-methyl-2-(4-((:S)-1-0x0-1-(2,2,2-trichloroethoxy)octan-2-
yD)phenyl)nonanedioate

The procedure is adapted from the literature?: A 25-ml round-bottom flask with stir bar was
flame dried under vacuum. Once cool enough all solids were added first: PPh; (34.8 mg, 0.133
mmol, 0.1 equiv.), Pd(PPh3)4 (76.6 mg, 0.066 mmol, 0.05 equiv.) and AgoCO3 (183 mg, 0.663
mmol, 0.5 equiv.). After solids added, the reaction vessel was purged with nitrogen three times.
Next the liquids were added: toluene (5.3 ml), EtsN (0.240 ml, 1.72 mmol, 1.3 equiv.), 9-(2,2,2-
trichloroethyl) 1-(2,2,2-trifluoroethyl) (2R,3S,8S)-8-(4-iodophenyl)-3-methyl-2-(4-((S)-1-o0xo0-1-
(2,2,2-trichloroethoxy)octan-2-yl)phenyl)nonanedioate (1.283 g, 1.33 mmol, 1.0 equiv.), and
finally the 2,2,2-trifluoroethyl 2-diazoacetate (289.8 mg, 1.72 mmol, 1.3 equiv.) was added last.
The resulted mixture was stirred at room temperature (23 °C) for 5 h and then, filtered through a
short silica plug (3.5 cm diameter, 5 cm height), eluting with ethyl acetate until elutes clear. The
crude product was concentrated and purified by flash column chromatography (3% ether in

hexane) to afford the product as a red oil (77% yield).
Rf = 0.79 (hexane/diethyl ether = 1/1)
[a]?°p: +4.3° (¢ = 0.8, CHCl3)

IH NMR (600 MHz, CDCls) § 7.41 (d, J= 8.1 Hz, 2H), 7.34 (d, J= 8.2 Hz, 2H), 7.29 (d, J =
8.0 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 4.75 — 4.61 (m, 6H), 4.53 (dq, J = 12.7, 8.3 Hz, 1H), 4.31
(dq, J=12.7, 8.3 Hz, 1H), 3.66 (t, J= 7.7 Hz, 1H), 3.61 (t, /= 7.7 Hz, 1H), 3.33 (d, J=10.5 Hz,
1H), 2.15 (dddd, J=22.7, 13.3,9.9, 3.9 Hz, 2H), 2.09 — 2.01 (m, 1H), 1.86 — 1.77 (m, 1H), 1.77
~1.66 (m, 1H), 1.36 — 1.20 (m, 10H), 1.19 — 1.07 (m, 4H), 0.98 (d, J = 6.5 Hz, 3H), 0.86 (t, J =

6.9 Hz, 3H).
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13C NMR (151 MHz, CDCl3) 8 172.3, 172.1, 172.0, 163.1, 137.7, 136.2, 136.1, 128.8, 128.7,
128.4,126.8, 122.9 (qd, J=277.3, 3.9 Hz), 94.9, 94.8, 74.0, 73.9, 60.2 (qd, J = 36.7, 10.9 Hz),

57.7,51.2,50.9, 36.1, 33.0, 33.0, 32.9, 31.5, 28.9, 27.4, 27.4, 26.0, 22.5, 17.5, 14.0.
19F NMR (376 MHz, CDCls) & -73.7 (t, J = 8.4 Hz), -73.9 (t, J = 8.4 Hz).

IR (neat) 2930, 2858, 2361, 2093, 1750, 1718, 1514, 1410, 1353, 1280, 1242, 1166, 1137, 1074,

976, 838, 756, 719, 652, 571, 513, 484, 450, 435 cm.

HRMS (+p ESI) caled for CaoHasClsFsN3Os (M+NH4)" 1022.1477 found 1022.1523.

ClsC._O I
0 0

Macrocycle 2.23

A 100-ml flame-dried round-bottom flask with condenser were charged with 4 A MS and Rh(R-
2-Cl-5-BrTPCP)4 (34.7 mg, 0.01 mmol, 1.0 mol%), then purged three times under nitrogen.
Distilled CH2Cl, (18 ml) was added using oven dried syringes, then the mixture was heated to 40
°C and refluxed for at least 10 min before addition of the diazo compounds. Next, 9-(2,2,2-
trichloroethyl) 1-(2,2,2-trifluoroethyl) (2R,3S,85)-8-(4-(1-diazo-2-0x0-2-(2,2,2-
trifluoroethoxy)ethyl)phenyl)-3-methyl-2-(4-((S)-1-oxo0-1-(2,2,2-trichloroethoxy)octan-2-
yl)phenyl)nonanedioate (1.83 g, 1.82 mmol, 1.0 equiv.) was used immediately after its synthesis
and purged under nitrogen in a 50-mL round-bottom flask, then diluted with distilled CH>Cl> (18

ml). Then, under reflux conditions and nitrogen atmosphere, the diazo solution was added to the
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reaction vessel dropwise via syringe pump over 3 h. The reaction mixture was stirred at 40 °C for
another 30 min and concentrated under vacuum for crude 'H NMR, showing the product was
formed in 8:1 dr. The crude product was purified by flash column chromatography (10% ether in
hexane) to afford the product as a white solid and single diastereomer (70% yield). Alternatively,
the crude mixture can be recrystallized in 20% ether in hexane to yield the diastereopure product
as a white solid (62% yield). The absolute configuration and relative configuration are
determined by x-ray crystallography.

Note 1: Solvent must be carefully dried (distilled over CaH; and stored on activated 4 A MS).
Note 2: The crude material obtained shows two diastereomeric signals in 8:1. The change in dr
from the starting material is due to the Horeau principle. Recrystallization gave the desired
diastereomer in 62% yield and the NMR appears as a signal diastereomer.

Rf = 0.46 (hexane/ethyl acetate = 4/1)

[a]?®p: -7.6° (¢ = 0.34, CHCl3)

TH NMR (600 MHz, CDCl3)  7.21 (s, 8H), 4.73 (dd, J= 12.0, 1.0 Hz, 2H), 4.62 (dd, J = 12.0,
1.1 Hz, 2H), 4.53 (dq, J = 12.8, 8.4 Hz, 2H), 4.27 (dq, J = 12.7, 8.3 Hz, 2H), 3.52 (dd, J=11.4,
4.4 Hz, 2H), 3.19 (d, J=11.4 Hz, 2H), 2.14 - 2.07 (m, 2H), 1.97 — 1.82 (m, 4H), 1.49 — 1.39 (m,
2H), 1.00 (d, J = 6.4 Hz, 6H), 0.94 (qt, J=12.5, 6.3 Hz, 4H), 0.76 (t, /= 12.8 Hz, 2H), 0.70 —
0.61 (m, 4H).

13C NMR (151 MHz, CDCl3) 6 172.1, 172.1, 136.8, 136.4, 128.6, 122.8 (q, J = 277.2 Hz), 94.8,
73.9, 60.2 (q,J=36.7 Hz), 58.7, 51.4, 37.0, 33.8, 33.1, 27.9, 27.3, 17.8.

F NMR (376 MHz, CDCl3) 6 -73.7 (t, J = 8.5 Hz).

IR (neat) 2935, 2860, 1749, 1511, 1466, 1407, 1374, 1276, 1222, 1164, 1128, 1062, 979, 909,

835, 809, 762, 726, 645, 572, 539, 462, 450, 440, 431 cm™!.
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HRMS (+p ESI) calcd for C40H14ClFsOs (M+H)"977.1150 found 977.1177.

(28,7S,8R,108,155,16R)-7,15-dimethyl-8,16-bis((2,2,2-trifluoroethoxy)carbonyl)-1,9(1,4)-
dibenzenacyclohexadecaphane-2,10-dicarboxylic acid

To a 250-ml round-bottom flask was added macrocycle 2.23 (893 mg, 0.912 mmol, 1.0 equiv)
then zinc (3.58 g, 54.7 mmol, 60 equiv) and acetic acid (46ml). Stir for 4 days at room
temperature. The crude mixture was diluted with water then filtered washing with EtOAc. The
eluent was then further diluted with EtOAc, then washed with water (x2), brine (x8), then dried
with MgSO4 and concentrated under reduced pressure. The crude product was clean by '"H NMR
and carried forward as a white solid (>99% yield).

Rf = 0.05 (hexane/ethyl acetate = 2/1)

[a]?®p: +13.9° (¢ = 0.8, EtOACc)

'H NMR (600 MHz, CDCl3) 6 7.20 (d, J = 7.5 Hz, 4H), 7.15 (d, J = 7.8 Hz, 4H), 4.55 (dq, J =
12.7, 8.4 Hz, 2H), 4.23 (dq, J = 12.8, 8.4 Hz, 2H), 3.39 (dd, /= 11.6, 4.2 Hz, 2H), 3.18 (d, J =
11.3 Hz, 2H), 2.11 - 2.03 (m, 2H), 1.87 (t, /= 13.0 Hz, 2H), 1.80 (dd, J=12.3, 7.9 Hz, 2H),
1.46 — 1.37 (m, 2H), 0.99 (d, J = 6.3 Hz, 6H), 0.89 (q,J=10.5, 9.7 Hz, 4H), 0.73 (t, /= 12.7 Hz,

2H), 0.68 — 0.52 (m, 4H).
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13C NMR (151 MHz, CDCl3) 8 179.0, 176.5, 172.2, 171.2, 137.1, 136.3, 128.6, 122.9 (q, J =

277.2 Hz), 60.3 (q, J = 36.5 Hz), 58.7, 51.3, 37.2, 33.9, 33.0, 27.9, 27.3, 21.0, 20.6, 17.7, 14.2.
19F NMR (376 MHz, CDCls) & -73.7 (td, J = 8.5, 5.6 Hz).

IR (neat) 2933, 2858, 1749, 1705, 1511, 1468, 1407, 1385, 1275, 1225, 1167, 1128, 1058, 1021,

979, 910, 840, 731, 697, 660 cm'.

HRMS (-p ESI) calcd for C3¢Ha1FsOs (M-H)" 715.2706 found 715.2703.

bis(2,2,2-trifluoroethyl) (2R,35,85,10R,115,165)-8,16-bis(methoxy(methyl)carbamoyl)-3,11-
dimethyl-1,9(1,4)-dibenzenacyclohexadecaphane-2,10-dicarboxylate

To a 50-ml flame-dried round-bottom flask was added (2S,7S5,8R,108,15S,16R)-7,15-dimethyl-
8,16-bis((2,2,2-trifluoroethoxy)carbonyl)-1,9(1,4)-dibenzenacyclohexadecaphane-2,10-
dicarboxylic acid (988 mg, 1.38 mmol, 1.0 equiv) in N,N-dimethylformamide (7 ml). The
mixture was then cooled to 0 °C. HATU (1.57 g, 4.14 mmol, 3.0 equiv) and then N-ethyl-N-
isopropylpropan-2-amine (1.92 mL, 11.0 mmol, 8.0 equiv) was added at 0 °C. The reaction was
then stirred for 20min at 0 °C. Then N,O-dimethylhydroxylamine hydrochloride (403 mg, 4.14
mmol, 3.0 equiv) was added 0 °C, then the reaction was stirred overnight and let warm to room
temperature. The reaction was dilute with EtOAc and water, then separated and washed with

brine (x8), dried with MgSO4 and concentrated under reduced pressure. The crude product was
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purified by flash column chromatography (25% EtOAc in hexane) to afford the product as a
white solid (85% yield).

Rf = 0.53 (hexane/ethyl acetate = 1/1)

[a]**p: -2° (¢ = 0.3, CHCI3)

'"H NMR (600 MHz, CDCl3)  7.17 (s, 8H), 4.46 (dq, J = 12.7, 8.5 Hz, 2H), 4.33 (dq, J = 12.7,
8.4 Hz, 2H), 3.79 (s, 2H), 3.36 (s, 6H), 3.16 (d, /= 11.4 Hz, 2H), 3.10 (s, 6H), 2.09 — 2.03 (m,
2H), 1.89 — 1.80 (m, 2H), 1.74 — 1.66 (m, 2H), 1.41 (t,J=12.1 Hz, 2H), 0.99 (d, /= 6.4 Hz,

6H), 0.92 (qt, J=11.5, 5.7 Hz, 4H), 0.80 (t, /= 12.9 Hz, 2H), 0.67 — 0.51 (m, 4H).

13C NMR (151 MHz, CDCl3) § 172.2, 138.9, 135.7, 128.7, 128.5, 122.9 (q, J=277.2 Hz), 61.1,

60.1 (q, J = 36.5 Hz), 58.8, 47.8, 37.1, 34.0, 33.6, 33.3, 32.2, 28.1, 27.5, 17.8.
19F NMR (376 MHz, CDCLs) 6 -73.8 (t, J = 8.4 Hz).

IR (neat) 2934, 2857, 1751, 1656, 1510, 1409, 1382, 1274, 1164, 1126, 1056, 1022, 979, 909,

841, 803, 730, 646, 623, 566, 532, 452, 433,424 cm™!.

HRMS (+p ESI) calcd for C4oHs:FsN20g (M+H)* 803.3706 found 803.3702.
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bis(2,2,2-trifluoroethyl) (2R,3S5,8S,10R,115,165)-13,15,9%,95-tetraacetoxy-8,16-
bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-1,9(1,4)-dibenzenacyclohexadecaphane-

2,10-dicarboxylate

The procedure is adapted from the literature’: To a flame-dried 8-ml vial was added Pd(OAc):
(11.7 mg, 51.8 umol, 20 mol %), PhI(OAc): (669 mg, 2.07 mmol, 8.0 equiv), 5-
(trifluoromethyl)-3-pyridinesulfonic acid X (11.7 mg, 51.8 umol, 20 mol %), and bis(2,2,2-
trifluoroethyl) (2R,3S,8S,10R,11S,165)-8,16-bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-
1,9(1,4)-dibenzenacyclohexadecaphane-2,10-dicarboxylate (208.0 mg, 269.1 pmol, 1.0 equiv).
Then HFIP (2.6 ml) and Ac2O (0.98 ml, 10.4 mmol, 40 equiv) were added and the septum cap
was exchanged with a Teflon septum-lined screw cap and heated to 80 °C for 24 h. The reaction
was cooled to room temperature, diluted with EtOAc and filtered over celite. The eluent was
concentrated under reduced pressured and purified by flash column chromatography (30% to

50% EtOAc in hexanes) to deliver the product as a tan solid (77% yield).
Rf = 0.34 (hexanes/EtOAc = 1:1)
[a]?p: +38.5° (¢ = 0.85, CHCI3)

'"H NMR (400 MHz, CDCl3) $ 7.00 (d, J= 1.7 Hz, 2H), 6.89 (d, J = 1.7 Hz, 2H), 4.50 — 4.33
(m, 4H), 3.98 (dd, J = 12.0, 4.3 Hz, 2H), 3.16 (d, J = 11.4 Hz, 2H), 3.00 (s, 6H), 2.91 (s, 6H),

2.32 (s, 6H), 2.21 (s, 6H), 1.94 (qd, J = 12.8, 11.8, 3.6 Hz, 4H), 1.79 (ddd, J = 13.5, 9.5, 4.1 Hz,
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2H), 1.51 — 1.37 (m, 3H),, 0.99 (d, J = 6.4 Hz, 6H), 0.95 — 0.78 (m, 5H), 0.73 — 0.61 (m, 2H),
0.52 (q, J = 12.3 Hz, 2H).

13C NMR (101 MHz, CDCl3) 6 172.9, 171.5, 168.7, 167.7, 149.3, 148.7, 136.3, 124.3, 122.7 (q,
J=2717.5Hz) 122.0, 119.1, 60.4, 60.0, 59.7, 58.3, 39.9, 37.7, 34.1, 31.9, 30.2, 28.0, 27.4, 21.2,

20.6, 17.8.
19F NMR (376 MHz, CDCLs) 6 -73.8 (t, J = 8.4 Hz).

IR (neat) 2934, 2858, 1769, 1757, 1659, 1619, 1577, 1431, 1412, 1368, 1285, 1275, 1180, 1131,

1087, 1032, 979, 906, 842, 804, 730 cm’!

HRMS (+p ESI) calcd for C4sHssFsN2O1sNa, [M+2Na-2H]" 1078.3847 found 1078.5087

(2R,35,85,10R,11S5,165)-8,16-bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-1,9(1.,4)-
dibenzenacyclohexadecaphane-2,10-dicarboxylic acid

To a 10-ml round-bottom was added bis(2,2,2-trifluoroethyl) (2R,3S,8S,10R,11S,165)-8,16-
bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-1,9(1,4)-dibenzenacyclohexadecaphane-2,10-
dicarboxylate (60.0 mg, 74.7 pmol, 1.0 equiv) then THF (1.5 ml) and water (1.5 ml) was added.
Then lithium hydroxide hydrate (157 mg, 3.74 mmol, 50 equiv) was added to the reaction and

then let stir at room temperature overnight. The reaction was diluted with water and acidify with



141

2M HCI. The product was extracted with EtOAc (x2), dried with MgSO4 and concentrated under
reduced pressure. The crude product was clean by '"H NMR and carried forward as a white solid
(97% yield).

Rf = 0.05 (dichloromethane/methanol = 9/1)

[@]**p: +9.5° (c = 0.5, AcOH)

'"H NMR (600 MHz, MeOD) 6 7.25 (d, J= 7.7 Hz, 4H), 7.18 (d, J = 8.0 Hz, 4H), 3.90 (s, 2H),
3.50 (s, 6H), 3.11 (s, 6H), 3.04 (d, J=11.3 Hz, 2H), 2.10 — 2.03 (m, 2H), 1.70 (ddt, J = 18.3,
13.2, 8.5 Hz, 4H), 1.50 — 1.41 (m, 2H), 1.03 (d, /= 6.3 Hz, 6H), 0.98 — 0.88 (m, 3H), 0.88 — 0.81

(m, 2H), 0.67 (dtd, J = 22.7, 11.9, 5.5 Hz, 4H).

13C NMR (151 MHz, AcOD) 6 180.1, 176.1, 139.7, 138.8, 138.2, 137.9, 129.7, 61.8, 60.2, 52.3,

48.6,37.4,34.8,34.1,33.7,32.7, 28.9, 28.0, 18.2, 14.3.
IR (neat) 2918, 2950, 2360, 2106, 1693, 1650, 1383, 1777, 989, 799, 668, 592 cm.

HRMS (+p ESI) calcd for C3sHsoN20sNa (M+Na)™ 661.3465 found 661.3452.

(2R,35,8S,10R,11S5,165)-8,16-bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-1,9(1.,4)-

dibenzenacyclohexadecaphane-2,10-diyl diacetate
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The procedure is adapted from the literature®: To a flame-dried 8-ml vial purged under nitrogen
(x3) was added 4 A MS, Cu(OAc), (42.6 mg, 235 pmol, 6.0 equiv), 9-mesityl-2,7-dimethyl-10-
phenyl- acridinium tetrafluoroborate (0.5 mg, 1.0 pmol, 2.5 mol %), and
(2R,3S5,8S5,10R,11S,165)-8,16-bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-1,9(1,4)-
dibenzenacyclohexadecaphane-2,10-dicarboxylic acid (25.0 mg, 39.1 pmol, 1.0 equiv). Then
acetonitrile (1.7 ml) and acetic acid (0.85 ml) was added to the reaction mixture. The reaction
was then degassed via nitrogen bubbling for 10 min using an 18-gauge needle and another exit
needle. The reaction was then sealed placed and two blue lights placed against the vial and
wrapped in tin foil. The mixture was stirred under blue light for 48 h. The crude mixture was
cooled to room temperature and filtered over celite eluting with EtOAc. The eluent was
concentrated under vacuum, diluted with EtOAc and washed with water, then brine (x4), dried
with MgSO4 and concentrated under reduced pressure for crude '"H NMR analysis, showing the
product was formed in 9:1 dr. The crude product was purified by flash column chromatography
(30% EtOAc in hexane) to afford the product as a white solid and single diastereomer by 'H
NMR (52% yield).

Rf =0.33 (hexane/EtOAc = 1:1)

[@]**p: +79.8° (c = 0.85, CHCI3)

'TH NMR (600 MHz, CDCl3) 6 7.22 — 7.14 (m, 8H), 5.17 (d, J = 10.5 Hz, 2H), 3.83 (s, 2H), 3.40
(s, 6H), 3.11 (s, 6H), 1.99 (s, 6H), 1.84 — 1.74 (m, 4H), 1.74 — 1.67 (m, 2H), 1.47 — 1.37 (m, 2H),
0.99 (d, J= 6.4 Hz, 6H), 0.95 — 0.85 (m, 4H), 0.65 (dddd, J=49.4, 24.7, 12.2, 5.2 Hz, 6H).

13C NMR (151 MHz, CDCl3) 6 170.4, 138.6, 128.2, 127.6, 81.3, 61.2, 47.6, 38.9, 33.8, 32.7,

29.7,28.0,27.6,21.2, 16.1.
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IR (neat) 2934, 2857, 1736, 1660, 1510, 1465, 1373, 1240, 1019, 991, 970, 916, 801, 730, 600,

565 cm™.

HRMS (+p ESI) calcd for C3sHssN2Os (M+H)" 667.3958 found 667.3959.

(28,7S,8R,108,155,16R)-2,10-bis(methoxy(methyl)carbamoyl)-7,15-dimethyl-1,9(1,4)-
dibenzenacyclohexadecaphane-12,16,93,95.8,16-hexayl hexaacetate

The procedure is adapted from the literature’: To a flame-dried 8-ml vial was added Pd(OAc):
(2.0mg, 9.0 umol, 20 mol %), PhI(OAc), (116 mg, 360 pmol, 8.0 equiv), 5-(trifluoromethyl)-3-
pyridinesulfonic acid X (2.0mg, 9.0 pmol, 20 mol %), and (2R,3S,8S,10R,11S,165)-8,16-
bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-1,9(1,4)-dibenzenacyclohexadecaphane-2,10-
diyl diacetate (30.0 mg, 45.0 pmol, 1.0 equiv). Then HFIP (1.0ml) and Ac,O (0.17 ml, 1.8 mmol,
40 equiv) were added and the septum cap was exchanged with a Teflon septum-lined screw cap
and heated to 80 °C for 48 h. The reaction was cooled to room temperature, diluted with EtOAc
and filtered over celite. The eluent was concentrated under reduced pressured and purified by
flash column chromatography (50% EtOAc in hexanes) to deliver the product as a white solid
(60% yield).

Rf = 0.47 (EtOAc/hexanes 3:1)

[@]**p: +64° (¢ = 0.1, CHCl3)
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'H NMR (600 MHz, CDCL) 5 6.97 (s, 2H), 6.86 (s, 2H), 5.20 (d, J = 10.0 Hz, 2H), 4.01 — 3.96
(m, 2H), 3.02 (s, 6H), 2.95 (s, 6H), 2.31 (s, 6H), 2.22 (s, 6H), 2.00 (s, 6H), 1.83 (p, J= 8.1 Hz,
5H), 1.73 — 1.65 (m, 3H), 1.45 (tt, J= 10.1, 5.7 Hz, 2H), 1.04 — 0.96 (m, 3H), 0.95 (d, /= 6.5
Hz, 6H), 0.82 — 0.77 (m, 3H), 0.66 — 0.57 (m, 2H).

13C NMR (151 MHz, CDCl) 8 170.1, 169.0, 167.5, 149.1, 148.4, 139.4, 120.8, 117.8, 80.0,
59.9, 40.0, 39.2, 32.6, 30.3, 27.9, 27.3, 21.1, 21.1, 20.7, 15.7.

IR (neat) 2931, 2360, 1771, 1744, 1663, 1431, 1370, 1232, 1182, 1035, 900, 516 cm™.

HRMS (+p ESI) calcd for C46He3N2016 (M+H)" 899.4178 found 899.4181.

1,1'-((25,7S,8R,10S,15S,16R)-12,16,93 95 8,16-hexahydroxy-7,15-dimethyl-1,9(1,4)-
dibenzenacyclohexadecaphane-2,10-diyl)bis(butan-1-one)

To a flame-dried 4-ml vial purged under nitrogen (x3) was added (25,7S,8R,10S8,15S,16R)-2,10-
bis(methoxy(methyl)carbamoyl)-7,15-dimethyl-1,9(1,4)-dibenzenacyclohexadecaphane-
12,16,93,95,8,16-hexayl hexaacetate (5.0mg, 1 equiv, 5.6 umol) then THF (0.11ml, 0.05 M). The
mixture was then cooled to 0 °C in an ice bath for 10 min. At 0 °C propylmagnesium chloride
(1.0 M in 2-Me-THF, 0.56ml, 100 equiv, 0.56 mmol) was added dropwise and the reaction was
let warmed to room temperature overnight. The mixture was then cooled to 0 °C and quenched

with water, acidified with sat. NH4Cl, then extracted with EtOAc, washed with brine, dried with
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MgSO4 and concentrated under reduced pressure. The crude product was purified by prepLC
(Agilent 1100 HPLC, 9.4x250 C8 column, 20% ACN/H>0 0.5min at 2.5ml/min, 20-70% ACN
for 6.5min at 5Sml/min, 100% ACN for 1min) to deliver the product as a white solid (0.2 mg, 6%
yield unoptimized).

Note: This compound is partially characterized as my collaborated Tyler Casselman is currently
optimizing this step.

1H NMR (400 MHz, MeOD) 6 6.30 (s, 2H), 6.18 (s, 2H), 3.90 (dd, /= 10.4, 4.8 Hz, 2H), 3.79
(d, J=9.7 Hz, 2H), 2.21 (td, J= 7.3, 1.9 Hz, 4H), 1.93 — 1.76 (m, 4H), 1.47 (h, J=7.5, 5.2 Hz,
9H), 1.09 (d, J= 6.4 Hz, 6H), 1.04 — 0.96 (m, 2H), 0.77 (t, J= 7.4 Hz, 6H), 0.66 (dd, J=11.7,
6.9 Hz, 2H).

HRMS (-p ESI) calcd for C36Hs208 (M-H)™ 611.3662 found 611.3604.

(8)-2-(4-iodophenyl)octanoic acid

To a 100-ml round-bottom flask was added 2,2,2-trichloroethyl (S)-2-(4-iodophenyl)octanoate
(527 mg, 1.1 mmol, 1.0 equiv) then zinc (721 mg, 11.0 mmol, 10 equiv) and acetic acid (14ml).
Stir for 24 h at room temperature. The crude mixture was diluted with water then filtered

washing with EtOAc. The eluent was then further diluted with EtOAc, then washed with water
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(x2), brine (x8), then dried with MgSO4 and concentrated under reduced pressure. The crude
product was clean by 'H NMR and carried forward as a yellow oil (99% yield).

'"H NMR (600 MHz, CDCl3)  7.65 (d, J= 8.1 Hz, 2H), 7.06 (d, J = 8.1 Hz, 2H), 3.48 (t,J= 7.7
Hz, 1H), 2.04 (tdd, J=12.3, 8.4, 4.6 Hz, 1H), 1.74 (pd, J= 8.9, 8.3, 5.0 Hz, 1H), 1.34 — 1.16 (m,
8H), 0.86 (t,J= 7.0 Hz, 3H).

13C NMR (151 MHz, CDCl3) 6 178.9, 138.1, 137.7, 130.0, 92.9, 50.9, 32.9, 31.5, 28.9, 27.3,

22.5,14.0.

IR (neat) 3023, 2953, 2924, 2855, 1710, 1586, 1484, 1416, 1401, 1378, 1275, 1227, 1204, 1182,

1122, 1063, 1006, 936, 815, 745, 724, 698 cm’.

HRMS (-p APCI) caled for C14H13102 (M-H)™ 345.0351 found 345.0346.

(5)-2-(4-iodophenyl)-N-methoxy-N-methyloctanamide

To a 50-ml flame-dried round-bottom flask was added (5)-2-(4-iodophenyl)octanoic acid (382
mg, 1.1 mmol, 1.0 equiv) in N,N-dimethylformamide (2.8 ml). The mixture was then cooled to 0
°C. HATU (503 mg, 1.32 mmol, 1.2 equiv) and then N-ethyl-N-isopropylpropan-2-amine (0.58
mL, 3.31 mmol, 3.0 equiv) was added at 0 °C. The reaction was then stirred for 20min at 0 °C.
Then N,O-dimethylhydroxylamine hydrochloride (161 mg, 1.66 mmol, 1.5 equiv) was added 0

°C, then the reaction was stirred overnight and let warm to room temperature. The reaction was
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dilute with EtOAc and water, then separated and washed with brine (x8), dried with MgSO4 and
concentrated under reduced pressure. The crude product was purified by flash column

chromatography (20% ether in hexane) to afford the product as an opaque oil (78% yield).

Rf = 0.32 (hexanes/ether 2:1)

'"H NMR (600 MHz, CDCl3)  7.62 (d, J= 8.3 Hz, 2H), 7.08 (d, J = 8.2 Hz, 2H), 3.92 (s, 1H),
3.51 (s, 3H), 3.15 (s, 3H), 2.07 — 1.97 (m, 1H), 1.72 — 1.63 (m, 1H), 1.31 — 1.19 (m, 8H), 0.85 (t,
J=06.8 Hz, 3H).

13C NMR (151 MHz, CDCl3) § 174.2, 140.0, 137.5, 130.2, 92.1, 61.3, 47.0, 33.9, 32.2, 31.6,

29.1,27.6, 22.5, 14.0.

IR (neat) 2930, 2853, 1742, 1659, 1483, 1459, 1380, 1177, 1115, 1060, 1006, 806, 627, 610
cml.

HRMS (+p ESI) calcd for Ci6H2sINO2 (M+H)"™ 390.0852 found 390.0859.

:
S
(8)-5-iodo-2-(1-(methoxy(methyl)amino)-1-oxooctan-2-yl)-1,3-phenylene diacetate
The procedure is adapted from the literature’: To a flame-dried 20-ml vial was added Pd(OAc):
(38.6 mg, 172 pmol, 20 mol %), PhI(OAc)> (1.11 g, 3.44 mmol, 4.0 equiv), and (S)-2-(4-

iodophenyl)-N-methoxy-N-methyloctanamide (335 mg, 861 umol, 1.0 equiv). Then HFIP (8.6

ml) and Ac,0 (1.63 ml, 117.2 mmol, 20 equiv) were added and the septum cap was exchanged
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with a Teflon septum-lined screw cap and heated to 80 °C for 72 h. The reaction was cooled to
room temperature, diluted with EtOAc and filtered over celite. The eluent was concentrated
under reduced pressured and purified by flash column chromatography (30% ether in hexanes) to

deliver the product as a white solid (58% yield).
Rf = 0.33 (hexanes/ether 1:1)

IH NMR (600 MHz, CDCl3)  7.33 (s, 2H), 3.93 — 3.88 (m, 1H), 3.13 (s, 3H), 3.06 (s, 3H), 2.29
(s, 6H), 2.11 (dddd, J = 13.8, 10.5, 7.2, 4.6 Hz, 1H), 1.31 — 1.19 (m, 8H), 1.14 — 1.07 (m, 1H),

0.86 (t, J= 7.0 Hz, 3H).

13C NMR (151 MHz, CDCl3) § 172.6, 168.5, 149.2, 129.8, 126.6, 89.1, 60.3, 39.9, 32.1, 31.7,

30.0,29.2, 27.6, 22.6, 20.7, 14.1.
IR (neat) 2930, 1770, 1665, 1589, 1459, 1368, 1189, 1036, 907 cm™.

HRMS (+p ESI) calcd for C20H25INOs (M+H)" 506.1040 found 506.1031.
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5.3. Experiment Section for Chapter 3
Substrates and reagents
The following compounds were prepared according to published procedures:

Rhy(R-p-PhTPCP),!

General procedure for enantioselective C—H insertions with trans-2-hexene

A flame-dried flask with oven dried condenser was charged with 4 A MS and Rhy(R-p-PhTPCP)4
(1.8 mg, 0.001 mmol, 1.0 mol %) and purged three times with nitrogen. (E£)-hex-2-ene (110.2
uL, 0.90 mmol, 3.00 eq.) and distilled CH>Cl, (1.15 mL) were added,N°* ! and the mixture was
heated to 40 °C and refluxed for 10 min before addition of the diazo compounds. In a separate
flask the diazoesterN°**2 (0.30 mmol, 1.00 eq.) was dissolved in distilled CH>Cl> (1.15 mL) under
argon. Under refluxing conditions, the diazoester solution was added to the reaction vessel
dropwise via syringe pump over 3 h. The reaction mixture was stirred at 40 °C for another 30
min and concentrated in vacuo. The crude product was purified by flash column chromatography
(2% Et,0O/hexanes) to afford the corresponding insertion product as a clear oil.

Note 1: Solvent must be distilled over CaHa and stored over activated 4 A MS.

Note 2: Diazoesters were prepared according to literature precedent.?

2,2,2-trifluoroethyl (S,E)-2-(4-chlorophenyl)oct-4-enoate



151

This compound was prepared according to the general procedure for C-H insertion with trans-2-
hexene (69 mg, 69% yield, 92% ee, 11:1 rr).

R¢=0.72 (10% Et,0O/hexanes)

[a]*%p: +35.1° (¢ = 1.04, CHCI5)

'H NMR (600 MHz, CDCL): 6 7.30 (d, J = 8.5 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 5.48 (dtt, J =

15.0, 6.9, 1.3 Hz, 1H), 5.32 — 5.19 (m, 1H), 4.49 (dq, J = 12.7, 8.4 Hz, 1H), 4.38 (dq, J = 12.7,
8.4 Hz, 1H), 3.67 (dd, J = 8.6, 6.9 Hz, 1H), 2.79 — 2.70 (m, 1H), 2.46 (dtq, J = 13.5, 6.8, 1.2 Hz,
1H), 1.95 — 1.88 (m, 2H), 1.31 (h, J= 7.4 Hz, 2H), 0.83 (t, J = 7.4 Hz, 3H).

13C NMR (151 MHz, CDCl3): 6 171.6, 136.0, 134.1, 133.5, 129.3, 128.8, 1254, 122.8 (4, J =

277.3 Hz), 60.4 (q, J=36.6 Hz), 51.0, 36.4, 34.5, 22.3, 13.4.

F NMR (565 MHz, CDCL3): 6 -73.74 (t, J= 8.2 Hz).

HRMS (+p APCI) m/z: [M + H]" Calcd for C1sH1sCIF302 [M+H]" 335.1026; Found 335.1024

IR (neat): 2961, 2929, 2873, 1756, 1492 cm’!

HPLC: The ester product was reduced to (S,E)-2-(4-chlorophenyl)oct-4-en-1-ol for better
separation. (AD-H, i-PrOH/hexanes = 5/95, flow rate = 1.0 mL/min, 1 =230 nm) t; = 6.9 min
(major), t: = 9.3 min (minor).

Note: The corresponding ester was inseperable on chiral HPLC and there needed to be reduced
to the corresponding primary alcohol to determine the ratio. Using LiAlH4 the corresponding

ester can be reduced to the alcohol without altering the enantiomeric ratio.

Me

LiAIH,

THF,0°C
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A flame dried flask purged under nitrogen was added the corresponding ester (0.2 mmol, 1.0 eq.)
in THF (1 mL) and cooled to 0 °C via ice bath. Under nitrogen atmosphere, lithium aluminum
hydride (1.0 M in THF, 1.0 mL, 1.0 mmol, 5.0 eq.) was added dropwise into the flask at 0 °C,
and the mixture was allowed to warm to room temperature and stirred overnight. The reaction
was quenched by adding 2.0 mL of 2.0 M aqueous HCI solution dropwise. The resulting solution
was extracted by diethyl ether three times and dried over anhydrous sodium sulfate. The crude
product was concentrated in vacuo, confirmed by '"H NMR, and used for HPLC directly without

purification.

2,2,2-trichloroethyl (S,E)-2-(4-chlorophenyl)oct-4-enoate

This compound was prepared according to the general procedure for C-H insertion with trans-2-
hexene (59 mg, 51% yield, 96% ee, 13:1 rr).

R¢=0.75 (10% Et,0O/hexanes)

[a]*%p: +26.6° (¢ = 1.0, CHCI3)

'H NMR (600 MHz, CDCl3): 6 7.31 — 7.27 (m, 4H), 5.50 (dtt, /= 15.0, 6.8, 1.3 Hz, 1H), 5.31

(dtt, J=15.3, 7.0, 1.4 Hz, 1H), 4.73 (d, J= 11.9 Hz, 1H), 4.68 (d, J= 12.0 Hz, 1H), 3.72 (dd, J =
8.4,7.1 Hz, 1H), 2.81 (dddq, J = 15.1, 8.2, 7.1, 1.0 Hz, 1H), 2.55 — 2.46 (m, 1H), 1.91 (qt, J =
7.2, 1.0 Hz, 2H), 1.31 (h, J= 7.4 Hz, 2H), 0.83 (t, J = 7.4 Hz, 3H).

13C NMR (151 MHz, CDCl3): 6 171.5, 136.1, 134.0, 133.4, 129.5, 128.7, 125.6, 94.7, 74.1,

51.3,36.1, 34.5,22.7, 13.5.
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HRMS (+p APCI) m/z: [M + H]" Calcd for C6H13CLl4O2 [M+H]" 383.0139; Found 383.0138.

IR (neat): 2957, 2928, 2872, 1750, 1491 cm’!
HPLC: (OD-H, i-PrOH/hexanes = 1/99, flow rate = 0.1 mL/min, 1 =210 nm) t; = 49.6 min

(major), t: = 53.6 min (minor).

2,2,2-trichloroethyl (S,E)-2-(4-iodophenyl)oct-4-enoate

This compound was prepared according to the general procedure for C-H insertion with trans-2-
hexene (137 mg, 96% yield, 96% ee, >20:1 rr).

R¢=0.76 (10% Et,O/hexanes)

[a]%%p: +23.5° (¢ = 0.67, CHCl3, 96% ee)

'H NMR (600 MHz, CDClL3): 6 7.65 (d, J= 8.3 Hz, 2H), 7.10 (d, J= 8.3 Hz, 2H), 5.50 (ddd, J =

15.1,7.5,6.0 Hz, 1H), 5.31 (ddd, /= 15.3, 7.7, 6.1 Hz, 1H), 4.73 (d, J = 12.0 Hz, 1H), 4.67 (d, J
=11.9 Hz, 1H), 3.69 (dd, J = 8.4, 7.0 Hz, 1H), 2.80 (dt, /= 15.0, 7.8 Hz, 1H), 2.50 (dt, J=13.7,
7.0 Hz, 1H), 1.91 (q, J= 7.2 Hz, 2H), 1.31 (h, J = 7.3 Hz, 2H), 0.83 (t, /= 7.4 Hz, 3H).

13C NMR (151 MHz, CDCl3): 6 171.4, 137.7, 137.3, 134.0, 130.1, 125.6,94.7,93.1, 74.1, 51.5,

36.1,34.5,22.4,13.5.

HRMS (+p APCI) m/z: [M + H]" Calcd for Ci6Hi9CI3102 474.9495; Found 474.9489.

IR (neat): 2955, 2923, 2854, 1751, 1138 cm’!
HPLC: (AD-H, i-PrOH/hexanes = 0.5/99.5, flow rate = 1.0 mL/min, 1 =210 nm) t; = 6.4 min

(major), t: = 7.2 min (minor).
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OMe

2,2,2-trichloroethyl (S,E)-2-(4-methoxyphenyl)oct-4-enoate

This compound was prepared according to the general procedure for C-H insertion with trans-2-
hexene (36 mg, 47% yield, 96% ee, 10:1 rr).

R¢=0.53 (10% Et,O/hexanes)

[a]*%p: +28.7° (¢ = 1.0, CHCI3)

'H NMR (600 MHz, CDCL): 6 7.27 (d, J = 8.7 Hz, 1H), 6.86 (d, J= 8.7 Hz, 1H), 5.51 (dtt, J =

15.0, 6.7, 1.3 Hz, 1H), 5.34 (dddt, J=15.2, 7.8, 6.5, 1.4 Hz, 1H), 4.73 (d, J = 12.0 Hz, 1H), 4.66
(d, J=12.0 Hz, 1H), 3.79 (s, 3H), 3.69 (dd, J = 8.8, 6.8 Hz, 1H), 2.85 —2.76 (m, 1H), 2.49 (dtq,
J=14.2,6.6,1.2 Hz, 1H), 1.92 (qd, J=6.9, 1.3 Hz, 2H),1.31 (h, /J=7.4 Hz, 2H), 0.83 (t, /= 7.4
Hz, 3H).

13C NMR (151 MHz, CDCl3): 6 172.1, 158.9, 133.5, 129.8, 129.1, 126.2, 113.9, 94.8, 74.0,

55.2,51.1,36.3, 34.5,22.4, 13.5.

HRMS (+p APCI) m/z: [M + H]" Calcd for Ci7H2:1CI1303 [M+H]" 379.0635; found 379.0633.

IR (neat): 2956, 2929, 1749, 1610, 1510 cm’!
HPLC: (OD-H, i-PrOH/hexanes = 1/99, flow rate = 0.5 mL/min, 1 =210 nm) t; = 10.3 min

(major), t; = 12.0 min (minor).
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OMe

2,2,2-trifluoroethyl (S,E)-2,5-bis(4-methoxyphenyl)pent-4-enoate

A flame-dried flask with an oven-dried condenser was charged with 4 A MS and Rhy(R-p-
PhTPCP)4 (5.3 mg, 0.003 mmol, 1.0 mol %) and purged three times with nitrogen. Anethole (S1,
0.23 mL, 1.50 mmol, 5.0 eq.) and distilled CH>Cl, (1.15 mL) were added,N°®® ! and the mixture
was heated to 40 °C and refluxed for 10 min before addition of the diazoester. In a separate flask,
diazoester 5aN°*2 (82.3 mg, 0.30 mmol, 1.0 eq.) was dissolved in distilled CH>Cl> (1.15 mL)
under argon. Under refluxing conditions, the diazoester solution was added to the reaction vessel
dropwise via syringe pump over 3 h. The reaction mixture was stirred at 40 °C for another 30
min and concentrated in vacuo. The crude product was purified by flash column chromatography
(10% Et:O/hexanes) to afford the product as a clear oil (62.0 mg, 52% yield, 91% ee).

R¢=0.71 (10% Et,0O/hexanes)

[a]*%p: +53.2° (¢ = 0.67, CHCl3, 96% e¢)

'H NMR (600 MHz, CDCl3): 6 7.26 (d, J= 8.7 Hz, 2H), 7.22 (d, J= 8.7 Hz, 2H), 6.88 (d, J =

8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 6.39 (d, J = 15.8 Hz, 1H), 5.95 (ddd, J = 15.7, 7.6, 6.6 Hz,
1H), 4.49 (dq, J= 12.7, 8.5 Hz, 1H), 4.39 (dq, J = 12.7, 8.4 Hz, 1H), 3.80 (s, 3H), 3.79 (s, 3H),
3.76 (dd, J= 8.7, 6.8 Hz, 1H), 2.94 (dddd, J = 14.3, 8.8, 7.6, 1.3 Hz, 1H), 2.66 (dtd, J = 14.4, 6.7,
1.5 Hz, 1H).

13C NMR (151 MHz, CDCl3): 6 172.1, 159.1, 159.0, 131.9, 129.9, 129.4, 128.9, 127.2, 123.9,

122.8 (d, J=277.5 Hz), 114.1, 113.9, 60.4 (q, J = 36.6 Hz), 55.2, 55.2, 50.7, 36.8.
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HRMS (-p APCI) m/z: [M - H] Calcd for C21H21F304 [M-H] 393.1392; found 391.1313

IR (neat): 2935, 2838, 1752, 1608, 1510 cm’!
HPLC: (OD-H, i-PrOH/hexanes = 1/99, flow rate = 1.0 mL/min, 1 =210 nm) t; = 16.0 min

(major), t; = 22.9 min (minor).

(S,E)-2-(4-iodophenyl)oct-4-enoic acid

To a round-bottom flask was added 2,2,2-trichloroethyl (S,£)-2-(4-iodophenyl)oct-4-enoate
(2.940 g, 6.18 mmol, 1.00 eq.), zinc dust (4.041 g, 61.8 mmol, 10.0 eq.), and acetic acid (77.0
mL) then stirred for 18 h. The reaction mixture was diluted with water, then filtered through
celite and eluted with EtOAc. The mixture was then diluted with EtOAc, washed with water two
times, then brine eight times. The organic layers were dried over anhydrous sodium sulfate and
concentrated in vacuo. The crude clear oil was taken forward directly without purification (2.04
g, 96% yield).

R¢=0.52 (50% EtOAc/hexane)

[a]*%p: +52.7° (¢ = 0.69, CHCl3)

'H NMR (600 MHz, CDClL3): 6 7.62 (d, J= 8.2 Hz, 1H), 7.07 (d, /= 8.3 Hz, 1H), 5.46 — 5.38

(m, 1H), 5.33 = 5.25 (m, 1H), 3.97 (s, 1H), 3.50 (s, 2H), 3.14 (s, 2H), 2.72 (dt, J = 14.6, 7.6 Hz,
1H), 2.35 (dt, J = 14.0, 7.0 Hz, 1H), 1.90 (q, J = 7.1 Hz, 2H), 1.30 (h, J = 7.3 Hz, 2H), 0.82 (t, J

= 7.4 Hz, 3H).



157

13C NMR (151 MHz, CDCl3): 6 178.3, 137.7, 133.9, 130.1, 125.7, 93.0, 51.4, 36.1, 34.5, 22 4,

13.5.
IR (neat): 3024, 2955, 2925, 2870, 1704 cm’!

HRMS (+p APCI) m/z: [M + H]" Calcd for Ci14H17021 345.0351; Found 345.0348

HPLC: (AS-H, i-PrOH/hexanes = 5/95, flow rate = 1.0 mL/min, 1 =210 nm) t; = 6.4 min

(minor), t; = 7.7 min (major).

(S,E)-2-(4-iodophenyl)-N-methoxy-/N-methyloct-4-enamide

To a flame-dried round-bottom flask was added (S,E)-2-(4-iodophenyl)oct-4-enoic acid (2.131 g,
6.19 mmol, 1.0 eq.) in N,N-dimethylformamide (15.5 mL). The reaction was cooled to 0 °C, and
HATU (2.825 g, 7.43 mmol, 1.2 eq.) and N,N-diisopropylethylamine (3.23 mL, 2.66 mmol, 3.0
eq.) were added and the reaction was stirred for 20 min. N,0-dimethylhydroxylamine
hydrochloride (0.905 g, 9.28 mmol, 1.5 eq.) was added and the reaction was warmed to room
temperature slowly and stirred for 16 h. The mixture was diluted with EtOAc and water and the
layers were separated. The organic phase was washed with brine eight times, dried over
anhydrous sodium sulfate, and concentrated in vacuo. The crude residue was purified by flash
column chromatography (20% Et,O/hexanes) to afford the product as a clear oil (1.77 g, 74%
yield).Note 1

Note 1: We found that the enantiopurity slightly eroded during the conversion of (S,£E)-2-(4-

iodophenyl)oct-4-enoic acid to (S,E)-2-(4-iodophenyl)-N-methoxy-N-methyloct-4-enamide
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(80% ee) but elected to advance the material to investigate the viability of a C—O coupling
strategy.

R¢=0.37 (33% Et,0O/hexanes)

[a]*%p: +41.6° (¢ = 0.50, CHCl3)

'H NMR (600 MHz, CDClL3): 6 7.62 (d, J= 8.2 Hz, 1H), 7.07 (d, /= 8.3 Hz, 1H), 5.46 — 5.38

(m, 1H), 5.33 — 5.25 (m, 1H), 3.97 (br, 1H), 3.50 (s, 2H), 3.14 (s, 2H), 2.72 (dt, J = 14.6, 7.6 Hz,
1H), 2.35 (dt, J = 14.0, 7.0 Hz, 1H), 1.90 (g, J = 7.1 Hz, 2H), 1.30 (h, J = 7.3 Hz, 2H), 0.82 (t, J
= 7.4 Hz, 3H).

13C NMR (151 MHz, CDCl3): 6 173.7, 139.5, 137.5, 133.1, 130.3, 126.9, 92.3, 61.4, 47.6, 37.0,

34.6,32.2,22.5, 13.5.
IR (neat): 2957, 2929, 2870, 1660, 1483 cm’!

HRMS (+p APCI) m/z: [M + H]" Calcd for CisH2202IN 388.0773; Found 388.0765.

HPLC: (AS-H, i-PrOH/hexanes = 1/99, flow rate = 1.0 mL/min, 1 =230 nm) t, = 6.3 min

(minor), t: = 7.9 min (major), 80% ee.

OMe
(S,E)-N-methoxy-2-(4-methoxyphenyl)-N-methyloct-4-enamide

The Buchwald C-O coupling® was conducted by Nick Falcone and HPLC data collected by
Aaron Bosse.

Spectral data matched those obtained through direct C—H insertion/Weinreb amide formation.
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OMe

2,2,2-trifluoroethyl (S,E)-2-(4-methoxyphenyl)oct-4-enoate

A flame-dried round-bottom flask with oven dried condenser was charged with 4 A MS and
Rha(R-p-PhTPCP)4 (0.05 mmol, 0.5 mol %) and then, purged three times with nitrogen. Trans-
hex-2-ene (6.24 mL, 50.0 mmol, 5.0 eq.) and distilled CH>Cl> (38.0 mL) were added,N°® ! and
the mixture was heated to 40 “C and refluxed for 10 min before addition of the diazo compounds.
In a separate flask, the diazoester™°®?2 (2.742 g, 10.0 mmol, 1.0 eq.) was dissolved in distilled
CH>Cl> (38.0 mL) under argon. Under refluxing conditions, the diazoester solution was added to
the reaction vessel dropwise via syringe pump over 3 h. The reaction mixture was stirred at 40 °C
for another 30 min and concentrated in vacuo. The crude product was purified by flash column
chromatography (2% Et>O/hexanes) to afford the productas a clear oil (2.345 g, 71% yield, 96%
ee, 11:1 rr).

Note 1: Solvent must be distilled over CaHa and stored over activated 4 A MS.

Note 2: The diazoester was prepared according to literature precedent.?

R¢=0.46 (10% Et,O/hexanes)

[a]*%p: +37.0° (¢ = 0.57, CHCl;)

IH NMR (600 MHz, CDCly): & 7.22 (d, J = 8.7 Hz, 1H), 6.86 (d, J = 8.7 Hz, 1H), 5.49 (dtt, J =

15.0, 6.8, 1.3 Hz, 1H), 5.30 (dddt, /= 15.2, 7.7, 6.5, 1.4 Hz, 1H), 4.49 (dq, J=12.7, 8.4 Hz, 1H),
4.35(dq,J=12.7, 8.4 Hz, 1H), 3.79 (s, 2H), 3.65 (dd, J = 8.9, 6.6 Hz, 1H), 2.79 — 2.70 (m, 1H),

249 -2.41 (m, 1H), 1.96 — 1.87 (m, 1H), 1.32 (h, /= 7.4 Hz, 1H), 0.83 (t, /= 7.4 Hz, 2H).
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13C NMR (151 MHz, CDCl3): 6 172.4, 159.2, 133.8, 129.9, 129.1, 126.1, 123.1 (q, J= 277.4

Hz), 114.2, 60.5 (q, J = 36.6 Hz), 55.4, 51.0, 36.7, 34.7, 22.5, 13.6.

F NMR (565 MHz, CDCL3): 6 -73.7 (t, J= 8.6 Hz).

IR (neat): 2959, 2931, 1754, 1611, 1165 cm™!

HRMS (+p APCI) m/z: [M + H]" Calcd for C17H22F303 331.1521; Found 331.1514.

HPLC: (OD-H, i-PrOH/hexanes = 1/99, flow rate = 0.5 mL/min, 1 =210 nm) t; = 11.0 min

(minor), t; = 13.4 min (major).

OMe

(S,E)-N-methoxy-2-(4-methoxyphenyl)-/NV-methyloct-4-enamide

To a flame-dried round-bottom flask under nitrogen was added 2,2,2-trifluoroethyl (S,E)-2-(4-
methoxyphenyl)oct-4-enoate (2.330 g, 7.05 mmol, 1.0 eq.) and THF (141 mL). N,O-
dimethylhydroxylamine hydrochloride (0.826 g, 8.46 mmol, 1.2 eq.) was added and the solution
was cooled to 0 °C. Isopropylmagnesium chloride (2.0 M in THF, 10.6 mL, 21.2 mmol, 3.0

eq.) was added dropwise, and the reaction was warmed to room temperature and stirred for 13 h.
This was quenched with saturated aqueous NH4Cl, basified with 10% NaOH solution, and
extracted with EtOAc three times. The combined organic layers were dried over anhydrous
magnesium sulfate and concentrated in vacuo. The crude residue was purified by flash column
chromatography (15% Et,O/hexanes) to afford the product as a clear oil (1.438 g, 70% yield,
94% ee).

R¢=0.31 (20% EtOAc/hexanes)
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[a]*p: +72.1° (¢ = 0.62, CHCls)

IH NMR (600 MHz, CDCly): & 7.23 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 5.43 (dtt, J =

14.8, 6.7, 1.3 Hz, 1H), 5.32 (dtt, J= 15.3, 7.0, 1.4 Hz, 1H), 3.98 (s, 1H), 3.77 (s, 4H), 3.49 (s,
3H), 3.14 (s, 3H), 2.77 — 2.68 (m, 1H), 2.35 (dtd, J = 13.7, 6.9, 1.1 Hz, 1H), 1.91 (td, J = 7.0, 5.6
Hz, 2H), 1.31 (h, J= 7.3 Hz, 2H), 0.83 (t, J = 7.4 Hz, 3H).

13C NMR (151 MHz, CDCl3): 6 174.7, 158.6, 132.7, 132.1, 130.1, 129.3, 127.6, 114.0, 61.4,

55.3,47.3,37.4,34.7,32.3,22.6,13.7.
IR (neat): 2957, 2932, 1657, 1610, 1509, 1247 cm™!

HRMS (+p APCI) m/z: [M + H]" Calcd for C17H2603N 292.1913; Found 292.1908.

HPLC: (OD-H, i-PrOH/hexanes = 5/95, flow rate = 0.5 mL/min, 1 =210 nm) t; = 11.9 min

(major), t; = 13.6 min (minor).

OMe
(S)-N-methoxy-2-(4-methoxyphenyl)- V-methyl-4-oxobutanamide
This reaction was conducted Nick Falcone and the reported data can be found in the

corresponding publication.*

OAc

OMe

(8)-4-(methoxy(methyl)amino)-3-(4-methoxyphenyl)-4-oxobutyl acetate
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This reaction was conducted Nick Falcone and the reported data can be found in the

corresponding publication.*

OAc
Me OAc

AcO OMe
(8)-2-(4-acetoxy-1-(methoxy(methyl)amino)-1-oxobutan-2-yl)-5-methoxy-1,3-phenylene
diacetate
This reaction was conducted Nick Falcone and the pyridine sulfonic acid synthesized by Hojoon

park. The reported data can be found in the corresponding publication.*

OH

\H
Qj@
H O OMe

(3aS,8aR)-6-methoxy-2,3,3a,8a-tetrahydrofuro|2,3-b]benzofuran-4-ol
This reaction was conducted Nick Falcone and the reported data can be found in the

corresponding publication.*
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5.4. Experiment Section for Chapter 4

Commercially available ketones

These ketones were purchased from commercial sources and used without purification:
1,2-diphenylethan-1-one

1-(4-bromophenyl)-2-phenylethan-1-one

1-(4-fluorophenyl)-2-phenylethan-1-one

Substrates and reagents
The following compounds were prepared according to published procedures:
Rhy(S-TPPTTL)4!

(E)-tert-butyldimethyl(pent-2-en-1-yloxy)silane?

Cl

Cl

1,2-dichloro-4-cyclobutylbenzene

To a flame-dried round-bottom flask with findenser was charged with a stir-bar and oven- dried
silver Mg turnings (646 mg, 1.5 equiv, 26.56 mmol). The RBF was sealed, flame-dried again,
and backfilled with N> (x3). To the reaction vessel was added dry THF (1 molar) and was
allowed to stir for over 30 minutes under N line. Afterwards, 4-bromo-1,2-dichlorobenzene (4.0
g, 1 equiv, 17.71 mmol) was added drop-wise over 10 min (can be very exothermic after
complete addition). The Grignard was stirred for 1 h then cooled to 0 °C via ice bath. Then
cyclobutanone (800 mg, 1 equiv, 11.41 mmol) was added and the reaction was warmed to room

temperature overnight. The crude mixture was quenched with saturated ammonium chloride,
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extracted with ether (x2), then dried with MgSOQa, filtered, and concentrated in vacuo. The crude
material was carried further without further purification.

'H NMR (400 MHz, CDCl3) 6 7.57 (d, J= 2.2 Hz, 1H), 7.42 (d, J= 8.3 Hz, 1H), 7.32 (dd, J =
8.3,2.2 Hz, 1H), 2.52 - 2.45 (m, 2H), 2.39 — 2.29 (m, 2H), 2.09 — 1.98 (m, 1H), 1.71 (dtt, J =
11.5,8.9,7.5 Hz, 1H).

To a flame-dried 50 ml round-bottom purged under N> (x3) was added 1-(3,4-
dichlorophenyl)cyclobutan-1-ol (1.0 g, 1 equiv, 4.6 mmol) and TFA (7.1 ml, 20 equiv, 92 mmol)
then cooled to 0 °C in an ice bath for 10 min. At 0 °C triethylsilane (3.7 ml, 5 equiv, 23 mmol)
was added dropwise then the mixture was warmed to room temperature and stirred overnight.
The reaction was cooled to 0 °C and quenched with saturated sodium bicarbonate, extracted with
DCM, then dried with MgSOQsu, filtered, and concentrated in vacuo. The crude material was
purified by flash chromatography (hexanes) to yield a pink oil. The residue was then subjected to
Kugelrohr distillation (0.5 mmHg, 100 °C) for 20 min to remove excess silane resulting in the
clean product as a clear oil (442 mg, 48% yield).

Rf = (.76 (hexanes)

'TH NMR (600 MHz, CDCl3) 67.34 (d, J = 8.2 Hz, 1H), 7.28 (d, /= 2.1 Hz, 1H), 7.03 (dd, J =
8.2,2.1 Hz, 1H), 3.49 (p, J = 8.6 Hz, 1H), 2.34 (qt, J= 7.6, 2.2 Hz, 2H), 2.15 - 1.95 (m, 3H),
1.90 — 1.81 (m, 1H).

13C NMR (151 MHz, CDCl3) 6 146.5, 132.0, 130.0, 129.3, 128.3, 125.8, 39.3, 29.5, 18.1.

IR (neat) 2963, 2940, 2891, 2861, 1590, 1557, 1472, 1443, 1396, 1378, 1331, 1244, 1131, 1096,
1028, 920, 874, 816, 787, 709, 672, 590 cm’!.

HRMS (+p APCI) cald for CioHi0Cl> [M+]" 200.0160 found 200.0158.
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General procedure A for the synthesis of Weinreb Amides

To a 55 mL test-tube with stir-bar was charged with the corresponding acetic acid (1 equiv.),
N,O- dimethylhydroxylamine hydrochloride (1.5 equiv.), N-(3- Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (1.5 equiv.), and N,N-dimethylpyridin-4-amine (1.5 equiv.). To
the solid mixture was added DCM (0.250 molar). The reaction mixture was allowed to stir
overnight at room temperature. Afterwards, the organic layer was washed with 1M HCI and then
the organic layer was dried with MgSOs, filtered, and concentrated in vacuo to afford the
corresponding Weinreb amide without further purification and clean by '"H NMR. The materials

were moved forwards to the next step without further characterization.

N-methoxy-/N-methyl-2-phenylacetamide

Prepared from general procedure A. To a 1L round-bottom flask with stir-bar was charged with
the 2-phenylacetic acid (1 equiv., 734 mmol), N,O-dimethylhydroxylamine hydrochloride (1.5
equiv., 1.10 mol), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (1.5 equiv.,
1.10 mol), and N,N-dimethylpyridin-4-amine (1.5 equiv., 1.10 mol). To the solid mixture was
added DCM (0.250 molar). The corresponding compound is a transparent light-yellow oil (110 g,
614 mmol, 83% yield). The material was moved forwards to the next step without further
characterization and physical and spectral data were identical to those previously reported for
this compound.?

TH NMR (400 MHz, CDCl3) 6 7.34 — 7.27 (m, 4H), 7.27 — 7.20 (m, 1H), 3.77 (s, 2H), 3.59 (s,

3H), 3.18 (s, 3H).
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B
N'o

CHj
2-(4-bromophenyl)-N-methoxy-/N-methylacetamide
Prepared from general procedure A. To a 55 mL test-tube with stir-bar was charged with 2-(4-
bromophenyl)acetic acid (1 equiv., 5.00 mmol), N,O-dimethylhydroxylamine hydrochloride (1.5
equiv., 7.50 mmol), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (1.5
equiv., 7.50 mmol), and N,N-dimethylpyridin-4-amine (1.5 equiv., 7.50 mmol). To the solid
mixture was added DCM (0.250 molar). The corresponding compound is a white solid (1.13 g,
4.38 mmol, 88% yield). The material was moved forwards to the next step without further
characterization and physical and spectral data were identical to those previously reported for
this compound.?
'H NMR (400 MHz, CDCl3) 6 7.44 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 8.4 Hz, 2H), 3.72 (s, 2H),

3.63 (s, 3H), 3.19 (s, 3H).

Procedure to wash Magnesium Turnings:

1. 1) Add magnesium turnings to a large-fritted glass funnel.

2. 2) Pour 1-3M HCI onto magnesium turnings. This will effervesce the magnesium
exposing a fresh Magnesium surface. WARNING: this is an exothermic reaction. Pour slowly
and triturate the turnings so that the solution saturates the turnings. This step usually requires
excess HCI solution until every single turning has a fresh silvery Mg surface.

3. 3) After you have washed the Mg, rinse the magnesium with excess ethanol to wash off

any remaining aqueous solution while triturating.
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4. 4) Dry your magnesium turnings by rinsing with excess diethyl ether while triturating.
5. 5) After you have dried your silver Mg turnings with the ether, you can store it in the
oven at 130 °C.

Preparation of 1M Grignard Solutions:
To a flame-dried round-bottom flask with findenser was charged with a stir-bar and oven- dried
silver Mg turnings (1.1 equiv.). The RBF was sealed and backfilled with N> (x3). To the reaction
vessel was added dry THF (1 molar) and was allowed to stir for over 30 minutes under N line.
Afterwards, the desired halide (1 equiv.) was added drop-wise over 30 minutes [can be very
exothermic after complete addition]. The solution was then placed in a sonicator and sonicated
under N> balloon for over 3 hours. The desired 1M Grignard solution was then subjected to the
Grignard addition.
General Procedure B for the synthesis of ketones
To a flame-dried round- bottom flask with stir-bar was added the corresponding Weinreb amide
(1 equiv.), sealed and backfilled with N> (x3), and subsequently, dry THF (0.15 molar) was
added to the sealed-vessel under N2 balloon. The reaction mixture was cooled with 0 °C ice bath
and allowed to stir for over 10 minutes. Subsequently to the cooled solution was added the
corresponding 1M Grignard reagent (1.5 equiv.). The reaction mixture was allowed to stir
overnight warming up to room temperature. To reaction mixture was quenched with excess
saturated NH4Cl solution, diluted with ethyl acetate, extracted with ethyl acetate (x3), the
combined organic layers were dried with MgSQOys, filtered, and concentrated in vacuo. The crude
material was subjected to flash chromatography hexanes/ethyl acetate. The collected fractions

were concentrated in vacuo to afford the corresponding ketone.
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O 0

O OMe
1-(4-methoxyphenyl)-2-phenylethan-1-one
IM Grignard solution prepared from Preparation of 1M Grignard Solutions. Magnesium (1.6 g,
2.5 equiv, 67 mmol) and 1-bromo-4-methoxybenzene (5.0 g, 3.3 mL, 1 equiv, 27 mmol) was
used. The resultant Grignard solution is an opaque gray solution.
Ketone prepared from General Procedure B. N-methoxy-N-methyl-2-phenylacetamide (1.0 g, 1
Eq, 5.6 mmol) was used. The crude material was dry-loaded onto silica and subjected to flash
chromatography hexanes/EtOAc (POI elutes at 20% EtOAc). The collected fractions were
concentrated in vacuo to afford 1-(4-methoxyphenyl)-2- phenylethan-1-one (860 mg, 3.80 mmol,
68 %) tinged with yellow amorphous material and white crystals. The material was dissolved in
minimal hexanes and allowed to recrystallize in -20 °C freezer in a sealed vial, filtered, and the
solids collected and dried to afford 1-(4-methoxyphenyl)-2-phenylethan-1-one (860 mg, 3.80
mmol, 68 %) as white solids. The physical and spectral data were identical to those previously
reported for this compound.*
TH NMR (600 MHz, CDCl3) 6 8.02 — 7.97 (m, 2H), 7.34 — 7.22 (m, 5H), 6.95 — 6.90 (m, 2H),

4.23 (s, 2H), 3.86 (s, 3H).

Moy

2-phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-one
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IM Grignard solution prepared from Preparation of 1M Grignard Solutions. Magnesium (19.0 g,
1.1 equiv, 782 mmol) and 1-bromo-4-(trifluoromethyl)benzene (160 g, 98.6 mL, 1 equiv, 711
mmol) was used. The resultant Grignard solution is a dark brown solution.

Ketone prepared from General Procedure B. N-methoxy-N-methyl-2-phenylacetamide (10 g, 1
Eq, 44 mmol) was used. The crude material was dry-loaded onto silica and subjected to flash
chromatography Hexanes:EtOAc (100 g column; 0% EtOAc 5 CV --> 0% - 100% 20 CV -->
100% 5CV; POI elutes at 70% EtOAc). The collected fractions were concentrated in vacuo. The
amorphous orange material was resuspended in minimal amount of ethanol and filtered. The
white solids were dried to afford 2-phenyl-1-(4- (trifluoromethyl)phenyl)ethan-1-one (20 g, 76
mmol, 85 %) as a white powder. The physical and spectral data were identical to those
previously reported for this compound.’

'H NMR (600 MHz, CDCl3) 6 8.11 (ddt, ] = 8.9, 1.9, 0.9 Hz, 2H), 7.72 (ddt, J = 8.4, 1.7, 0.8
Hz, 2H), 7.37 - 7.31 (m, 2H), 7.27 — 7.24 (m, 3H), 4.31 (s, 2H).

19F NMR (376 MHz, CDCL3) § -63.2.

Br O o

L,
2-(4-bromophenyl)-1-(4-chlorophenyl)ethan-1-one
Ketone prepared from General Procedure B. (4-chlorophenyl) magnesium bromide (5.02 g, 23
mL, 1 molar, 1.5 equiv, 23.2 mmol) and 2-(4-bromophenyl)-N-methoxy-N- methylacetamide
(4.0 g, 1 equiv, 15.5 mmol) was used. The crude material was dry-loaded onto silica and

subjected to flash chromatography hexanes/EtOAc. The collected fractions were concentrated in

vacuo to afford 2-(4-bromophenyl)-1-(4-chlorophenyl)ethan-1-one (3.97 g, 12.8 mmol, 83 %) as
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a white powder. The physical and spectral data were identical to those previously reported for
this compound.®
'H NMR (400 MHz, CDCl3) 8 7.95 — 7.90 (m, 2H), 7.48 — 7.42 (m, 4H), 7.15 — 7.10 (m, 2H),

421 (s, 2H).

General Procedure C for the synthesis of aryl diazoketones

Note: Hood lights were turned off to minimize product decomposition.

To a flame-dried 20 mL dram vial was added the corresponding ketone (1 equiv.), o-NBSA (1.5
equiv.), and acetonitrile (0.30 molar). The reaction mixture was back-filled with N> (x3), and
then the reaction mixture was cooled to 0 °C via water-bath. To the cooled reaction mixture was
added 2,3,4,6,7,8,9,10- octahydropyrimido[ 1,2-aJazepine (4 equiv.) drop-wise. The reaction
mixture was stirred for 30 minutes in an ice-water bath. The wet crude material was diluted with
a slurry containing SiO; with 1% TEA in 10% diethyl ether: 90% hexanes and concentrated in
vacuo to afford a dry-load. This dry-load was then subjected to a silica-plug doped with 1% TEA
in 10% diethyl ether: 90% hexanes. The colored material was collected, concentrated in vacuo to
afford the corresponding diazo ketone as a yellow or orange powder.

Storage: The vial was sealed under nitrogen and placed into a -20 °C freezer to minimize

decomposition.

2-diazo-1,2-diphenylethan-1-one
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Diazo was prepared from General Procedure C. 1,2-diphenylethan-1-one (5000 mg, 1 Eq, 25.48
mmol), o-NBSA (8.720 g, 1.5 equiv, 38.22 mmol), and 2,3,4,6,7,8,9,10- octahydropyrimido[1,2-
aJazepine (15.51 g, 15.4 mL, 4 equiv, 101.9 mmol) was used. The crude material was subjected
to a silica plug (15 inch silica) doped with 1% TEA in 10% diethyl ether: 90% hexanes. The dry-
loaded, eluted through the silica plug (all yellow band collected). The material was concentrated
in vacuo to afford 2-diazo-1,2- diphenylethan-1-one (3.65 g, 16.4 mmol, 65 %) as an orange
amorphous solid. The desired diazo was sensitive to deuterated solvent and was not stable
enough to obtain a pure *C NMR. The physical and spectral data were identical to those
previously reported for this compound.’

TH NMR (400 MHz, C¢Ds) & 7.46 — 7.34 (m, 4H), 7.09 (t, 2H), 7.05 — 6.98 (m, 1H), 6.97 — 6.91

(m, 3H).

OMe

2-diazo-1-(4-methoxyphenyl)-2-phenylethan-1-one

Diazo was prepared from General Procedure C. 1-(4-methoxyphenyl)-2-phenylethan-1- one (226
mg, 1 equiv, 1.00 mmol), o-NBSA (342 mg, 1.5 equiv, 1.50 mmol), and 2,3.4,6,7,8,9,10-
octahydropyrimido[1,2-a]azepine (609 mg, 603 puL, 4 equiv, 4.00 mmol) was used. The crude
material was subjected to a silica plug doped with 1% TEA in 10% diethyl ether: 90% hexanes.
The material was concentrated in vacuo to afford 2-diazo- 1-(4-methoxyphenyl)-2-phenylethan-
I-one (158.6 mg, 628.7 umol, 63 %) as an amorphous orange powder. The desired diazo was

sensitive to deuterated solvent and was not stable enough to obtain a pure 3C NMR.
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'"H NMR (600 MHz, CDCl3) $ 7.64 — 7.58 (m, 2H), 7.47 — 7.37 (m, 4H), 7.28 — 7.23 (m, 1H),
6.93 — 6.87 (m, 2H), 3.85 (s, 3H).

IR (neat): 2934, 2838, 2066 (strong), 1737, 1600, 1573, 1509, 1496, 1461, 1417, 1347, 1328,
1307, 1283, 1248, 1171, 1111, 1069, 1029, 913, 859, 839, 786, 757, 691, 645, 621, 568, 519,
497,406 cm™!.

HRMS (+p ESI): calc. mass for CisHi:02 [M + H — N3] - 225.09101; obs. mass for CisHi302

[M +H —Nz] -225.09094.

Br

1-(4-bromophenyl)-2-diazo-2-phenylethan-1-one

Diazo was prepared from General Procedure C. 1-(4-bromophenyl)-2-phenylethan-1-one

(5.73 g, 1 equiv, 20.83 mmol), o-NBSA (6.5 g, 1.3 equiv, 27.1 mmol), and 2,3,4,6,7,8,9,10-
octahydropyrimido[1,2-a]azepine (6.98 g, 6.84 mL, 2.2 equiv, 45.82 mmol) was used. The crude
material was subjected to a silica plug doped with 1% TEA in 10% diethyl ether: 90% hexanes.
The material was concentrated in vacuo to afford 1-(4-bromophenyl)-2-diazo-2-phenylethan-1-
one (4.07 g, 13.5 mmol, 65 %) as an amorphous orange powder. The desired diazo was sensitive
to deuterated solvent and was not stable enough to obtain a pure 3C NMR.

TH NMR (600 MHz, CDCl3) 8 7.58 — 7.52 (m, 2H), 7.50 — 7.45 (m, 2H), 7.45 — 7.38 (m, 4H),
7.30—7.27 (m, 1H).

IR (neat): 3058, 2073 (strong), 1622, 1586, 1496 1448, 1393, 1349, 1331, 1285, 1259, 1242,

1178, 1074, 1010, 910, 856, 829, 755, 739, 690, 651, 514, 490, 466, 450, 435, 417, 404 cm..
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HRMS (+p ESI): calc. mass for Ci14aHi100”Br [M + H — N»] - 272.99095; obs. mass for

C1aH1007Br [M + H — N2] - 272.99094.

Cl

2-(4-bromophenyl)-1-(4-chlorophenyl)-2-diazoethan-1-one

Diazo was prepared from General Procedure C. 2-(4-bromophenyl)-1-(4-chlorophenyl)ethan-1-
one (3.97 g, 1 equiv, 12.8 mmol), o-NBSA (4.4 g, 1.5 equiv, 19.2 mmol), and 2,3,4,6,7,8,9,10-
octahydropyrimido[1,2-a]azepine (4.29 g, 4.25 mL, 2.2 equiv, 28.2 mmol) was used. The crude
material was subjected to a silica plug doped with 1% TEA in 10% diethyl ether: 90% hexanes.
The material was concentrated in vacuo to afford 2-(4-bromophenyl)-1-(4-chlorophenyl)-2-
diazoethan-1-one (3.79 g, 11.3 mmol, 88 %) as an amorphous orange powder. The desired diazo
was sensitive to deuterated solvent and was not stable enough to obtain a pure 3C NMR.

TH NMR (600 MHz, CDCl3) 6 7.57 — 7.51 (m, 4H), 7.44 — 7.39 (m, 2H), 7.36 — 7.30 (m, 2H).
IR (neat): 2074 (strong), 1624, 1588, 1488, 1398, 1337, 1272, 1242, 1179, 1091, 1013, 911,
857, 823, 744, 674, 610, 521, 489, 474, 455, 443, 434, 409 cm’!.

HRMS (+p ESI): calc. mass for CisHsOBr**Cl [M + H — N2]" - 306.95198; obs. mass for

Ci1sHsO”Br**Cl [M + H — N>] - 306.95205.
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2-diazo-1-(4-fluorophenyl)-2-phenylethan-1-one

Diazo was prepared from General Procedure C. 1-(4-fluorophenyl)-2-phenylethan-1-one (1.71 g,
1 equiv, 7.98 mmol), o-NBSA (2.5 g, 1.3 equiv, 10.4 mmol), and 2,3,4,6,7,8,9,10-
octahydropyrimido[1,2-a]azepine (1.45 g, 1.43 mL, 1.2 equiv, 9.57 mmol) was used. The crude
material was subjected to a silica plug doped with 1% TEA in 10% diethyl ether: 90% hexanes.
The material was concentrated in vacuo to afford 2-diazo-1-(4-fluorophenyl)-2-phenylethan-1-
one (1.22 g, 5.06 mmol, 63 %) as an amorphous orange powder. The desired diazo was sensitive
to deuterated solvent and was not stable enough to obtain a pure 3C NMR.

TH NMR (600 MHz, CDCl3) 8 7.65 — 7.60 (m, 2H), 7.45 — 7.38 (m, 3H), 7.30 — 7.24 (m, 2H),
7.12 —7.06 (m, 2H).

IR (neat): 3063, 2074 (strong), 1739, 1698, 1623, 1599, 1507, 1497, 1449, 1408, 1349, 1331,
1283, 1261, 1235, 1184, 1156, 1098, 1068, 1014, 980, 913, 863, 846, 757, 697, 638, 620, 609,
558,517, 466, 453, 438,427, 414 cm™!,

HRMS (+p ESI): calc. mass for Ci1aH10OF [M + H — N3] - 213.07102; obs. mass for Ci1aH100F

[M + H — N»] - 213.07097.

CF,
2-diazo-2-phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-one

Diazo was prepared from General Procedure C. 2-phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-
one (500 mg, 1 equiv, 1.89 mmol), o-NBSA (518 mg, 1.2 equiv, 2.27 mmol), and
2,3,4,6,7,8,9,10- octahydropyrimido[ 1,2-aJazepine (576 mg, 0.57 mL, 2 equiv, 3.78 mmol) was

used. The crude material was subjected to a silica plug doped with 1% TEA in 10% diethyl ether:
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90% hexanes. The material was concentrated in vacuo to afford 2-diazo-2-phenyl-1-(4-
(trifluoromethyl)phenyl)ethan-1-one (490 mg, 1.69 mmol, 89 %) as an orange powder. The
desired diazo was sensitive to deuterated solvent and was not stable enough to obtain a pure *C
NMR.

'H NMR (400 MHz, CDCl3) 6 7.74 — 7.66 (m, 4H), 7.47 — 7.37 (m, 4H), 7.33 — 7.27 (m, 1H).
'F NMR (376 MHz, CDCl3) 6 -63.02.

IR (neat): 3015, 2970, 2098, 2078, 1738, 1614, 1590, 1573, 1495, 1448, 1407, 1363, 1323,
1284, 1241, 1217, 1176, 1124, 1111, 1075, 1062, 1024, 1015, 998, 964, 919, 866, 838, 773, 763,
753, 709, 689, 653, 653, 615, 591, 535, 512, 501, 493, 448, 407 cm™!.

HRMS (+p ESI): calc. mass for CisHi100F3 [M + H — Na2] - 263.06783; obs. mass for CisHi10OF

[M + H — N»]" - 263.06783.

General procedure for the aryl diazoketone C-H insertion reactions

Note: Hood lights were turned off to minimize diazo ketone decomposition.

To a flame-dried 20 mL dram vial was added the corresponding substrate (5-10 equiv.), Rha(S-
TPPTTL)4 (0.005 Eq, 1 mol %), and activated 4 A MS (1 g/0.5 mmol diazo ketone). The
mixture was back-filled with N> (x3). Half-portion of dry distilled DCM (0.0625 molar) was
added to the mixture and the solution was allowed to stir at 25 °C for 10 minutes. Meanwhile to a
separate flame-dried 20 mL dram- vial was added half-portion of dry distilled DCM (0.0625
molar) to the corresponding diazo ketone (1 equiv.) under N>. Then both vials were sparged
using an N> needle from the Schlenk line for 5 min. The diazo-solution was transferred to the
reaction mixture containing the rhodium catalyst and trap dropwise over 2-3 min. The reaction

mixture was wrapped in tin foil and was allowed to stir vigorously overnight at 25 °C. The
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reaction mixture was then concentrated in vacuo for crude '"H NMR to determine the regio- and

diastereoselectivity. The crude was subjected to flash chromatography (0—10% hexanes:ether) to

afford the corresponding C-H insertion product.

Note: Solvent must be carefully dried (distilled over CaH» and stored on activated 4 A MS).

The general procedure for the aryl diazoketone C-H insertion reactions was used to accomplish

the catalyst screen shown below.

H) R
R4
Me © R._o

N> m 2

ANy - R

1 - R

o Rh(ll) catalyst Me 1

solvent, temperature A B

Entry Compd. Ry R> Solvent C(c|>\;|1)c. Catalyst yield(%) (Ar:rB) dr ee(%)
1 47 Ph (p-Br)Ph CH,Cl, 0.125 Rhy(S-PTAD), 15 2:1 >20:1 77
2 48 Ph (p-CF3)Ph CH,Cl, 0.125 Rh,(S-DOSP), 242 >20:1 8:1 54
3 48 Ph (p-CF3)Ph CH,Cl, 0.125 Rhy(S-NTTL), 1a >20:1 >20:1 32
4 48 Ph (p-CF3)Ph CH.Cl, 0.125 Rhy(R-TCPTAD), 132 >20:1 >20:1 52
5 4.8 Ph (p-CF3)Ph CH,Cl, 0.125 Rhy(R-2-CI 5-BrTPCP), g3a 5:1 >20:11 52
6 48 Ph (p-CF3)Ph CH,Cl, 0.125 Rhy(S-pBITPCP), 42 7:1 001 86
7 4.8 Ph (p-CF3)Ph CH,Cl, 0.0625 Rhy(S-TPPTTL), 66 >20:1  >20:1 99

aYields were determined by NMR with trichloroethylene as internal standard
bReaction was degassed and the diazo added all at once
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Ph ""/©

o
(25,35)-1,2-diphenyl-3-(p-tolyl)butan-1-one
This compound was prepared according to the general procedure for C-H insertion using 1-ethyl-
4-methylbenzene (500 mg, 1.57 mL, 5 equiv, 11.25 mmol) as the substrate and 2-diazo- 1,2-
diphenylethan-1-one (500 mg, 1 equiv, 2.25 mmol) under the catalyst of Rho(S-TPPTTL)4 (27.7
mg, 0.005 Eq, 11.25 pmol). After flash chromatography (3% ether in hexanes) the product was
obtained as an amorphous white powder (454mg 64% yield, >20:1 rr, >20:1 dr, 99% ee).
[@]**p: -152° (¢ 0.233 g/100 mL, DCM)
TH NMR (600 MHz, CDCl3) 6 8.04 — 7.99 (m, 2H), 7.54 — 7.48 (m, 1H), 7.42 (dd, J =8.3, 7.2
Hz, 2H), 7.14 — 7.05 (m, 4H), 7.05 — 6.99 (m, 1H), 6.95 — 6.88 (m, 4H), 4.70 (d, J = 10.7 Hz,
1H), 3.67 (dq, J=10.7, 6.7 Hz, 1H), 2.22 (s, 3H), 1.35 (d, ] = 6.8 Hz, 3H).
13C NMR (151 MHz, CDCl3) 6 200.2, 141.2, 137.8, 137.6, 135.3, 132.9, 128.8, 128.7, 128.6,
128.6, 128.3, 127.6, 126.7, 61.0, 43.5, 21.1, 20.9.
IR (neat) 3024, 2963, 2923, 2873, 1671, 1596, 1579, 1514, 1492, 1447, 1373, 1346, 1288, 1267,
1233, 1202, 1175, 1102, 1074, 994, 932, 859, 813, 766, 754, 721, 698, 652, 642, 587, 555, 429,
418,409 cm™!.

HRMS (-p APCI) calc. mass for C23H210 [M—H] 313.1597 found 313.1598.

HPLC (OD column, 1.0 % i-propanol in hexane, 0.5 mL min, 0.5 mg mL , 30 min, UV 230 nm)

retention times of 10.45 min (minor) and 12.3 min (major) 99% ee with Rh2(S-TPPTTL)4.
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Ph "/ :

(2R,3R)-1-(4-fluorophenyl)-2-phenyl-3-(p-tolyl)butan-1-one

This compound was prepared according to the general procedure for C-H insertion using 1-ethyl-
4-methylbenzene (601 mg, 698 puL, 10 equiv, 5.00 mmol) as the substrate and 2-diazo-1-(4-
fluorophenyl)-2-phenylethan-1-one (120 mg, 1 equiv, 0.500 mmol) under the catalyst of Rha(S-
TPPTTL)4 (6.16 mg, 0.005 equiv, 2.50 umol). After flash chromatography (3% ether in hexanes)
the product was obtained as an amorphous white powder (60 mg, 36% yield, >20:1 rr, >20:1

dr, >99% ee).

[@]?°p: -164.6° (¢ 0.327 g/100 mL, EtOAc)

'H NMR (600 MHz, CDCl3) 6 8.04 (ddd, J =8.9, 5.4, 1.8 Hz, 2H), 7.12 — 7.01 (m, 7H), 6.91
(qd, J=8.1, 1.7 Hz, 4H), 4.63 (dd, J = 10.7, 1.6 Hz, 1H), 3.69 — 3.60 (m, 1H), 2.22 (s, 3H), 1.34
(dd, J=6.9, 1.6 Hz, 3H).

13C NMR (151 MHz, CDCl3) 8 198.5, 166.4, 164.7, 141.0, 137.6, 135.4, 133.9, 133.9, 131.2,
131.1, 128.7, 128.7, 128.3, 127.5, 126.8, 115.7, 115.6, 61.0, 43.5, 21.0, 20.9.

F NMR (282 MHz, CDCl3) 6 -105.4, -105.4, -105.4, -105.4, -105.4, -105 4.

IR (neat): 3025, 2963, 2925, 1678, 1597, 1514, 1505, 1453, 1409, 1346, 1288, 1266, 1233,
1202, 1155, 995, 856, 826, 815, 761, 735, 698, 600, 551, 403 cm™!.

HRMS (-p APCI): calc. mass for C23H2oOF [M - H] 331.1503 found 331.1502

HPLC (Chiralpak AD-H column, 1.0% i-propanol in hexane, 1.0 mL min‘!, 0.5 mg mL", 30

min, UV 210 nm) retention times of 7.0 min (major) and 7.7 min (minor), >99% e.e.
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(25,35)-1-(4-methoxyphenyl)-2-phenyl-3-(p-tolyl)butan-1-one
This compound was prepared according to the general procedure for C-H insertion using 1-ethyl-
4-methylbenzene (601 mg, 698 puL, 10 equiv, 5.00 mmol) as the substrate and 2-diazo-1-(4-
methoxyphenyl)-2-phenylethan-1- one (126 mg, 1 equiv, 0.500 mmol) under the catalyst of
Rh(S-TPPTTL)4 (6.16 mg, 0.005 equiv, 2.50 pumol). After flash chromatography (3% ether in
hexanes) the product was obtained as an amorphous white powder (56 mg, 30% yield, >20:1
rr, >20:1 dr, >99% ee).
[@]**p: -60.3° (¢ 0.410 g/100 mL, EtOAc)
TH NMR (600 MHz, CDCl3)  8.03 — 8.00 (m, 2H), 7.12 — 7.04 (m, 4H), 7.03 — 6.96 (m, 1H),
6.93 — 6.88 (m, 6H), 4.65 (d, J = 10.7 Hz, 1H), 3.83 (s, 3H), 3.66 (dq, J = 10.9, 6.7 Hz, 1H), 2.21
(s,3H), 1.33 (d, J = 6.7 Hz, 3H).
13C NMR (151 MHz, CDCl3) 8 198.5, 163.4, 141.3, 138.2, 135.3, 130.9, 130.6, 128.7, 128.6,
128.2, 127.6, 126.5, 113.7, 60.5, 55.5, 55.4, 43.5, 21.1, 20.9.
IR (neat): 2962, 2931, 1668, 1598, 1574, 1510, 1453, 1418, 1306, 1288, 1260, 1205, 1168,
1115, 1073, 1031, 993, 922, 853, 814, 762, 739, 699, 635, 609, 553, 451, 433, 405 cm..
HRMS (+p APCI): calc. mass for C24H2502 [M + H]" 345.1849 found 345.1847.
HPLC (Chiralcel OD column, 0.5% i-propanol in hexane, 0.5 mL min’!, 0.5 mg mL"!, 60 min,

UV 210 nm) retention times of 21.1 min and 25.5 min, >99% e.e.
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(25,3S5)-2-(4-bromophenyl)-1-(4-chlorophenyl)-3-(p-tolyl)butan-1-one

This compound was prepared according to the general procedure for C-H insertion using 1-ethyl-
4-methylbenzene (601 mg, 698 pL, 10 equiv, 5.00 mmol) as the substrate and 2-(4-
bromophenyl)-1-(4-chlorophenyl)-2- diazoethan-1-one (168 mg, 1 equiv, 0.500 mmol) under the
catalyst of Rho(S-TPPTTL)4 (6.16 mg, 0.005 equiv, 2.50 umol). After flash chromatography (3%
ether in hexanes) the product was obtained as an amorphous off-white powder (122 mg, 57%
yield, >20:1 rr, >20:1 dr, 90% ee).

[@]**p: -41.5° (¢ 0.334 g/100 mL, EtOAc)

'"H NMR (600 MHz, CDCl3) § 7.93 — 7.90 (m, 2H), 7.41 — 7.38 (m, 2H), 7.22 — 7.19 (m, 2H),
6.96 — 6.93 (m, 4H), 6.90 — 6.87 (m, 2H), 4.59 (d, J = 10.7 Hz, 1H), 3.60 (dq, J = 10.6, 6.7 Hz,
1H), 2.24 (s, 3H), 1.32 (d, J = 6.8 Hz, 3H).

13C NMR (151 MHz, CDCl3) 8 198.6, 140.5, 139.7, 136.6, 135.7, 135.6, 132.5, 131.5, 131.3,
130.3, 129.9, 129.5, 129.0, 128.9, 127.4, 121.0, 60.3, 43.4, 21.1, 21.0.

IR (neat): 2964, 2925, 1679, 1588, 1569, 1515, 1485, 1456, 1398, 1375, 1316, 1287, 1266,
1203, 1172, 1093, 1074, 1011, 997, 854, 814, 800, 741, 721, 681, 558, 512,471, 423, 410 cm™..
HRMS (-p APCI): calc. mass for C23Hi9OBrCl [M — H] 425.0304 found 425.0308

HPLC (Chiralpak AD-H column, 0.3% i-propanol in hexane, 0.8 mL min‘!, 0.5 mg mL"!, 60

min, UV 210 nm) retention times of 25.0 min (minor) and 30.9 min (major), 90% e.e.



182

Br

0]
(25,35)-1-(4-bromophenyl)-2-phenyl-3-(p-tolyl)butan-1-one
This compound was prepared according to the general procedure for C-H insertion using 1-ethyl-
4-methylbenzene (601 mg, 698 uL, 10 equiv, 5.00 mmol) as the substrate and 1-(4-
bromophenyl)-2-diazo-2-phenylethan-1-one (151 mg, 1 equiv, 0.500 mmol) under the catalyst of
Rh(S-TPPTTL)4 (6.16 mg, 0.005 equiv, 2.50 pumol). After flash chromatography (3% ether in
hexanes) the product was obtained as an amorphous white powder (106 mg, 54% yield, >20:1
rr, >20:1 dr, >99% ee).
[@]?°p: -62.8° (¢ 0.906 g/100 mL, EtOAc)
TH NMR (600 MHz, CDCl3) 6 7.88 — 7.84 (m, 2H), 7.57 — 7.52 (m, 2H), 7.10 — 7.01 (m, 5H),
6.94 — 6.87 (m, 4H), 4.61 (d, J = 10.6 Hz, 1H), 3.64 (dq, J = 10.6, 6.8 Hz, 1H), 2.22 (s, 3H), 1.34
(d, J=6.8 Hz, 3H).
13C NMR (151 MHz, CDCl3) 8 199.1, 140.9, 137.45 136.2, 135.5, 131.9, 130.1, 128.7, 128.7,
128.4, 128.1, 127.6, 126.9, 61.1, 43.4, 20.9.
IR (neat): 2991, 2942, 1674, 1581, 1514, 1483, 1452, 1394, 1331, 1307, 1292, 1266, 1199,
1174, 1107, 1069, 993, 907, 865, 852, 815, 807, 761, 734, 705, 669, 551, 520, 450, 419, 410 cm"
1
HRMS (-p APCI): calc. mass for C23H20OBr [M — H]" 391.0703 found 391.0699
HPLC (Chiralcel OD column, 0.3% i-propanol in hexane, 0.8 mL min’!, 0.5 mg mL"!, 30 min,

UV 210 nm) retention times of 9.3 min and 10.2 min, >99% e.e.
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(25,35)-2-phenyl-3-(p-tolyl)-1-(4-(trifluoromethyl)phenyl)butan-1-one
This compound was prepared according to the general procedure for C-H insertion using 1-ethyl-
4-methylbenzene (1.35 g, 1.57 ml, 5 equiv, 11.35 mmol) as the substrate and 2-diazo-2-phenyl-
1-(4-(trifluoromethyl)phenyl)ethan-1-one (500 mg, 1 equiv, 2.25 mmol) under the catalyst of
Rh(S-TPPTTL)4 (27 mg, 0.005 equiv, 11.25 umol). After flash chromatography (3% ether in
hexanes) the product was obtained as an amorphous off-white powder (471 mg, 66%
yield, >20:1 rr, >20:1 dr, 99% ee).
Rf = 0.65 (10% diethyl ether/hexanes)
[@]**p: -123.8° (¢ = 0.97, CHC3)
'"H NMR (400 MHz, CDCl3) 8 8.09 (d, /= 8.1 Hz, 2H), 7.67 (d, J = 8.0 Hz, 2H), 7.13 — 7.01
(m, 5H), 6.97 — 6.86 (m, 4H), 4.66 (d, J = 10.6 Hz, 1H), 3.66 (dq, /= 10.6, 6.7 Hz, 1H), 2.22 (s,
3H), 1.36 (d, J= 6.7 Hz, 3H)
13C NMR (101 MHz, CDCl3) 8 199.1, 140.7, 140.2, 137.1, 135.5, 134.1 (g, J = 32.6 Hz), 128.8,
128.8, 128.7, 128.5, 127.5, 127.0, 125.6 (q, J = 3.8 Hz), 124.9, 122.2, 61.6,43.4,20.9 (d, J=4.6
Hz).
F NMR (376 MHz, CDCl3) 6 -63.2.
IR (neat): 2919, 1678, 1580, 1514, 1495, 1453, 1408, 1380, 1321, 1265, 1199, 1166, 1130,
1109, 1065, 996, 870, 857, 813, 774, 761, 746, 718, 706, 695, 667, 588, 550, 530, 518, 475, 413,
403 cml.

HRMS (-p APCI): calcd for C24H20F30 (M-H) 381.1461 found 381.1467



184

HPLC (Chiralpak RRW column, 0.5% isopropanol in hexane, 0.5 mL/min, A 230 nm) retention

times of 10.6 min (major) and 12.3 min (minor), 99% ee

AcO

CF3
Ph ""/©/

@)
4-((2S5,35)-4-0x0-3-phenyl-4-(4-(trifluoromethyl)phenyl)butan-2-yl)phenyl acetate
This compound was prepared according to the general procedure for C-H insertion using 4-
ethylphenyl acetate (0.33 ml, 5 equiv, 2.07 mmol) as the substrate and 2-diazo-2-phenyl-1-(4-
(trifluoromethyl)phenyl)ethan-1-one (120 mg, 1 equiv, 0.41 mmol) under the catalyst of Rha(S-
TPPTTL)4 (5 mg, 0.005 equiv, 2.0 umol). After flash chromatography (5% ether in hexanes) the
product was obtained as a yellow oil (103 mg, 59% yield, >20:1 dr, 99% ee).
Rf =0.24 (20% diethyl ether/hexanes)
[a]**p: -68.8° (c = 1.24, CHCl3)
'"H NMR (400 MHz, CDCl3) $ 8.07 (d, J = 8.7 Hz, 2H), 7.67 (d, J = 8.1 Hz, 2H), 7.11 — 7.01
(m,J=1.9,2.0,0.9, 1.6 Hz, 5H), 6.99 — 6.83 (ddd, ] = 2.0, 2.1 Hz, 4H), 4.60 (d, J = 10.5 Hz,
1H), 3.69 (dq, J = 10.6, 6.7 Hz, 1H), 2.24 (s, 3H), 1.38 (d, J = 6.8 Hz, 3H).
13C NMR (101 MHz, CDCl3) 6 198.7, 169.4, 148.9, 141.3, 140.0 (d, J = 1.4 Hz), 136.8, 134.2
(q,J=32.7 Hz), 128.8, 128.7, 128.6 (d, J = 2.2 Hz), 127.2, 125.6 (q, J = 3.7 Hz), 123.5 (q, J =
272.8 Hz), 120.9, 61.8, 43.3, 21.1, 20.6.

19F NMR (376 MHz, CDCL3) 6 -63.2.
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IR (neat) 2931, 1763, 1684, 1582, 1507, 1454, 1427, 1409, 1368, 1266, 1203, 1166, 1127 1110,
1065, 1014, 996, 940, 910, 870, 844, 821, 775, 737, 700, 633, 596, 553, 506, 448, 436, 426, 413,
403 cml.

HRMS (-p APCI): calcd for C25H20F303 (M-H) 425.1359 found 425.1365

HPLC (Chiralpak RRW column, 2% isopropanol in hexane, 1 mL/min, A 230 nm) retention

times of 27.6 min (major) and 33.9 min (minor), 99% ee.

MeO

(25,35)-3-(4-methoxyphenyl)-2-phenyl-1-(4-(trifluoromethyl)phenyl)butan-1-one

This compound was prepared according to the general procedure for C-H insertion using 1-ethyl-
4-methoxybenzene (0.25 ml, 5 equiv, 1.73 mmol) as the substrate and 2-diazo-2-phenyl-1-(4-
(trifluoromethyl)phenyl)ethan-1-one (100 mg, 1 equiv, 0.35 mmol) under the catalyst of Rhy(S-
TPPTTL)4 (5 mg, 0.005 equiv, 2.0 umol). After flash chromatography (3% ether in hexanes) the
product was obtained as an amorphous white powder (91 mg, 66% yield, >20:1 rr, >20:1 dr, 91%
ee).

Rf =0.324 (10% diethyl ether/hexanes)

[a]?®p: -142.2° (¢ = 1.04, CHCI3)

TH NMR (600 MHz, CDCl3) 6 8.08 (d, J = 8.1 Hz, 2H), 7.67 (d, ] = 8.1 Hz, 2H), 7.11 — 7.04
(m, 5H), 6.91 (d, J = 8.4 Hz, 2H), 6.68 — 6.64 (m, 2H), 4.61 (d, J = 10.5 Hz, 1H), 3.71 (s, 3H),

3.64 (dg, J = 10.8, 6.9 Hz, 1H), 1.36 (dd, J = 6.7, 0.9 Hz, 3H).
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13C NMR (151 MHz, CDCl3) 8 199.1, 157.8, 140.2, 137.2, 135.9, 134.3, 134.0, 128.8, 128.8,
128.6, 128.5, 127.0, 125.6 (q, J = 3.8 Hz), 124.4, 122.6, 113.4, 61.9, 55.1, 43.0, 20.9.

F NMR (565 MHz, CDCl3) 6 -63.2.

IR (neat) 2990, 1677, 1607, 1581, 1512, 1454, 1410, 1325, 1267, 1246, 1165, 1134, 1109, 1067,
1034, 995, 869, 855, 824, 760, 747, 706, 695, 586, 558, 544, 527, 413, 403 cm..

HRMS (—p APCI) calcd for C24H20F302 (M-H)  397.1494 found 397.1421

HPLC (Chiralpak SSW column, 1% isopropanol in hexane, 2 mL/min, A 230 nm) retention

times of 9.58 min (minor) and 12.32 min (major), 91% ee.

Ph O
| %..../2
CFs

(8)-2-((1S5,35)-3-(tert-butyl)cyclohexyl)-2-phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-one
This compound was prepared according to the general procedure for C-H insertion using fert-
butylcyclohexane (210 mg, 5 equiv, 1.5 mmol) as the substrate and 2-diazo-2-phenyl-1-(4-
(trifluoromethyl)phenyl)ethan-1-one (87 mg, 1 equiv, 0.3 mmol) under the catalyst of Rha(S-
TPPTTL)4 (4 mg, 0.005 equiv, 1.7 umol). After flash chromatography (3% ether in hexanes) the
product was obtained as an amorphous white solid (62 mg, 51% yield, >20:1 rr, >20:1 dr, >99%
ee).

Rf =0.33 (10% diethyl ether/hexanes)

[@]?®p: -20.5° (¢ = 0.4, CHCI3)

'H NMR (400 MHz, CDCl3) $ 8.05 (d, /= 8.1 Hz, 2H), 7.66 (d, J= 8.0 Hz, 2H), 7.30 — 7.28

(m, 4H), 7.24 — 7.18 (m, 1H), 4.27 (d, J= 9.9 Hz, 1H), 2.19 (tdt, J= 11.7, 9.8, 3.2 Hz, 1H), 1.86
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—1.69 (m, 3H), 1.44 — 1.23 (m, 2H), 0.96 (qt, J = 12.3, 3.3 Hz, 1H), 0.90 — 0.80 (m, 2H), 0.71 (s,
9H), 0.56 (q, J=12.0 Hz, 1H).

13C NMR (101 MHz, CDCl3) 8 199.8, 140.5, 137.2, 134.0 (g, J=32.6 Hz), 128.8 (d, /= 6.6
Hz), 127.3,125.6 (q, J = 3.7 Hz), 123.6 (q, J = 272.7 Hz), 60.9, 47.7, 41.5, 32.5 (d, J = 5.1 Hz),
31.5,27.4,27.2,26.4.

F NMR (565 MHz, CDCl3) 6 -63.2.

IR (neat) 2925, 2854, 2360, 2342, 1688, 1322, 1170, 1133, 1067, 748, 702, 418, cm™!

HRMS (+p APCI) caled for C2sH30F30 (M+H)" 403.2249 found 403.2237

HPLC (Chiralpak RRW column, 0.5% isopropanol in hexane, 0.25 mL/min, A 254 nm) retention

time of 18.2 min, >99% ee.

(8)-2-((5)-2,3-dihydrobenzofuran-3-yl)-2-phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-one
This compound was prepared according to the general procedure for C-H insertion using 2,3-
dihydrobenzofuran (0.22 ml, 5 equiv, 1.9 mmol) as the substrate and 2-diazo-2-phenyl-1-(4-
(trifluoromethyl)phenyl)ethan-1-one (110 mg, 1 equiv, 0.38 mmol) under the catalyst of Rhy(S-
TPPTTL)4 (5 mg, 0.005 equiv, 2.0 pmol). After reaction completion and solvent removal in
vacuo, the crude residue was subjected to Kugelrohr distillation (0.5 mmHg, 90 °C) for one hour
to remove excess starting material. After flash chromatography (5% ether in hexanes) the
product was obtained as an amorphous yellow solid (43 mg, 30% yield. >20:1 rr, 3:1 dr, 96%

ee).
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Rf =0.487 (15% diethyl ether/hexanes)

[a]**p: -88.2° (¢ = 0.95, CHCl3)

'"H NMR (400 MHz, CDCl3) $ 8.04 (dt, /= 8.1, 0.9 Hz, 2H), 7.64 (dd, J = 8.9, 0.8 Hz, 2H),
7.32 (qt,J=4.9, 2.1 Hz, 3H), 7.20 (dd, /= 7.7, 1.9 Hz, 2H), 7.09 (tdd, /= 7.4, 1.4, 0.6 Hz, 1H),
6.80 (dd, J=8.1, 1.0 Hz, 1H), 6.56 (td, J= 7.5, 1.0 Hz, 1H), 5.87 (dp, /= 7.5, 0.7 Hz, 1H), 4.79
(dd,J=9.5, 8.3 Hz, 1H), 4.67 (d, J = 10.7 Hz, 1H), 4.28 (ddd, J=10.4, 8.1, 4.0 Hz, 1H), 4.22
(dd,J=9.5,4.2 Hz, IH).

13C NMR (101 MHz, CDCl3) 8 198.0, 160.3, 138.8, 136.1, 134.4 (q, /= 32.7 Hz), 129.3, 129.2,
129.11, 128.7, 128.1, 127.4, 126.0, 125.7 (q, J = 3.8 Hz), 123.4 (q, J=272.8 Hz), 119.8, 109.5,
59.5,45.2.

F NMR (376 MHz, CDCl3) 6 -63.3.

IR (neat): 2937, 1679, 1593, 1513, 1480, 1455, 1409, 1322, 1294, 1282, 1214, 1167, 1127,
1066, 1006, 997, 971, 922, 836, 774, 748, 734, 702, 605, 518, 504, 468, 436, 426, 413, 403 cm.
HRMS (-p APCI) caled for C23Hi16F302 (M-H) 381.1181 found 381.1105

HPLC (Chiralpak RRW column, 10.0% i-propanol in hexane, 0.5 mL min!, 0.5 mg mL!, 15

min, UV 254 nm) retention times of 9.4 min (major) and 10.2 min (minor), 96% ee.

MeO CF3
i.,,,\é :
Ph o

(8)-2-((S)-5-methoxy-2,3-dihydro-1H-inden-1-yl)-2-phenyl-1-(4-(trifluoromethyl)

phenyl)ethan-1-one
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This compound was prepared according to the general procedure for C-H insertion using 5-
methoxy-2,3-dihydro-1H-indene (0.28 ml, 5 equiv, 1.8 mmol) as the substrate and 2-diazo-2-
phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-one (110 mg, 1 equiv, 0.38 mmol) under the
catalyst of Rho(S-TPPTTL)4 (5 mg, 0.005 equiv, 2.0 umol). After flash chromatography (3%
ether in hexanes) the product was obtained as an amorphous off-white solid (96 mg, 62% yield,
13:1 rr, >20:1 dr, 81% ee).

Rf =0.175 (10% diethyl ether/hexanes)

[@]**p: -59.4° (¢ = 1.05, CHCl3)

'H NMR (400 MHz, CDCl3)  8.10 — 8.02 (m, 2H), 7.69 — 7.62 (m, 2H), 7.32 — 7.27 (m, 3H),
7.25-17.23 (m, 2H), 6.76 (d, J=2.5 Hz, 1H), 6.42 — 6.34 (m, 1H), 5.90 (d, /= 8.4 Hz, 1H), 4.55
(d, J=10.7 Hz, 1H), 4.05 (ddd, J=11.2, 7.9, 3.9 Hz, 1H), 3.73 (s, 3H), 2.95 (dt, /= 16.1, 8.1
Hz, 1H), 2.82 (ddd, J=16.1, 8.8, 4.3 Hz, 1H), 2.44 (ddt, J=13.1, 8.9, 8.0 Hz, 1H), 1.85 - 1.72
(m, 1H).

13C NMR (151 MHz, CDCl3) 8 198.9, 159.0, 145.9, 139.8, 137.4, 136.2, 134.1, 129.4, 128.9,
128.9, 127.7,126.1, 125.7 (q, ] = 3.8 Hz), 124.4, 111.4, 109.7, 59.0, 55.3, 47.7, 32.2, 31.0.

F NMR (565 MHz, CDCl3) 6 -63.2.

IR (neat): 2938, 1677, 1605, 1583, 1492, 1454, 1409, 1327, 1246, 1164, 1127, 1108, 1067,
1029, 1015, 996, 922, 873, 858, 816, 773, 740, 705, 694, 589, 515, 470, 448, 435, 426, 413, 403
cm™,
HRMS (-p APCI) calcd for CosH20F302 (M-H) 409.1494 found 409.1419

HPLC: (Chiralpak RRW column, 3.0% i-propanol in hexane, 0.1 mL min!, 0.1 mg mL"!, 90

min, UV 230 nm) retention times of 72.4 min (major) and 78.6 (minor), 81% ee.
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(S)-2-phenyl-2-((S)-tetrahydrofuran-2-yl)-1-(4-(trifluoromethyl)phenyl)ethan-1-one

This compound was prepared according to the general procedure for C-H insertion using THF
(0.9 ml, 5 equiv, 1.5 mmol) as the substrate and 2-diazo-2-phenyl-1-(4-(trifluoromethyl) -
phenyl)ethan-1-one (87 mg, 1 equiv, 0.30 mmol) under the catalyst of Rho(S-TPPTTL)4 (4 mg,
0.005 equiv, 1.7 umol). After flash chromatography (10% ether in hexanes) the product was
obtained as an amorphous clear solid (75 mg, 75% yield, >20:1 rr, 7:1 dr, 78% ee).

Note: The benzylic proton and alpha to oxygen insertion proton are overlapped in the 'H NMR
along with the benzylic proton from the minor diastereomer. To ascertain the diastereoselectivity
the quartet from the alpha to oxygen minor diastereomer was normalized to one and the overlap
of the over 3 protons resulted in 15. The diastereoselectivity was then calculated as such: 15=
X+X+1, resulting in a 7:1 dr.

Rf = 0.1 (10% diethyl ether/hexanes)

[a]?®p: -82.5° (¢ = 1.0, CHCI3)

TH NMR (600 MHz, CDCl3) 6 8.03 (d, /= 8.2 Hz, 2H), 7.65 (d, J= 8.2 Hz, 2H), 7.40 — 7.35
(m, 2H), 7.35 - 7.30 (m, 2H), 7.29 — 7.18 (m, 1H), 4.59 — 4.51 (m, 2H), 3.85 (dt, J = 8.6, 6.8 Hz,
1H), 3.71 (dt, J=8.3, 6.7 Hz, 1H), 2.30 — 2.21 (m, 1H), 1.90 (dtd, /= 11.8, 6.2, 4.1 Hz, 2H),
1.56 (tdd, J=12.5, 8.3, 6.2 Hz, 1H).

13C NMR (151 MHz, CDCl3) 6 197.9, 139.3, 134.2 (q, J = 32.8 Hz), 130.4, 129.1, 129.0, 128.9,
128.7,127.7, 125.6 (q, J = 3.8 Hz), 123.5 (q, J =272.9 Hz), 81.0, 68.0, 59.6, 30.8, 25.7.

F NMR (565 MHz, CDCl3) 6 -63.2.

IR (neat) 2923, 2854, 2360, 2342, 1687, 1325, 1170, 1129, 1066, 701, 417, cm™!
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HRMS (-p APCI) caled for C19H16F302 (M-H)  333.1097 found 333.1106
HPLC (Chiralpak OD-H column, 1% isopropanol in hexane, 1 mL/min, A 210 nm) retention

times of 8.24 min and 8.93 min, 78% ee.

/j/%/
e0, 20O

Ph

CF3
(2R,3R,E)-3-ethyl-2-phenyl-1-(4-(trifluoromethyl)phenyl)hex-4-en-1-one
This compound was prepared according to the general procedure for C-H insertion using trans-2-
hexene (0.22 ml, 5 E equiv 1.7 mmol) as the substrate and 2-diazo-2-phenyl-1-(4-
(trifluoromethyl) -phenyl)ethan-1-one (100 mg, 1 equiv, 0.35 mmol) under the catalyst of Rho(S-
TPPTTL)4 (4 mg, 0.005 Eq, 1.7 umol). After flash chromatography (3% ether in hexanes) the
product was obtained as a clear oil (69 mg, 58% yield, >20:1 rr, >20:1 dr, >99% ee).
Rf = 0.822 (5% diethyl ether/hexanes)
[@]?°p: -75.0° (¢ 1.996 g/100 mL, EtOAc)
'H NMR (600 MHz, CDCl3) 6 8.05 (d, /= 8.2 Hz, 2H), 7.66 (d, J= 8.3 Hz, 2H), 7.25 - 7.20
(m, 4H), 7.17 (td, /= 6.9, 1.6 Hz, 1H), 5.19 — 5.10 (m, 1H), 4.98 (ddd, J=15.2, 9.4, 1.8 Hz, 1H),
443 (d,J=99 Hz, 1H), 2.84 (qd, J=9.6, 3.1 Hz, 1H), 1.53 (ddddd, J=14.7, 11.5, 8.4, 5.3, 1.4
Hz, 1H), 1.44 (dd, J=6.4, 1.6 Hz, 3H), 1.28 — 1.21 (m, 1H) 0.87 (t, /= 7.4 Hz, 3H).
13C NMR (151 MHz, CDCl3) 6 199.3, 140.3, 137.5, 134.0 (q, J = 32.6 Hz), 131.4, 129.1, 128.8,
128.56, 127.6, 127.0, 125.6 (q, /= 3.7 Hz), 123.6 (q, J = 272.8 Hz), 59.1, 48.1, 26.8, 17.8, 11.9.

F NMR (565 MHz, CDCl3) 6 -63.2.
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IR (neat) 2964, 2933, 2360, 2342, 1686, 1322, 1170, 1132, 1067, 747, 410, cm!
HRMS (+p APCI) caled for C21H22F30 (M+H)" 347.1623 found 347.1609
HPLC (Chiralpak RRW column, 1.0% isopropanol in hexane, 1.0 mL/min, A 230 nm) retention

times of 5.1min, >99% ee.

@]
.\‘"\@\
Ph
CF;

(8)-2-((3S,5S,7S)-adamantan-1-yl)-2-phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-one

This compound was prepared according to the general procedure for C-H insertion using
adamantane (204 mg, 5 equiv, 1.7 mmol) as the substrate and 2-diazo-2-phenyl-1-(4-
(trifluoromethyl) -phenyl)ethan-1-one (87 mg, 1 equiv, 0.3 mmol) under the catalyst of Rho(S-
TPPTTL)4 (4 mg, 0.005 equiv, 1.7 pumol). After flash chromatography (3% ether in hexanes) the
product was obtained as an amorphous off-white solid (68 mg, 58% yield, >20:1 rr, 95% ee).
Rf = 0.822 (5% diethyl ether/hexanes)

[@]**p: -136.7° (c = 0.98, CHCl3)

'H NMR (400 MHz, CDCl3) 6 7.99 (d, J = 8.2 Hz, 2H), 7.64 (d, J= 8.2 Hz, 2H), 7.40 — 7.35
(m, 2H), 7.34 - 7.27 (m, 3H), 4.33 (s, 1H), 1.96 (p, /= 3.1 Hz, 3H), 1.83 (dq, /= 12.0, 2.5 Hz,
3H), 1.70 — 1.56 (m, 9H).

13C NMR (101 MHz, CDCl3) 8 199.9, 141.8, 134.2, 133.7 (q, J=32.7 Hz), 130.5, 128.5, 128.1,
127.3,125.5 (q, J=3.8 Hz), 123.6 (q, J = 272.6 Hz), 64.2, 40.2, 37.6, 36.8, 28.6.

F NMR (565 MHz, CDCl3) 6 -63.1.

IR (neat) 2906, 2849, 2360, 2342, 1738, 1323, 1132, 1067, 668, 418, cm™!

HRMS (—p APCI) calcd for CosH24F30 (M-H)  397.1774 found 397.1778
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HPLC (Chiralpak SSW column, 0.5% isopropanol in hexane, 0.5 mL/min, A 230 nm) retention

times of 14.2 min and 16.2 min, 95% ee.

( "'

(8)-2-(1-(3,4-dichlorophenyl)cyclobutyl)-2-phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-one
This compound was prepared according to the general procedure for C-H insertion using 1,2-
dichloro-4-cyclobutylbenzene (302 mg, 5 equiv, 1.5 mmol) as the substrate and 2-diazo-2-
phenyl-1-(4-(trifluoromethyl) -phenyl)ethan-1-one (87 mg, 1 equiv, 0.3 mmol) under the catalyst
of Rhy(S-TPPTTL)4 (4 mg, 0.005 equiv, 1.7 umol). After flash chromatography (3% ether in
hexanes) the product was obtained as a clear oil (65 mg, 47% yield, >20:1 rr, >99% ee).

Rf =0.54 (10% diethyl ether/hexanes)

[a]?®p: -68.5° (¢ = 1.2, CHCI3)

'H NMR (400 MHz, CDCl3) 8 7.86 — 7.78 (m, 2H), 7.60 — 7.52 (m, 2H), 7.32 — 7.27 (m, 3H),
7.24 (s, 1H), 7.19 (d, J = 2.2 Hz, 1H), 7.17 = 7.13 (m, 2H), 6.99 (dd, J = 8.4, 2.2 Hz, 1H), 4.90
(s, 1H),2.70 (ddd, J=11.5,9.1, 6.4 Hz, 1H), 2.45 (ddd, /= 12.6, 8.5, 7.1 Hz, 3H), 1.81 — 1.54
(m, 2H).

13C NMR (101 MHz, CDCl3) 6 197.9, 147.9, 140.1, 135.0, 133.9 (q, J = 32.8 Hz), 131.2, 130.4,
130.0, 129.6, 129.1, 128.7, 128.6, 127.9, 127.8, 125.5 (q, J = 3.7 Hz), 123.5 (q, /= 272.7 Hz),
62.7,49.4,32.8,31.8, 16.4.

19F NMR (376 MHz, CDCL3) 6 -63.2.
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IR (neat) 3063, 3027, 2981, 2944, 2867, 1745, 1689, 1470, 1310, 1209, 1168, 1128, 1067, 1014,
817,712 cm™.

HRMS (—p APCI) calcd for C2sHisF30Cl (M-H) 461.0765 found 461.0694

HPLC (Chiralpak RRW column, 1.0% isopropanol in hexane, 0.5 mL/min, A 230 nm) retention

times of 9.9 min, >99% ee.

(8)-2-cyclohexyl-2-phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-one

This compound was prepared according to the general procedure for C-H insertion using
cyclohexane (126 mg, 5 equiv, 1.5 mmol) as the substrate and 2-diazo-2-phenyl-1-(4-
(trifluoromethyl) -phenyl)ethan-1-one (87 mg, 1 equiv, 0.3 mmol) under the catalyst of Rha(S-
TPPTTL)4 (4 mg, 0.005 equiv, 1.7 umol). After flash chromatography (3% ether in hexanes) the
product was obtained as a clear oil (60 mg, 58% yield, 99% ee).

Rf =0.73 (10% diethyl ether/hexanes)

[@]?®p: -5.0° (¢ = 1.0, CHCl5)

'H NMR (600 MHz, CDCl3) 6 8.05 (d, /= 8.1 Hz, 2H), 7.66 (d, J= 8.2 Hz, 2H), 7.33 — 7.27
(m, 4H), 7.24 — 7.19 (m, 1H), 4.28 (d, /= 10.1 Hz, 1H), 2.30 (qt, /= 10.9, 3.3 Hz, 1H), 1.83 (dt,
J=12.6,3.1 Hz, 1H), 1.67 (ddt, J=19.3, 12.5, 3.1 Hz, 3H), 1.39 — 1.28 (m, 2H), 1.17 (dddd, J =
25.2,15.2,12.2, 8.6 Hz, 2H), 0.98 (qd, /= 12.4, 3.4 Hz, 1H), 0.91 — 0.81 (m, 1H).

13C NMR (151 MHz, CDCl3) 6 199.7, 140.4, 137.3, 134.0 (q, J = 32.7 Hz), 128.9, 128.7, 127.3,

125.6 (q, J=3.7 Hz), 123.6 (q, J = 272.6 Hz), 60.7, 41.0, 32.6, 30.6, 26.4, 26.1 (d, J= 5.6 Hz).
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F NMR (565 MHz, CDCl3) 6 -63.2.

IR (neat) 2926, 2854, 2360, 2342, 1686, 1323, 1260, 1169, 1132, 1066, 802, 429, cm™!
HRMS (+p APCI) caled for C21H22F30 (M+H)* 347.1623 found 347.1610

HPLC (Chiralpak SSW column, 0.5% isopropanol in hexane, 0.5 mL/min, A 230 nm) retention

times of 13.4 min and 17.4 min, 99% ee.

(8)-2-cyclopentyl-2-phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-one

This compound was prepared according to the general procedure for C-H insertion using
cyclopentane (0.75 ml, 10 equiv, 3.0 mmol) as the substrate and 2-diazo-2-phenyl-1-(4-
(trifluoromethyl) -phenyl)ethan-1-one (87 mg, 1 equiv, 0.3 mmol) under the catalyst of Rho(S-
TPPTTL)4 (4 mg, 0.005 equiv, 1.7 pumol). After flash chromatography (3% ether in hexanes) the
product was obtained as a clear oil (40 mg, 40% yield, 99% ee).

Rf = 0.86 (10% diethyl ether/hexanes)

[a]?®p: -86.9° (¢ = 1.0, CHCI3)

TH NMR (400 MHz, CDCl3) § 8.05 (dt, J = 8.1, 1.0 Hz, 2H), 7.68 — 7.61 (m, 2H), 7.33 — 7.27
(m, 4H), 7.24 — 7.18 (m, 1H), 4.28 (d, J = 10.5 Hz, 1H), 2.74 (dtt, /= 10.4, 9.2, 7.2 Hz, 1H),
2.03-1.91 (m, 1H), 1.66 — 1.58 (m, 3H), 1.53 — 1.36 (m, 2H), 1.21 — 1.02 (m, 2H).

13C NMR (151 MHz, CDCl3) 6 199.3, 139.9, 138.6, 133.9 (q, J = 32.6 Hz), 128.9, 128.8, 128 4,
127.2,125.6 (q,J = 3.8 Hz), 123.6 (q, J =272.6 Hz), 60.2, 43.7, 31.9, 30.9, 25.2, 24.7.

F NMR (565 MHz, CDCl3) 6 -63.2.
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IR (neat) 3064, 3027, 2954, 2868, 1685, 1599, 1581, 1510, 1495, 1452, 1408, 1315, 1274, 1209,
1166, 1126, 1111, 1080, 1031, 1015, 1006, 988, 873, 822, 773, 744, 700 cm’.

HRMS (+p APCI) caled for C20H20F30 (M+H)" 333.1388 found 333.1465.

HPLC (Chiralpak RRW column, 0.5 % i-propanol in hexane, 0.5 mL min’!, 0.5 mg mL"!, 15

min, UV 230 nm) retention times of 9.6 min (major) and 11.6 min (minor) 99% ee.

(28,3R,E)-6-((tert-butyldimethylsilyl)oxy)-3-methyl-2-phenyl-1-(4-(trifluoromethyl) -
phenyl)hex-4-en-1-one

This compound was prepared according to the general procedure for C-H insertion using (£)-
tert-butyldimethyl(pent-2-en-1-yloxy)silane (301 mg, 5 equiv, 1.5 mmol) as the substrate and 2-
diazo-2-phenyl-1-(4-(trifluoromethyl) -phenyl)ethan-1-one (87 mg, 1 equiv, 0.3 mmol) under the
catalyst of Rho(S-TPPTTL)4 (4 mg, 0.005 equiv, 1.7 pumol). After flash chromatography (2%
ether in hexanes) the product was obtained as a clear oil (71 mg, 51% yield, 7:1 rr, >20:1 dr,
95% ee).

Rf = 0.5 (10% diethyl ether/hexanes)

[@]?®p: -54.5° (¢ = 1.0, CHCI3)

TH NMR (600 MHz, CDCIl3) 8 8.08 — 8.04 (m, 2H), 7.69 — 7.64 (m, 2H), 7.28 — 7.26 (m, 4H),
7.22 —7.16 (m, 1H), 5.42 — 5.37 (m, 2H), 4.35 (d, J=10.1 Hz, 1H), 3.97 — 3.95 (m, 2H), 3.19
(dddd, J=12.4, 8.8, 6.6, 5.4 Hz, 1H), 1.13 (d, /= 6.5 Hz, 3H), 0.84 (s, 9H), -0.04 (d, /= 7.8 Hz,

6H).
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13C NMR (151 MHz, CDCl3) 6 198.9, 140.1, 137.2, 134.1 (q, J = 32.7 Hz), 132.4, 129.8, 128.9,
128.8 (d, J=2.7 Hz), 127.3, 125.6 (q, J = 3.7 Hz), 123.5 (q, J = 272.6 Hz), 63.5, 60.3, 39.5,
25.9,19.1, 18.3, -5.3.

F NMR (565 MHz, CDCl3) 6 -63.2.

IR (neat) 3064, 3030, 2958, 2930, 2885, 2857, 1688, 1583, 1409, 1310, 1256, 1169, 1130, 835
cm™,

HRMS (+p APCI) calcd for CosH34F30.Si (M+H)"™ 463.2280 found 463.2274

HPLC (Chiralpak RRW column, 0.5 % i-propanol in hexane, 0.5 mL min’!, 0.5 mg mL"!, 15

min, UV 230 nm) retention times of 8.6 min (major) and 9.9 min (minor) 95% ee.

(R)-2-phenyl-2-((S)-tetrahydro-2H-pyran-2-yl)-1-(4-(trifluoromethyl)phenyl)ethan-1-one
This compound was prepared according to the general procedure for C-H insertion using
tetrahydropyran (0.17 ml, 5 equiv, 1.7 mmol) as the substrate and 2-diazo-2-phenyl-1-(4-
(trifluoromethyl) -phenyl)ethan-1-one (100 mg, 1 equiv, 0.35 mmol) under the catalyst of Rho(S-
TPPTTL)4 (4 mg, 0.005 equiv, 1.7 umol). After flash chromatography (5% ether in hexanes) the
product was obtained as a thick clear oil (36 mg, 30% yield,, >20:1 r.r., 10:1 d.r, 91% e.e.).

Rf =0.158 (10% diethyl ether/hexanes)

[a]?®p: -49.5° (¢ = 1.07, CHCI3)

THNMR (600 MHz, CDCI3) 6 8.05 (d, J = 8.2 Hz, 2H), 7.67 (d, J = 8.2 Hz, 2H), 7.41 — 7.35

(m, 2H), 7.31 (dd, /= 8.4, 6.9 Hz, 2H), 7.26 — 7.22 (m, 1H), 4.65 (d, J=9.1 Hz, 1H), 4.07 (ddd,
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J=10.8,9.1, 1.8 Hz, 1H), 3.93 —3.87 (m, 1H), 3.34 (td, J=11.6, 2.5 Hz, 1H), 1.86 — 1.76 (m,
2H), 1.63 — 1.52 (m, 2H), 1.49 (dtt, J=9.4, 4.4, 2.3 Hz, 1H), 1.34 (tdd, J = 12.6, 10.6, 4.3 Hz,
1H).

13C NMR (151 MHz, CDCl3) 8 197.9, 139.8, 136.1, 134.3 (q, J = 32.6 Hz), 128.9 (d, ] = 8.3
Hz), 128.8, 127.5, 125.7 (q, ] = 3.7 Hz), 123.5 (q, J = 272.6 Hz), 79.4, 69.0, 59.7, 30.45, 29.7,
25.9,23.4.

YFNMR (565 MHz, CDCI3) 6 -63.2.

IR (neat): 2937, 2850, 1681, 1581, 1510, 1495, 1453, 1408, 1321, 1295, 1266, 1200, 1166,
1126, 1089, 1065, 1048, 1011, 973, 905, 871, 849, 814, 773, 745, 695, 610, 594, 550, 528, 475,
435,426,410, 403 cm™..

HPLC: (Chiralpak ODH column, 1.0% i-propanol in hexane, 1.0 mL min!, 1.0 mg mL", 30
min, UV 230 nm) retention times of 5.2 min (minor) and 6.3 (major) 91% ee.

HRMS (+p APCI) calcd for C20H20F302 (M+H)" 349.1337 found 349.1413.
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Appendix — Ch.2 NMR Spectra
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Appendix — Ch.3 NMR Spectra
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Appendix — Ch.4 NMR Spectra

Cl

$)

\o
Lo
3
Lw
3
lo LgL—
e 96—
Fook| .
Feog[ =
661
e
Q
lo
3
Footke
Lo
<
Lw
¢
ok
[[w&
Lw
8
Lo
2
g6zl
v.wmrﬁ
Lo v'62h~
8 oS
LogL 7
1'Zel
Lo
=60~
560
Z960 gorL—
bw
2
Lo
=
Lw
3
O,
Lo
8
Lw
a
o
re
n

Cl

T T T T T T T T T T
190 180 170 160 150 140 130 120 10 100
1 (ppm)

T
200

10



246

g8'e

68'9
68'9
68'9
069
16’9

1595

€10a0 9¢°L ~

121
1z
6€L
6cL
ov's ]
L]
oL
1L
:\.&
viL]

ML

—<v'e

hnd x4

690
1€°0
e
oL

3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5

<
<

\n
<

€1000 922
121
172
171
172
171
8L
8221
87/ |
87/ |
8z |
8z, |
8z 1
8z
6217
6227
62°L
A\
o 2
oL
WL
s
2rs]
zv's
€7,
ev'L ]
or'2
1772
12
8t/ ]
vz ]
sv. |
vG'L
vG'L
S5
55
952
952

f1 (ppm)

€60
e
ze6)

oo

-C

f1 (ppm)



247

€100 922 7
2e L
2e L
£€°2 1
ve'Lq
ve'L
ve'L
or'L
or'L
ov'L
Ly LA
LyL
v LA
v L
AR
v L

€52
€572
5L
5L
vS L]
52
5L
552
9572 ]
9572
95°2
95727

e NUN — e
25,7
€52

002
50z
Rely

0.0

0.5

2.0 1.5 1.0

2.5

3.0

3.5

<
<

\n
<

f1 (ppm)

10727
80°Z
60°Z |
60°Z |
60°Z |
0L
0L
0L
L2
972
9z'L
9z'L
£€10a0 922
17724
17727
12727
12727
82'L 1
87'L
8Z'L
82'L
822
621
622
6€°L
6cL
6eL
Ly L]
L]
2v L]
2]
evL
ev's ]
v
192
292 ]
292 ]
292 ]
£9°2 ]
€92 |
€92 |
£9°2 |
€9°2
Y92

vo'L-

9L}
=£0'Z
vy
™MgL

f1 (ppm)



248

B .
et

gLy

7 00¥

75

1 (ppm)

0€9-—

T
-63.5

CF;

1
-1€

T
-140

T
-130

T
-120

T
-110

T
-100

T
-90

T
-50

T
-40

-30

-20

-10

1 (ppm)



249

€10a0

€L
9e'L
22z
¥9°€ |
S9°€ |
99°¢ |
19°€
19°€ |
89°¢ |
89°¢ |
69°€ |
697 |
1L
06°9 1
069 1
069 1
1691
1691
2691
€691
£6'9 1
10°2 1
10°2 1
10°2 1
2021
2021
2021
€0°2 1
€0°Z 1
€0°2 1
90°2 |
90°2
102
10°2
10°2
80°2
80°2
80°L 1
60°2 1
60°Z
012
012
0127
0127
L2
L2
L2
9z'L
WL

A
2L
2L
v L]
ev's
6v'L]
052
052
0521
1572
152
25°L
Nmi
25°L

5.&
108

108 ]
208 |
20'8 |
20'8 |

—

——

=

€0'8-

1,

Ph

Fere

VE6'E
960
g6t
=56°)
=001

=26'L

1
<

SWL 00—

o.rmv.

(%4

ey —

019 —

€10a0 8'92

G TOLE

€10adc¢'LL

f1 (ppm)

L'9gh
921
€'8¢Ch
9'8¢ClL
9'8¢1L
'8¢l
8'8¢Cl
6'cel
v'sel
9'L€L
8'LEL
fA34%

==

200C —

/,

Ph

T T T T T T T T
190 180 170 160 150 140 130 120 110

T
200

10

f1 (ppm)



250

4.5

4.6

",

Ph

f;\ (ppm)

Benzylic C-H
secondary insertion

single diastereomer

single regioisomer

00t

45

T
55

6.5

7.0

0
N

1 (ppm)

veL
fefoud /
[4A
Nm.mg
€9°¢
v9'€ |
S9'€
S9°€
99°€¢ 1
99°€¢
19°€
Nw.aj
v97 1
689
689
06'9
06'9
16'9
26'9
26'9
€6'9
€6'9
€6'9
c0'L
c0’L
c0'L
€0°L
€0°L
v0'2
v0°L
v0'L 1
v0'L |
S0°L Y
90°L
90°L A
L0°L
202
L0°L A
80°L
802\
60°L
60°L 4
or.\.\
€1000 92°L
208
€0'8
€0'8
€0'8
¥0'8
¥0'8
¥0'8
S0'8
S0'8
S0'8

Jo

T

1

-\AI\

201

=20’

00y
0L
0'9

F=20'¢

0.0

0.5

1.0

1.5

2.5

3.5

4.0

4.5

5.0
f1 (ppm)




251

00—

o._.Nv

(%4

gev—

1’19 —

€1000 892 \
€10a0 0°LL w
€10a0c’LL

9GLL v.

8'GLlL

89zl
921 /
vzl

1821
1821
A1
A1
6°€el
0veEL
g'gel
LLEL
(U347

89l ~
G991 —

g'86l —

F

",

Ph

—

=

T T T T T T T T
190 180 170 160 150 140 130 120 110

T
200

10

f1 (ppm)

'S0L-
'S0L-
'S0L-
'S0L-
'S0L-
'S0L-

4,

Ph

-105.1 -105.3 -105.5 -105.7 -105.9

-104.9

f1 (ppm)

T T T T
-20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -1
f1 (ppm)

-10

Lo




252

187~
ey

- @

4.40 4.38 4.36

4.34 432 430 4.28 4.26

1 (ppm)

Benzylic C-H
Secondary insertion

single diastereomer

single regioisomer

F

1
0

.,

Ph

L

8.0

3.5 3.0 2.5 2.0 1.5

4.0

6.5 6.0 5.5 5.0 4.5
f1 (ppm)

7.0

7.5

9.5 9.0 8.5

10.0

).5

€10ad

o b

ve'L
122
Y9°E
Y9°E
S9°€
S9°€
99°€
19°€ 1
£8°¢
Y9y
99'
88'9
68'9
68'9 1
68'9
68'9 1
06'9 1
06'9 1
06'91
1691
1691
£6'9 1
96'9
86'9 1
00°Z 1
00°Z 1
10°Z 1
1021
20°L 1
20°L1
20°L 1
20°L 1
S0°LA
S0°LT
90°L 1
90°L 1
90°L 1
90°L 1
20°L7
10°2
202
80°L
60°L
60°L
oLLA
oL LA
oLLA
(VR
LA

—

Ll

_._..N\

9T’ L

108
10’8
108
20’8
€0'8
€0'8

OMe

/4,

Ph

E80°L
=lee

=lc'h

Z19°S
L

onm.m

0.0

0.5

1.0

1.5

2.5

4.5

5.0
f1 (ppm)




253

00—

o._‘NV.

e

gev—

G'6s
G'6s W.
S09—

€1000 892 \
€10a0 0°LL w
€10a0¢’LL

geLL —
m,mﬁ/
921
N.mﬁ%
1821
8'82L
908l
m.omr\
n.mmr\
n.wmr\

iyl

v'e9lL —

9’861 —

OMe

4,

Ph

20

30

50

60

70

90

110

T
150

T
160

10

f1 (ppm)

%3]
4.68 4.66 4.64 4.62 4.60 4.58 4.56 4.54 4.52

=

f1 (ppm)

/

Benzylic C-H

/

Benzylic C-H

SS'v

LSy

vw.v\

29y

€10a0 92 L —

OMe

J

g

OMe

O

= 00}
506°95

-C

0.0

0.5

1.5

2.0

2.5

4.0

4.5

8.0 7.5 7.0 6.5 6.0 5.5 5.0
f1 (ppm)

8.5

9.5




254

€10d0

N
gL

vee— —

Br

A

L

=l

220

X
=9g°}
~€G°L

0.0

0.5

1.0

1.5

2.5

n
e

<
<

\n
<

00—

o.va

o'l

Sey—

€09 —

€10a0 8'92 V.
€10ad 0'2L 7
€10ad¢'LL

f1 (ppm)

o'lel
S'.ch
6'8CL
o'6ch
Sg'6ch
6’621
v'0€L
€lel ~
9'LeL \
gzel
9'seL
8'Gel
9'9¢€L
L'6€L
9'0vL

Cl

|
0

’,

90

110

f1 (ppm)



255

4.55
1 (ppm)

85°¢
65°€
65°€
09°¢
09'¢
19°¢
29'e
8v'y
61y~
mm.v\

09’y

€10d0 92’ L —

o
O Q
Q.
24

Benzylic C-H

Benzylic C-H

= 001
+80'68]

1 (ppm)

€10a0 9z 4

we—

c9'e
€9'€
€9'€
v9'€
s9'€
s9'€
99'¢

68§
A -

88'9 1
68'91
68'9 1
16'9 1
€6'9
€0°Z
€02
€02
€02
v0'L
v0'L
¥0'L
0L A
S0°L A
oL —
sos~f
502
902
90°L -]
Lo
202 ]
20°L ﬁ o
80°L ]

80°2
60

Br

vgL]
v
vm.&
852 ]
052 |
952

58/ =
982 ] o
98/
182
1811
1821

1
0

’,

W:.m

201

Fose
FL97

-C

f1 (ppm)



256

00—
oLz —

ey —

L9 —

€1000 892 \
€10a0 0°LL w
€10a0¢’LL

6'9zZL
9/21
2'8cl
v'8clL
1821
8'8¢l \
Loel \

6'lel

g'gel
29EL
g'lel

(U347

1’661 —

Br

1
0

’,

Ph

T
140

160

180

120 110

130

150

170

190

200

10

f1 (ppm)

L«
<
o
I
<
©
L <
<
o
P H_
o O
fre Q
<+ a —_
St >
S S i
[ a
L O
M m
©
)
< J
o 1h4
Le
g8t
i P
| ©
<
3
LS H_
@]
.2 -
=
>
S
o
O
(a4 m
LSy~ ) 5
09 ——
E.v\

e
(@]
£
) ° —
€10a0 9L —
@
,Wllo
QJ :
o

00
mm 68"

w/wo.mw

0.0

0.5

1.0

1.5

2.5

T
4.0

5.0
f1 (ppm)




257

1

Ph

—

=/8¢

=G8'¢c

/60

=00t

i8¢
651

=28t

=06’

T
5.0
1 (ppm)

602
m.owv

ver—

99—

c¢'aclh

L'66F—

CF3

Ph

T T T T T T T T T T
190 180 170 160 150 140 130 120 10 100
1 (ppm)

T
200

10



Ph

-63.2

-63.2

258

T T T T T T T T
-6156 -620 -625 -630 -635 -640 -645 -650

1 (ppm)

-40

T
-50

T
-70

T T T T
-100 -110 -120 -130

T
-140

-10

T
-20

1 (ppm)

1.00

1 (ppm)

Benzylic C-H
secondary insertion
single diastereomer
single regioisomer

1.001

T T
47 46 45 44 43|42

5.0
1 (ppm)



259

AcO.

“tay

Ph

=

=

=€6'C

=16¢

Eeot

00t

= l0¢
Wmm.r L
4]

*=00¢

=1l0¢

T T
05 0.0

1.0

9.5 9.0 8.5 8.0 75 70 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 2.0
1 (ppm)

10.0

902~
Lie”

eer—

89—

7691l —

L861L—

130

150

CF3

170

@)

J

Ph
T

190

AcO

140

160

180

200

10

1 (ppm)



260

-63.2
—-63.2

AcO.

CF3

T
-63.5
1 (ppm)

Ph™)

T T T T T T
-30 -40 -50 -60 -70 -90 -100 -110 -120 -130 -140
1 (ppm)

AcO
CF3

T T T T T T
49 48 47 46 45 44 43 42
1 (ppm)

Ph”

Benzylic C-H
secondary insertion
single diastereomer
single regioisomer

JLJL L n oy PO

T
5.5 5.0 45 4.0 35 3.0
1 (ppm)



261

Lo
3
Lw
3
Lo 60—
&t — =662
gL - .
9L — )
9ET
°
[ 0'er—
19°€ L.
i 1’66 —
£9°¢ |
£9'¢
vo'e L o
¥9°€1
59°€
99°¢+ ,
1151 == 660
12°€ e
09t — — =
1971 B
59'91
59'91
99'91 g
298] — Eo00l| "
199 L
1991 _
06'91 e
06'91 25
1691
1691 B
¥0°Z .,
071 -
2] yELL
o] Le 92zl
o] © YrEIAL
so ] KSR
5071 ] 35
507} ro 9'sel
8071 ﬁ L A
80 —— : L5zt
: 766t et
60°L o6 gz
60°L — v ° gect
o J— 1821
mw@ ‘ 8'821
4 RS 0vel
= o6t el
wwuhv - mmmw
197 1. —.9:

s ~ /61 4
08w o o
g0g” O ]

[T
Lo
5
=0
. [ w
T o
o
o
ks F
1'66L—
o
[0}
= Le

130 120 110
e 1 (ppm)

CF3
150

160

MeO
Ph” ™1
190 180 170

200

10



MeO.

Ph

0,

-63.2

-63.2

262

T T T
-62.0 -62.5 -63.0 -63.5
1 (ppm)

T
-64.0 -64.5

T
-65.0

-100 -110 -120 -130

T
-140

MeO.

oy

CF3

-70
1 (ppm)

o
<

T bl T
475 470 465 4.55

4.60
1 (ppm)

Benzylic C-H
secondary insertion
single diastereomer
single regioisomer

=
L

1.00=

T T T
45 4.0 35 3.0

55

5.0
1 (ppm)



263

——

//////

0.0

FsoL[e

=99'8
12e
ile

Fure
Fore

Fvot

=00t

1 (ppm)

v'9¢
NNN/
v'le
§le~
§'ce
§ee
Sv—

Lly—

6°09—

8661 —

140

160

180

150

170

190

200

10

1 (ppm)



264

N
3 N
8 g
[
Ph, O
; e I/
'6‘2.0 '6‘2.5 '6‘3.0 '6%.5 -64.0 -64.5
1 (ppm)
CF3
(‘J —1‘0 —2‘0 —3‘0 —AO —5‘0 —éO —7‘0 —8‘0 —5;0 —’\(‘)0 —1‘10 —’\‘ZO —’\‘30 —1‘40 —’Ll
1 (ppm)
Ph, O ﬂ
% il A pe
=]
T T T T =T T T
50 48 46 44 42 40 38
1 (ppm)
CF3
Benzylic C-H
secondary insertion
single diastereomer
single regioisomer
o
8
1.5 10.0 95 9.0 85 8.0 75 7.0 6.5 6.0 5.‘5 5.‘0 4‘,5 4.‘0 3.‘5 3‘,0 Z.‘S 2.‘0 1‘5 1,‘0 0‘5 O,‘O —O‘
1 (ppm)



265

86°0
Wmo._.

=00°L
5860

960

cSh—

ra 965—

1 (ppm)

7.0
0
~
I
A

8.0

o 0861L—

CF3

160

180

170

190

200

1 (ppm)



266

@
3 g
o] CF3
|
g
Ph 2 & & s
(6} 1 (ppm)
T T T T T T T T T T T 1
-10 -20 -30 -40 -50 -60 -70 -110 -120 -130 -140 -1t
1 (ppm)
[
J s
< o
2] Q
T T T T T T+ T
490 485 480 475 470 465 46
‘ 1 (ppm)
CFs 0 CFs ‘ | . /
o) O Q Benzylic C-H
= o Benzylic C-H
Ph o)
I8
<t o
RS
AN —
9.‘5 9‘0 8.5 8.0 7‘5 7‘0 5.‘5 6‘0 5‘5 5‘0 4.5 2‘5 2‘0 1‘5 ’\.‘0 0‘5 0‘0

1 (ppm)



267

S¥'e e 0 LE~
97’2 W 2ee—
— Fr01

— Foot|w Lir—
&

R - ¥ .01 £55—
Foile 0'65—

— = E00°L| ¥

€L€ Fe

o =£8g

S0 Lo

S0t % —_ & Tooil?
7

-
o
)
T
5.

1 (ppm)

6€'9 - :
0v'9 I - 960|

6.0

— 960 6821~

€g'L .
¥ZL .

. - g6 LpEL—
¥Z NM §6°0 2961 —-

6.5
®
=
Q
N

L 05k .
J sy Xeee e'sri—

T A - g

iyl - _ corahs 065+ —

=

Ph
5

S0'8] =1 6'861L—

~
o
L
MeO

1 (ppm)

140 130

150

CF3

160

170

\

.
Ph
190 180

200

MeO

10



-63.2

268

-63.2

1 (ppm)

MeO CFs
|
.
Ph \O o1 62 -3 . ‘ppm—)a‘a o5 &6
|
0 é —’\‘0 Z‘O —3‘0 —4‘0 —;0 —F‘)O —7‘0 B‘D —5;0 —’\‘00 110 —1‘20 —1‘30 —’\‘40
1 (ppm)
o &
8 o T B T T
[0} T T T T T —Sr 4.65 0~ 4.55 ™ 4.50
6.8 6.6 6.4 6.2 6.0 5.8 56T } 1 (ppm)
1 (ppm)
Benzylic C-H
6 6.76 ppm
CF3
H Benzylic C-H
MeO CFg MeO
H g
/ Ph o)
oy, o
\ 6 5.52 ppm
Ph ol
J \_‘\_A_._J—L/U/J N
15 ’\0‘0 9‘5 9.‘0 8‘5 B‘O 7.‘5 7.‘0 6.‘5 5.‘5 5‘0 35 3‘0 2.‘5 2‘0 ’\‘5 ’I‘O O.‘S 0‘0 0‘



269

CF3

Fevif=
Fver| o
]

Fu80

480
00k

8L

1 (ppm)

L'Se—
8'0e—

96—

089—

08—

6°L61—

o]

o

R\

CF3

Ph

120

140

160

180

130

150

170

190

200

1 (ppm)



270

(2]
] N
¢ 3
o]
o
Ph
CF4
T T T T T T T T
-63.18 -63.19 -63.20 -63.21 -63.22 -63.23 -63.24 -63.25
1 (ppm)
T T T T T T T T T T T T T T
[ -10 -20 -30 -50 -60 -70 -80 -90 -100 -10 -120 -130 -140 -1&
1 (ppm)
ANr-NOVWOTON
N0 D0Y0Y0Y0H0H
?Q* <
o O o O
@
| 3 o
, —S ‘
475 7470 4.65 4.60 755 4.50| 4.45
1 (ppm)
Ph Ph
CF, CF3
a-oxygen C-H
Benzylic C-H
+
a-oxygen C-H
+
Benzylic C-H
1
L
0
=]
Q<
T T T T T T T 1
10.0 9.5 9.0 8.5 8.0 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 20 15 1.0 0.5 0.0 -0
1 (ppm)



271

i 20
CF,

Ph

=

Feo't

=00t

860
Eiot

45

1 (ppm)

oel—
8LL—

89—

08—

1’65 —

£661L—

120

140

160

110

130

150

200 190 180 170

10

1 (ppm)



272

o
8 o
@
/j/\/
ph” 2O
T T T T T T
-62.0 -625 -63.0 -635 -640 -645 -65.0
1 (ppm)
CF3
T T T T T T T T T T
0 10 20 30 -40 50 -60 -70 80 -90 -100 -110 -120 -130 -140 -8
1 (ppm)
{
‘ <
) &)
‘ S —
460 455~ 450 445N 440 435
1 (ppm)
/j/\/ A
o)
PR e ph _0 .
Benzylic C-H
Benzylic C-H
CFq CFs
v
<
oM
Qw5
.
7‘ 5 10‘.0 95 9.0 85 8.0 75 70 6‘.5 6‘0 5‘.5 45 4.0 35 25 2.‘0 ’\.‘5 ’I‘O 0.‘5 0.0



273

18°1

eev—

L8 LN
8€' L7
mm.h\

€9'L7T
mw.h\
86'L~
008~

Feze
ToL'g
862

Lo
&

00k

1 (ppm)

cvo—

6'66L—

CF3

140

160

180

150

170

190

200

10

1 (ppm)



274

2 2
[
o}
J
Ph
CF3
&2 &3 I 85
1 (ppm)
é —’\‘0 —Z‘O —3‘0 —1‘10 —5‘;0 F‘)D —7‘0 B‘D —S;O —’\‘00 —‘\110 71‘20 71‘30 —’\‘40
1 (ppm)
I
Ph e
CF3 47 46 45 44 43 42 41 40 39
1 (ppm)
Benzylic C-H
secondary insertion
single diastereomer
single regioisomer
f
8
)5 10.0 9.5 9.0 85 8.0 75 70 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 0‘0
1 (ppm)



275

FsC

Foez

Eel
Foo't

Ee0'tL

=p0°L [
2201
950

Evie

55 5.0
1 (ppm)

6.0

6.5

75

vol—

8'1E~
872e"

v'er—

L29—

-
I
«
o

Cl

Cl

140

160

180

110

120

130

150

170

190

200

10

1 (ppm)



F3C
9

-63.2
-63.2

276

! Cl
Cl
O
1 (ppm)
(‘J —1‘0 —2‘0 —3‘0 4;0 —éD 7(310 —7‘0 —8‘0 79‘70 —’\‘00 —1‘10 71‘20 71‘30 —1110 4;
1 (ppm)
F3C
o o
O 560 4135 F‘éao 4.85 4.80 4‘75
O I cl 1 o)
Benzylic C-H
secondary insertion
single regioisomer
¥
3
10‘.0 9‘5 9,‘0 8.‘5 5‘0 7,‘5 7,‘0 6‘5 6‘,0 5.‘5 5‘0 4‘,5 4.‘0 3.‘5 3‘0 Z,‘S 2.‘0 ’\.‘5 ’I‘O D.‘S 0‘0 0.

1 (ppm)



277

©
[

oLk

90’k
Floz
Tsee

Feie
01

Feot

00t

1 (ppm)

909—

TOONO0VDONON

ONY ¥ MMOOPONS
TOOOOOANNN

L'66L—

CF3

o

140

160

180

110

120

130

150

170

190

200

10

1 (ppm)



278

Te— —

€9 —

CF3

T T T T T T T
-62.8 -63.0 -63.2 -63.4 -63.6 -63.8 -64.0

T
-62.6

T
-62.4

1 (ppm)

T
140

T
-130

T
-120

T
-110

T
-100

T
-90

-80

-50

T
-40

T
-30

-20

1 (ppm)

rr—

o)
{

K

Ph

Faiz
Fooz

Fr0¢€

Feot

Foot

Foot

1 (ppm)



279

«© QUM ANAOINMOOLOINW© O
[} COTITMHOOXN OO T NS N ~ QR AN
) FTOONONANANNNNNNNNNNA o V] ~O WY
- v—v—v—v—v—v—v—k;g—\v‘—v—v—w—v—v—v—v— © < <v<:;: <\<y
o
Ph
CF3
|
Ly | | 1 I
|
1 TN [ 1O I l l
T T T T T T T T T T T T T T T T T T T T 1
10 200 190 180 170 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -1
1 (ppm)
oq
« ]
© ©
| ©
RN
T T T T T T T
-63.00 -63.05 -63.10 -63.15 -63.20 -63.25 -63.30
Ph 1 (ppm)
T T T T T T T T T T T T T T T T T
0 o -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -1E

1 (ppm)



280

B

X

TBSO

CF3

Ph

=089

=/L'8
=68¢

o0t

=8/l

=00k

=GL}

1 (ppm)

€6 —

€8I~
161"

6'Ge—

§ee—

€09—
§€9—

6'861L—

CF3

R\

Ph

X

TBSO

140

200 190 180 170 160 150

10

1 (ppm)



281

N
™ o
© o]
k)
(o] |
TBSO\A/H.‘\\'
Ph T T T T T
CF3 -62.0 -62.5 -63.0 -63.56 -64.0 -64.5
1 (ppm)
é —’\‘0 —Z‘O —3‘0 40 -560 60 —7‘0 B‘D —5;0 —’\‘00 ‘\llO —1‘20 —1‘30 —’\‘40
1 (ppm)
— ~
Allylic C-H
6 4.74 ppm
| 8 8 8
'j 4.‘8 - 4‘7 ‘:1‘6 4‘5 4‘4 e 4‘3
o TBSOG X 1 (opm)
I j/\/\
TBSO\/\/'\l_.\\ pr” 2O
Ph oF
¢ Benzylic C-H  Benzylic C-H
CF3
o
8 &
— ©
) ’IO‘.O 9.‘5 9.‘0 S.‘S 8‘0 7.‘5 70 6.5 6.0 5.‘5 5.‘0 45 4.‘0 3‘5 3.‘0 Z.‘S 2‘0 1.‘5 ’\.‘0 05 0.0
1 (ppm)



282

oy
801
Sveg
vl

60t

G0t
960

=00t

1 (ppm)

L'65—

069—

v'eL—

6°,61—

CFs

140

200 190 180 170 160 150

10

1 (ppm)



283

o
8 3
S
o)
CF3
PR JL
T T
62.5 -63.0 -63.5 64.0
1 (ppm)
T T T T T T T T T T T T T T
[ -10 -20 -30 40 -50 -60 -70 80 -90 -100 -110 -120 -130 -140
1 (ppm)
‘ fo2}
[ =)
4.9 4.8 47 T 4% 45 a4
) /‘ .
Benzylic C-H
O CF3 o CF;
Ph” Ph Benzylic C-H
o
| S—

"
(o2}

NOo
o

T T T T T T T T T T T T T T
15 10.0 95 9.0 85 8.0 75 70 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 20 15 10 05 0.0
1 (ppm)



284

Appendix — Ch.2 HPLC Data

DAD1 B, Sig=230,4 Ref=off (21-Mar-201...rch-2018 2018-03-21 14-49-33\005-92-atb-1-117C-RAC[RRW-60-1-0].D)
] (@] © o
™Y Ji b N B
175 F,67 07 F & Fc
150 - &\ &
= o Te Ml
100 \
75 I
50 &
27 N
ot e 5J . ,\J, S ———
10 20 30 40 50 min
Signal 2: DAD1 B, Sig=230,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

e R | === == | === | === |-==----
1 17.848 MM 0.5750 9829.47168 200.90695 49.9013
2 19.920 MM 1.0183 9868.37109 161.51624 50.0987

Totals : 1.96978e4 362.42319

DADT A, Sig=210,4 Ref=off (14-May-2018\14-May-2018 2018-05-16 12-46-28\015-61-ATB-2-7D[RRW-30-1-0].D)
mAU 0
800 | L,

1 Fac/\oJ -
600 | O
400-|
200

) — . [
— 1 U — 1 T T - 1 ' T T T 1 T T
0 5 10 15 20 2 min

Signal 1: DAD1 A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e | === | ==mmmm- | === e | ===mmmmmen | ==mmmnne |
1 14.902 MM 0.9260 5.07925e4 914.16620 95.6089
2 17.677 MM 0.6274 2332.78857 61.97265 4.3911

Totals : 5.31253e4 976.13885



mAU

285

atb-2-38¢c-RAC[ADH-80-1-10-210230]17.DATA - Prostar 325 Absorbance Channel 2 LC1006M831

0 5 10 15 75 80
Peak results :
Index | Name Time | Quantity | Height Area| Area %
[Min] | [% Area] | [mAU] | [mAU.Min] [%]
1 |UNKNOWN |28.74| 4533| 11.0 11.7| 45.329
2 | UNKNOWN [61.84 54.67 6.0 14.1| 54.671
Total 100.00| 16.9 25.81100.000
atb-2-36¢c[ADH-80-1-10-210230]14.DATA - Prostar 325 Absorbance Channel 2 LC1006M831
24
22
20;
18;
16;
14
2 12
S
10;
8
E
0 5 10 15 20 25' 30 35 40 45 50 55 60 65 70 75 80
Min
Peak results :
Index | Name Time | Quantity | Height Area| Area %
[Min] | [% Area] | [mAU] | [mAU.Min] [%]
1 |UNKNOWN |2869]| 99.92| 243 27.2| 99.923
2 | UNKNOWN [60.71 0.08 0.1 0.0 0.077
Total 100.00| 244 27.2 1 100.000
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DAD1 A, Sig=210,4 Ref=off (13-Aug-201_..ug-2018 2018-08-13 09-11-38\055-81-ath-2-72b-RAC[ADH-30-1-0.5].D)
mAU{ | q? ﬁb |
] &
] O A\
800 ﬁ@@
] AN S
600
1 Oaw ™ (0] S
a0 )
] 0 (0]
200
1 cCcCly CCls
0 A
——— 7 7 — T
5 10 15 20 25 mir|

Signal 1: DAD1 A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
- [ B |-——— | ————— |————- |
1 6.590 MM 0.1665 1.00699e4 1008.00983 56.4484
2 7.437 MM 0.1958 7769.18262 661.15894 43.5516

Totals : 1.7839%0e4 1669.16876

DADT A, Sig=210,4 Ref=off (2019-June-__mization 2019-06-07 17-26-091002-22-atb-40-54a[ADH-30-1.0-0 5] D)
mAU I
2500
2000
1am? OQf“ A
1000—E (O
500‘; CCly
0] -
T T T T T T T T T T T T T T T T T T T T T T T T
5 10 15 20 25 mir

Signal 1: DADL A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
|- | === | === |- | === |
1 6.399 MM 0.2007 3.44938e4 2864.12842 98.0346
2 7.251 MM 0.1539 691.53064 74.86881 1.9654

Totals : 3.51854e4 2938.99723
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DAD1 A, Sig=210,4 Ref=off (12-Jun-201...ation 2019-06-12 16-43-26\003-2-atb-40-53cRAC[ODH-90-0.25-1.0].D)

mAU o o 5
250 o 3

- % 2 3% 4 S e 7 80 min

Signal 1: DADl1 A, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area

¥ [min] [min] [MAU*s] [mAU] B
- |——— == |- |- |-

1 30.460 BV 0.7695 1.38123e4 210.79062 17.8661

2 32.348 VB 0.9000 1.43233e4 186.40335 18.5271

3 38.313 BV 1.0523 1.97767e4 219.99544 25.5811

4 41.207 VB 1.2827 2.93976e4 267.69070 38.0257
Totals 7.73100e4 884.88011

HPLC of the product from Rhz(S-2-Cl-5-BrTPCP)4
DAD1 A, Sig=210,4 Ref=off (17-Jun-201__.on 2019-06-17 14-58-00\011-3-atb-40-55¢[Scat][ODH-90-0.25-1.0] D)

mAU 3

600

500

400

300

200

1003

0
R T N Y T T 80 mi

Signal 1: DADl1 A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
¥ [min] [min] [MAU*s] [mAU] %
e R R |- | === !
1 30.543 MM 1.2717 2862.08569 37.51070 4.4730
2 32.296 MM 0.8968 1797.86963 33.41164 2.8098
3 37.223 MM 1.5001 5.73393e4 637.06042 89.6129
4 40.779 MM 1.2771 1986.30420 25.92206 3.1043

Totals 6.39855e4 733.90483
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HPLC of the product from Rhy(R-2-CI-5-BrTPCP)4

DAD1 A, Sig=210,4 Ref=off (17-Jun-201...on 2019-06-17 14-58-00008-2-atb-40-29c[Rcat][ODH-90-0.25-1.0].D)

mAU 1
800

600
400

200

10 20 30 40 50 60 70 80 min

Signal 1: DADl A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

1 2.3329 2497.43896 17.84183 2.09¢e4
2 34.74¢6 MM 1.6694 1.22164e4 121.96550 10.2548
3 37.963 MM 0.8470 1.34035e4 184.94353 11.2513
4 40.381 MM 1.7119 9.10112e4 886.05078 76.3975

Totals : 1.19129e5 1210.80164

_ '_19>'>>l f_ 1 29_:_>'_'>_'>§q_!_ :__' 40 s0 &0 »I__' :>7p T N
Signal 1: DAD1l A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== |- | === | === [ === |
1 64.045 MM 3.5470 1324.36804 6.22297 48.5868
2 72.130 MM 4.6690 1401.40820 5.00255 51.4132

Totals : 2725.77625 11.22552
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mAU

50
40
30
20
10

Signal 1: DAD1l A, Sig=210,4 Ref=o0ff

Peak RetTime Type Width Area Height Area
= [min] [min] [mAU*s] [mAU] %
- |- === |- | ——————— | ——————- |
1 63.593 MM 4.4228 1.37928e4 51.97662 95.9341

2 72.380 mM 3.5399 584.56274 2.75227 4.0659

Totals : 1.43774e4 54.72889



Appendix — Ch.3 HPLC Data

(S.E)-2-(4-chlorophenyl)oct-4-en-1-0l HPLC:

290

DAD1 A, Sig=210,4 Ref=off (19-Sep-202...020 2020-09-19 11-49-48\008-51-atb-45-9-2a-RAC[ADH-30-1.0-5.0].D)
©
o v A\ . s 3
& o o Signal 1: DADl A, Sig=210,4 Ref=off
| S\ <
| A N~ ©
| > g > Peak RetTime Type Width Area Height Area
‘ ?Se; 09?@ #  [min] [min]  [mAU*s] [mAU] %
N -1 [====1 I I | |
J\ 1 7.028 MM 0.2590 7975.81982 513.16632 54.9579
I | 2 9.427 MM 0.3582 6536.77344 304.18436 45.0421
| 1
‘ \ \ Totals : 1.45126e4 817.35068
\ I
PRSES SR, o is L SPES 5 O :
e
— T T T — T T —— 71 7 T T — T T —
5 10 15 20 25 min
DAD1 A, Sig=210,4 Ref=off (21-Sep-202...ep-2020 2020-09-21 10-10-07\002-51-atb-45-9-1A[ADH-15-1.0-5.0].D)
mAU , § ,\%,}Q,
500 Signal 1: DAD1 A, Sig=210,4 Ref=off | “ @,qu' Me
&
400 - Peak RetTime Type Width Area Height Area \‘ ’?‘
4 [(min] [min] [mAU*s] [mAU] % |
300 -1 I===-1 1 I | -
] 1 6.944 MM 0.2760 9273.25684 559.88025 96.4423 | ‘/ \
200 - 2 9.308 MM 0.4010 342.08679 14.21818 3.5577 \ o | QQ;\
100i Totals : 9615.34363 574.09843 ‘ ‘\\ ’J “\ § e:b“‘}b‘q/
f \ LNl <
i N s el K o “ - )
——y ———— ———— . . —
2 4 6 8 10 12 14 min
2.2.2-trichloroethyl (S,E)-2-(4-chlorophenyl)oct-4-enoate HPLC:
DAD1 A, Sig=210,4 Ref=off (27-Aug-202...g-2020 2020-08-28 14-17-34\023-24-ATB-7-2B-RAC[ADH-60-0.1-1.0].D)
mAU ] o B u
Signal 1: DADl A, Sig=210,4 Ref=off = S A’
[} (,)\ m \tx
X 9
800 Peak RetTime Type Width Area Height Area / \@?‘ | \,\@'D'
1 #  [min] [min]  [mAU*s] [mAU] % ['Y 'Y
600 | -1 I====1 I I I [ [ | ‘
] 1 49.112 MM 1.7887 8.51078e4  793.01459 48.1970 o |
400 - 2 53.259 MM 1.5342 9.14754e4  993.70477 51.8030 \ [
] { \ / |
] Totals : 1.76583e5 1786.71936 / \
200 - | Ar
N it sez e e ) e, el
10 20 30 40 50 min
DAD1 A, Sig=210,4 Ref=off (27-Aug-202...8-Aug-2020 2020-08-28 14-17-34\029-26-ATB-7-1B[ADH-60-0.1-1.0].D)
mAU Signal 1: DADL A, Sig=210,4 Ref=off ﬁ N
1200 8 &
Peak RetTime Type Width Area Height Area ’(V‘:\ 'b\
1000 - #  [min] [min] [mAU*s] [mAU] % | @
800 ===l 1====1 I I I I
1 49.635 MM 1.9507 1.5291le5 1306.48511 98.2690 [
600 2 53.642 MM 1.0137 2693.55225  44.28456 1.7310 .
| \ )
1 \ 0)
400 Totals : 1.55605e5 1350.76966 / \ P
Pl g
200 /o \ u"’;ﬁe’@.
0 st Sesa oot a ) e S
T T T T T T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 min




2.2 2-trichloroethyl (S.£)-2-(4-iodophenyl)oct-4-enoate HPLC:
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DAD1 A, Sig=210,4 Ref=off (13-Aug-201...ug-2018 2018-08-13 09-11-38\055-81-atb-2-72b-RAC[ADH-30-1-0.5].D)
mAU_: S o2 1
] QQQ) ,\@ Signal 1: DAD1 A, Sig=210,4 Ref=off
800 E%" q;‘«
] v_\e’,\'\?se’ Peak RetTime Type Width Area Height Area
600—- # [min] [min] [mAU*s] [mAU] %
] ====| |====1 | | | |
400 H \ 1 6.590 MM 0.1665 1.00699e4 1008.00983 56.4484
1 ‘ }\ 2 7.437 MM 0.1958 7769.18262 661.15894 43.5516
200_: H Totals : 1.78390e4 1669.16876
0] _A_,J LA
: ! : : T - : : : T : : : - T : ! : ! T : ! : : T : | : |
5 10 15 20 25 min
DAD1 A, Sig=210,4 Ref=off (2019-June-...mization 2019-06-07 17-26-09\002-22-atb-40-54a[ADH-30-1.0-0.5].D)
mAU - 2 ® ) .
] 03‘:)' Signal 1: DAD1 A, Sig=210,4 Ref=off
2500 K
] Q”é' Peak RetTime Type Width Area Height Area
2000 - S #  [min] [min]  [mAU*s] [mAU] %
] e | fi=me=e] | | | |
1500 ‘l 1 6.399 MM 0.2007 3.44938e4 2864.12842 98.0346
1000_3 ‘ .\‘.’33\ 2 7.251 MM 0.1539 691.53064  74.86881  1.9654
5001 \ = Q.’_@c’ Totals : 3.51854e4 2938.99723
] R&Z
i RS
0] A
: ! : ! T ! : ! : T : : : ; ; : ! : ! T ! . ! : T - - - -
5 10 15 20 25 min
2.2.2-trifluoroethyl (S.E)-2-(4-methoxyphenyl)oct-4-enoate HPLC:
DAD1 A, Sig=210,4 Ref=off (01-Sep-202...020 2020-09-01 09-31-45\036-23-ATB-45-2-2B-RAC[ODH-30-0.5-1.0].D)
mAU & E q/_\
800 ROl R ,
E N N Signal 1: DAD1 A, Sig=210,4 Ref=off
700 & s
600__ v& Peak RetTime Type Width Area Height Area
500_: # [min] [min] [mAU*s] [mAU] %
400 -—== 1=-===1 1- I I |
00 \ 1 11.070 MM 0.3252 1.73365e4  888.57281 49.0061
300 2 13.515 MM 0.3962 1.80397e4 758.89209 50.9939
Totals : 3.53762e4 1647.46490
100
0 E —
I I I I I L3
5 10 15 20 25 min|
DAD1 A, Sig=210,4 Ref=off (01-Sep-202...ep-2020 2020-09-01 09-31-45\039-24-AT B-45-2-1B[ODH-30-0.5-1.0].D)
mAU 0&(‘3
1000 ,&"J Signal 1: DAD1 A, Sig=210,4 Ref=off
,b'.
800—- @ Peak RetTime Type Width Area Height Area
#  [min) [min]  [mAU*s] [mAU] %
600 | s | Rt | | | I |
: 1 11.034 MM 0.3025 635.05109  34.99163 2.1944
400 ole 2 13.452 MM 0.4116 2.83045e4 1146.00195 97.8056
200 Totals : 2.89395e4 1180.99359
0 .
| S T I T I %
5 10 15 20 25 min|




2.2 2-trichloroethyl (S.E)-2-(4-methoxyphenyl)oct-4-enoate HPLC:

292

DAD1 A, Sig=210,4 Ref=off (01-Sep-202...020 2020-09-01 09-31-45\027-22-ATB-45-1-2B-RAC[ODH-30-0.5-1.0].D)

mAU 3 éﬁ,) AV Signal 1: DADL A, Sig=210,4 Ref=off

700 # ROTIIRN ‘ . A

600 | 0@2 | Q;p’- Peak RetTime Type Width Area Height Area
500 |\ A\ #  [min] [min]  [mAU*s] (mAU] %

E | I -1 I====1- R R | ===mmmmm [
400~ [ [ 1 10.341 MM 0.2810 1.32736e4  787.26434 48.6483
300 | |1 2 12.101 MM 0.3582 1.40112e4 651.97650 51.3517

i | |
200 o
100 { ‘ \ ) \ Totals : 2.72849e4 1439.24084

0 - — K N N N g ‘\/\t \\,\ - — R - - "

% T T T T T i T T g |

5 10 15 20 25 min
DAD1 A, Sig=210,4 Ref=off (03-Sep-202...3-Sep-2020 2020-09-03 12-54-49\002-22-atb-1-1b[ODH-30-0.5-1.0].D)
mAU 2 9 .. i
o}" Signal 1: DADl A, Sig=210,4 Ref=off
800 - 30
700 | e‘o" Peak RetTime Type Width Area Height Area
600 s #  [min] [min]  [mAU*s] [mAU] %
500 [ e [ === === R e— R === |
400 | 1 10.360 MM 0.2800 368.70255  21.94753  1.8943
OMe [ 1o 2 11.983 MM 0.3590 1.90949e4  886.43182 98.1057
300 - @,\Q
200 § & \ Totals : 1.94636e4  908.37935
100 s & | |
- Jib Y
0 = plesir PN e el N\ = = S = =
T T T T T T T T T T T T T T T T T
5 10 15 20 25 min
2.2.2-trifluoroethyl (S.E)-2,5-bis(4-methoxyphenyl)pent-4-enoate HPLC:
DAD1 A, Sig=210,4 Ref=off (24-Jun-202..._B 2021-06-24 10-27-18\018-24-ATB-45-32-2B-RAC[ODH-30-1.0-1.0].D)
mAU 1 Signal 1: DADL A, Sig=210,4 Ref=off g » ~ 2

E| N S AN\

] &) 3 N
250 Peak RetTime Type Width Area Height Area }ﬁ\ ’b'\ ﬁ >

] #  [min] [min]  [mAU*s] [mAU] 3 ‘,50 @

200 ----1 [====] I I | I
k| 1 15.817 MM 0.6955 1.30683e4  313.17667 47.6124 K 1
1507 2 22.927 MM 1.0434 1.43789%4  229.68509 52.3876 ’ \ J \
100‘; Totals : 2.74472e¢4  542.86176 f \ "
S S
04 An A
- : . B T - ! B : T ' - . - T - - - - T - B . B : . : :
5 10 15 20 25 min|
DAD1 A, Sig=210,4 Ref=off (24-Jun-202...2021_B 2021-06-24 10-27-18\024-25-ATB-45-32-1B[ODH-30-1.0-1.0].D)
u 0.
MAU 3 5igna1 1: DAL A, Sig=210,4 Ref=off
250—5 Peak RetTime Type Width Area Height Area
] # [min] [min] [mAU*s] [mAU] %
200 - I====1 I I I |

] 1 16.067 MM 0.6198 829.48486  22.30470  4.0115
150—: 2 22.924 MM 1.0833 1.98483ed4  305.37387 95.9885
100—; Totals : 2.06778e4  327.67857
50 -

Oéw_fx.ﬁ_._f
T T T T T T T T T T T T T
5 10 15 20 25 min




(S.E)-2-(4-iodophenyl)oct-4-enoic acid HPLC:

293

DAD1 A, Sig=210,4 Ref=off (07-SEP-202...-2021 2021-09-07 09-03-34\017-3-atb-45-35-2a-RAC[ASH-1.0ML-5%].D)
mAU 2 o &
E o
E S é\(b Signal 1: DADL A, Sig=210,4 Ref=off
250 H ra ‘ & g : , Sig; ,
200; \?50 | Yso Peak RetTime Type Width Area Height Area
E \ “ #  [min) [min]  [mAU*s] [mAU] %
1501 | - [====1 I I | I
507 | | \ 1 5.960 MM 0.3246 6025.84277 309.38928 51.2340
100 \ ‘ | 2 7.625 MM 0.3034 5735.57568 315.11469 48.7660
] \
501 | \ [\ Totals : 1.17614e4  624.50397
] N \
0 L I T
— 7 — 7 T+ ] T+ T T T | T T T T ] T T T T [ T T T T
5 10 15 20 25 min
DAD1 A, Sig=210,4 Ref=off (09-SEP-202...-SEP-2021 2021-09-09 08-46-24\012-2-ATB-45-35-1A[ASH-1.0ML-5%].D)
mAU @
e NG
1000 ] N8
] \ ’L Signal 1: DAD1 A, Sig=210,4 Ref=off
800 | 1% , ‘ .
] | Peak RetTime Type Width Area Height Area
600 | \ #  [min) [min]  [mAU*s] [mAU] %
1 - 1--=-1 I | | |
] | 1 6.378 MM 0.1960 695.67676  59.14752  3.2821
400 \ 2 7.653 MM 0.3029 2.05002e4 1127.87012 96.7179
200 \'\ Totals : 2.11959e4 1187.01764
Q.E . S S -
: —
8 10 12 14 min
(S,E)-2-(4-iodophenyl)-N-methoxy-N-methyloct-4-enamide HPLC (via HATU coupling):
DAD1 B, Sig=230,4 Ref=off (07-SEP-202...021 2021-09-07 09-03-34\035-4-ATB-45-36-2B-RAC[ASH-1.0ML-1.0%].D)
mAU ® ) &
5 P
600 H 6%0 q}‘b Signal 2: DADl B, Sig=230,4 Ref=off
] R
500? ?S '\VS Peak RetTime Type Width Area Height Area
400 - ‘ 1 #  [min] [min]  [mAU*s] [mAU] s
i | | -==-l I====1 I I I I
300 -] ‘\_ “ 1 6.348 MM 0.1948 8507.58984 727.73346 50.7881
E ‘ \ 2 7.903 MM 0.2941 8243.55371 467.08820 49.2119
200 1.
1001 \ ; \ Totals : 1.67511e4 1194.82166
] \ \
0{,,‘__“__,/\'\_11} N ¥,
e e T —— S —
5 10 15 20 25 min
DAD1 B, Sig=230,4 Ref=off (09-SEP-202...-SEP-2021 2021-09-09 08-46-24\006-3-ATB-45-36-1B[ASH-1.0ML-1%].D)
mAU =3 5 >
800 - g &
3 A'\Q’ Signal 2: DAD1 B, Sig=230,4 Ref=off
700 e
600 ?S Peak RetTime Type Width Area Height Area
500 — ‘\ #  min] (min]  [mAU*s] (mAU] e
E | - === | I | |
400~ '3%\ | \ 1 6.333 MM 0.1846 1860.99695 167.98872 10.3678
300 - g 5 /‘ \ 2 7.887 MM 0.3073 1.60888e4  872.72742 89.6322
3 &
200 z’dv fit Totals : 1.79498e4  1040.71614
100 - N\ | \\
poy: SR _ P, . AR S —— T
— [ T T T T T T T T v T T T T R L B
2 4 6 8 10 12 14 min|
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(S.E)-N-methoxy-2-(4-methoxyphenyl)-N-methyloct-4-enamide HPLC (via C—O coupling):

DAD1 A, Sig=210,4 Ref=off (16-DEC-202...2020 2020-12-16 12-26-36\009-22-ath-45-11a-RAC[ODH-30-0.5-5.0].D)
mAU {
250 Signal 1: DAD1 A, Sig=210,4 Ref=off
200—: Peak RetTime Type Width Area Height Area
i #  [min] [min]  [mAU*s] [maU] %
150 - --==1 |====| | I I |
] 1 12.114 MM 0.5191 8488.93262 272.55087 51.1259
5 2 13.716 MM 0.6583 8115.05225 205.46278 48.8741
100
50_ Totals : 1.66040e4  478.01366
e NS
! K T ) T T T " T ) y T " .
5 10 15 20 25 min|
DAD1 B, Sig=230,4 Ref=off (09-SEP-202...EP-2021 2021-09-09 08-46-24\009-4-ATB-NAF-111-F1[ODH-0.5ML-5%).D)
mAU > u
e $ ,l"bg' Signal 2: DAD1 B, Sig=230,4 Ref=off
1400 - s
1200 - | &0‘0' Peak RetTime Type Width Area Height Area
E ‘ F % #  [min] [min]  [mAU*s] [mAU] %
1000 — i @OP' 1 I====1 | | | |
800 — [ | S X 1 11.831 MM 0.4438 4.42804ed4 1662.77979 73.5907
600 - \ ;’,-@?r 2 13.424 MM 0.5456 1.58908ed4  485.38074 26.4093
3 I
400 - [\ N Totals : 6.01713e4 2148.16052
200 - | iy | \
0- N
e —— — T T
5 10 15 20 25 min

(S.E)-N-methoxy-2-(4-methoxyphenyl)-N-methyloct-4-enamide HPLC (via amide coupling with

iPrMgCl):

DAD1 A, Sig=210,4 Ref=off (16-DEC-202...2020 2020-12-16 12-26-36\009-22-atb-45-11a-RAC[ODH-30-0.5-5.0].D)
mAU
250 —: Signal 1: DAD1 A, Sig=210,4 Ref=off
200—5 Peak RetTime Type Width Area Height Area
1 # [min] [min] [mAU*s]) [mAU] %
150 | |====1 | | | |
1 1 12.114 MM 0.5191 8488.93262 272.55087 51.1259
100 2 13.716 MM 0.6583 8115.05225 205.46278 48.8741
50 Totals : 1.66040e4  478.01366
E VoG
T T T 4 T T T T T T T ™ T T T T T T T T T T T T T T T —
5 10 15 20 25 min|
DAD1 A, Sig=210,4 Ref=off (16-DEC-202...DEC-2020 2020-12-16 12-26-36\021-23-atb-45-10b[ODH-30-0.5-5.0].D)
mAU 1 4 N
E ,\(OQ’ Signal 1: DAD1 A, Sig=210,4 Ref=off
500 X
] Q:Ib Peak RetTime Type Width Area Height Area
400 # [min] [min] [mAU*s] [mAU] %
=me | | ====] | | | |
300 1 11.979 MM 0.4804 1.75812e4 609.94458 97.1957
] r&\ 2 13.563 MM 0.4081 507.26126 20.71540 2.8043
200 &
100 B, Totals : 1.80885e4  630.65998
o= ‘_,_“—/xw/\
I I T T :
5 10 15 20 25 min|




Appendix — Ch.4 HPLC Data

260
240
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atb-2-75b-RAC[OD-30-0.5-1-230]38.DATA - Prostar 325 Absorbance Channel 1 LC1006M8311

g\

feds

012 3456 7 8 91011121314 151617 18 19 20 21 22 23 24 25 26 27 28 29 30
Min

Peak results :

Index Name Time | Quantity | Height Area Area %
[Min] | [% Area] | [mAU] [mAU.Min] (%]

1_|UNKNOWN | 10.38| 4951 257.7 1334 | 49515
UNKNOWN | 12.22| 5049 2431 136.0 | 50485
Total 100.00 | 500.8 2695 | 100.000

1,600
1,500
1,400
1,300
1,200
1,100
1,000
900
800
700
600
50

mAU

atb-2-70b[OD-30-0.5-1-230]5.DATA - Prostar 325 Absorbance Channel 1 LC1006M831

40(8
30(8
20(z
10

|

peds

0

=

01234567 8 91011121314 151617 18 1920 21 22 23 24 25 26 27 28 29 30

Peak results :

Index Name Time | Quantity | Height Area Area %

[Min] | [% Area] | [mAU] | [mAU.Min] [%]
1__|UNKNOWN | 10.45 055] 122 45| 0549
2 [UNKNOWN [1230| 9945]1554.0 809.9 | 99451
Total 100.00 | 1566.2 814.4 | 100.000

Min
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DAD1 A, Sig=210,4 Ref=off (24-SEP-202...21 2021-09-24 19-15-56\011-82-TTNI-197B-RAC (ADH_30min_1mL_1%).D)

500 o] HN

E ‘ I o]
250 - | \
0- . J SNP\‘\H,,/\\
- T T T T T T T T I T T T T T T T T T T T T I T T T 1
5 10 15 20 25 min
Signal 1: DADl A, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

e R e R R |-=--m-
1 7.049 MF 0.2850 3.49641ed 2044.89453 49.2912
2 7.677 FEM 0.3014 3.59697e4 1989.03772 50.7088

Totals : 7.09338e4 4033.93225

DAD1 A, Sig=210,4 Ref=off (24-SEP-202...2021 2021-09-25 14-11-49\036-83-TTNI-197C (ADH_30min_1.0mL_1%).D)
mAU = o
1750; i b?;ﬁq
E T

15003
1250
1000
750
500
250
0

““?5‘3@4
F |
\
o \\

- AN

5 10 15 20 25 min
Signal 1: DAD1l A, Sig=210,4 Ref=off

o=

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
e R R |====mmmmm |=====--- \
1 7.112 MM 0.2947 3.48299%4 1969.95215 100.0000

Totals : 3.48299e4 1969.95215
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DAD1 A, Sig=210,4 Ref=off (16-aug-202...-2021 2021-08-16 12-22-16\087-52-ATB41-15-2B (OD_60_0.5mL_0.5).D)
mAU 7| ©

1200
1000
800

600
400
200

I R
o
=2
S
o
//
-
h)
=3
[©
<
@

Signal 1: DADl A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
- | === --==--- | === | === |-=mmmm |
1 21.116 MF 1.5730 1.28741e5 1364.04260 54.6401
2 25.456 FM 2.0181 1.06876e5 882.66443 45.3599

Totals : 2.35617e5 2246.70703

DAD1 A, Sig=210,4 Ref=off (16-aug-202...9-2021 2021-08-16 12-22-16\090-63-TTNI-199B (OD_60_0.5mL_0.5%).D)

AU | =)
m. . § {i}
] S
LA
800 &
] {,@
600 OMe| |
1 !
400 pH \
200 © \
0 ] P ,WM,ﬂﬂqggf~w4wm,/L'"”\\—'r e - S T —
10 20 30 40 50 min

Signal 1: DAD1l A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
il bt [—===] === === [===mm— [-==——=
1 21.449 MM 1.3925 7.97792e4 954.89221 100.0000

Totals : 7.97792e4 954.89221
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DAD1 A, Sig=210,4 Ref=off (16-aug-202...2021 2021-08-16 12-22-16\094-53-ATB41-25-2B (ADH_60_0.8mL_0.3).D)
mAU ]

°° © )
1 g g 3
] PR S
80 h & S &
, ¥ is
60 o cl ‘ \ / \ cl
40 O \ \ “,
! (1 a \ (1
7 “\ B / \ J \\M'\-wfr
OQWWJ o ‘zw,, ... " omianmraretl A bt
T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 min
Signal 1: DADl A, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== [==== === [===== [===== === \
1 24.968 MM 1.4103 8652.35742 102.25462 48.7547
2 30.898 MM 2.0190 9094.37500 75.07294 51.2453
Totals : 1.77467e4 177.32756
DAD1 A, Sig=210,4 Ref=off (16-aug-202...-2021 2021-08-16 12-22-16\067-64-TTNI-200B (ADH_60_0.8mL_0.3%).D)
- <t
mAU — g (06'1,
] TR
800 F\ &
1@’
] S
600 | ; \ O cl
] \
400~ S “
1 2 @'\7[\ \
2ooi ?\r}r@% \\ Br
s P . N . yﬁ\»ﬁ# . S e .
. . : . . . T : . : . . T . : : | . : . |
0 10 20 30 40 50 min
Signal 1: DADl A, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

- | === === e R |-=mmmm--
1 24.675 MM 1.3670 6141.03760 74.87107 4.8877
2 28.354 MM 2.0366 1.19502e5 977.93500 95.1123

Totals : 1.25643e5 1052.80607
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DAD1 A, Sig=210,4 Ref=off (16-aug-202...-2021 2021-08-16 12-22-16\081-51-ATB41-11-3B (OD_30_0.8mL_0.3).D)

mAU ]| o X
] S &QPQ§©
1 S o
800 & s

n
=]
)
el
o

| \
0 - e N —’\"7— — I - S N
. : | : . i : . . | | :
5 10 15 20 25 min
Signal 1: DAD1 A, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e R | === | == | === |
1 9.333 MF 0.5183 3.14756e4 1012.05969 46.4500
2 10.224 FM 0.7267 3.62868e4 832.25238 53.5500
Totals : 6.77624e4 1844.31207
DAD1 A, Sig=210,4 Ref=off (16-aug-202...9-2021 2021-08-16 12-22-16\084-62-TTNI-198B (OD_30_0.8mL_0.3%).D)
AU N
m : . ({})g,
1750 /\cgb
1500 | &
1250 \
E Br |
1000 e \
E \
750 Ph ”1 |
500 \
3 A
250 g ) \\
0 ~ —
: : | : . : | : : : : : : . : | : : :
5 10 15 20 25 min

Signal 1: DADl A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
=== [—=== |- [-—=m—— [-=—m— [—=——— |
1 9.572 MM 0.6591 7.98239%e4 2018.53711 100.0000

Totals : 7.9823%4 2018.53711
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] DADT B, Sig=2304 Ref=off (02-Mar-202...2 2022-03-02 12-49-03\004-31-atb-jt-40a-RAC[RRW-30MIN-0.5ML-0.D)
mAU 3
3504
3004
2504
200 3
150 4
1003 Ph™
50 3 o
0

- - - - - Il - T - ~ I~ T "~ T 1 T T "~ T 1T T "
i 5 10 15 ] 20 25 mir}

Signal 2: DAD1 B, Sig=230,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-] | === | === |-———— |- |
1 11.258 MM 0.2971 7158.38770 401.52637 52.9519

2 12.517 MM 0.2790 6360.27539 379.92096 47.0481

Totals : 1.35187e4 781.44733

1 DADT1B, Sig=230,4 Ref=off (02-Mar-202...022 2022-03-02 12-49-03\024-36-ATB-JT-40A[RRW-15MIN-0.5ML-0.5] D)
= ©
mAu_i o>
600 3
500
400 3 ]
3003 Ph '|
2003 0
100 3
03
— | ' 1 - T T I T ' r I T r T 1 ' ' T I T T T I
02 004 06 8 00010 0 12 14 min|
Signal 2: DADl B, Sig=230,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== | === |- |- |- |
1 10.618 MM 0.3393 1.56439=4 768.34760 99.3052
2 12.254 MM 0.1433 109.46097 9.15441 0.6948

Totals : 1.57534e4 777.50201
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301

JF-EN7-40k-rac(RRW-40-1-2-210230)21.DATA - Prostar 325 Absorbance Channel 2 LC1006M831

400

350

300

250

2

—
o
TH 100000.00_|

(=]

AcO.

AcO

0 2

Peak results :

4

6 8

10

12

14 16 18 20 22 24 26 28 30 32 34 36 38 40

Index Name Time Quantity Height Area Area %
[Min] [% Area] [mAU] [mAU Min] [%]

1_|UNKNOWN | 26.81 51.59 | 3924 3402 | 51591

2 |UNKNOWN [3209| 4841]| 301.2 3192 | 48409

Total 100.00 | 693.7 659.5 | 100.000

Min

JF-EN7-40k-(RRW-30-1-2-230)10_not_saved.DATA - Prostar 325 Absorbance Channel 2 LC1006M831

2
<

240
220
200;
180]
160;
140]
120}
100;

AcO.

0 2

4

Peak results :

6 8

10

12

14 16

Index Name

[Min]

1

UNKNOWN

27.55

99.50

Time Quantity Height
[% Area] [mAU] [mAU.Min] [%]

233.8

Area | Area %

209.8| 99.498

UNKNOWN

33.89

0.50

15

11 0.502

Total

100.00

2353

210.9 | 100.000

1820 22 24 26 28 30 32 34 36 .38 40
Min
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JF-EN7-40f-rac-(newSSW-30-1-1-230)2_not_saved.DATA - Prostar 325 Absorbance Channel 1 LC1006M831
1,000

900;
800
700]
600;
500
400;
300
20 g
10(E

MeO

mAU

012 3 45 6.7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28.29 30
Min

Peak results :

Index Name Time Quantity Height Area Area %
[Min] [% Area] _[mAU] | [mAU.Min] [%]

1 _|JUNKNOWN | 9.46 49.28 | 968.3 297.0| 49.282
2 |[UNKNOWN | 12.33 50.72 | 5953 3056 | 50718
Total 100.00./.1563.6 602.6 | 100.000

JF-EIZ\IJ40f-(neWSSW-3O-1-1-230)5_not_saved.DATA -Prostar 325 Absorbance Channel 2 LC1006M831

200)
180
160
140

_ 120

< 100]

80,
8g
43

-

2(E

MeO.

g

012 3 456.7 8 9 101112131415 1617 18 19 20 21.22 23 24 25 26 27 28.29 30

Min
Peak results :
Index Name Time Quantity Height Area| Area %
[Min] [% Area] [mAU] [mAU.Min] [%]
1 UNKNOWN | 9.58 4.03 123 36 4.034
UNKNOWN | 12.32 9597 | 2093 86.1| 95966
Total 100.00.). 2216 89.7 | 100.000




303

[ 1 DADT1C, Sig=254 4 Ref=off (02-Mar-202...2 2022-03-02 12-49-03\093-32-atb-jt-40B-RAC[RRW-30MIN-0.25ML-0.D)

mAU o
150 Ph O Ph O
100 | %/
50
0
50 CF3
T T T T I
5 10 15 20 25 miny
Signal 3: DAD1 C, Sig=254,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
e Bt |——= - |- |- |-
1 19.430 BB 0.3554 ©523.17822 255.00546 42.3810
2 21.425 BB 0.4518 8868.58594 239.63199 57.6190
Totals : 1.53918e4 494.63745
[ DAD1C, Sig= 2544Ref‘off (02-Mar-202.. 22 2022-03-02 12-49- 03\097 37-ATB- JTJOB RRW- 3OM|N 0.25ML-0.5].D)
mAU
100
50 M
0
-50
L T
5 10 25 mir

Signal 3: DAD1 C, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
== | === | === | === | =====- |
1 18.173 BB 0.4717 8701.77051 219.88354 100.0000

Totals : 8701.77051 219.88354
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[ DADTC, Sig=254,4 Ref=off (02-Mar-202... 2 2022-03-02 12-49-03\141-33-atb-CAS-107C72-RAC[RRW-15MIN-0.5M.D)
mAU 1

30

20

Signal 3: DAD1 C, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
el e |———— |- |————- | ———— |-———-
1 9.262 MM 0.2603 550.74811 35.25984 55.354¢
2 10.077 MM 0.2576 444.19769 28.73804 44.6454

Totals : 994.94580 63.99788

] DADI C, Sig=254.4 Ref=off (02-Mar-202..2 2022-03-02 12-49-03\145-38-atb-CAS-49C35[RRW-15MIN-0.5ML-10] D)
mAUé
300
2503
2003
1503
1004 ph’ \

50

miry

Signal 3: DADl C, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
=== [ === | === | === | === |
1 9.379 MM 0.2666 5627.9101e 351.82410 97.9374
2 10.230 MM 0.2215 118.52838 8.91872 2.0626

Totals : 5746.43854 360.74282
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"7 DADTB, Sig=230.4 Ref=off (02-Mar-202.2 2022-03-02 12-40-03\100-34-atb-CAS-109B847-RACIRRW-GOMIN0.1M.D) =

Signal 2: DAD1 B, 8ig=230,4 Ref=off

Peak RetTime Type Width

Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== | === | === | === | === I
1 75.043 BB 1.6340 4.56618e4 326.31503 51.1236¢
2 80.874 BB 1.7343 4.36547=4 294.26077 48.8764

Totals 8.93165e4 €20.57581

1 DADT B, Sig=230,4 Ref=off (02-Mar-202..2 2022-03-02 12-49-03\113-39-atb-CAS 65B50[RRW-00MIN-0. TML-3.0.D) =

mAU
500 MeO
400

300

200

100

-100

Signal 2: DADl B, Sig=230,4 Ref=off

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %
el e [ |————————- |———————- | ———————-
1 72.374 MM 2.3145 8.934¢61le4 643.37170 90.8578

2 78.634 MM 2.0799 8990.08203 72.03977 9.1422

Totals 9.83362e4 715.41148
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DAD1 A, Sig=210,4 Ref=off (16-Jan-202.. JAN-2020 2020-01-17 08-46-28\014-2-JF-EN7-40c-rac-(ODH-60-1-1).D)

mAU ] o
o O
.\‘"\@\
Ph
CFq CF.

9
. \i§&
B

0 10 20 30 40 50 miry

Signal 1: DAD1 A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
e B e |————— |————— |-———— |
1 8.273 MF 0.2915 1.76486e4 1009.18073 48.5682
2 9.004 FM 0.3341 1.86892e4 932.24548 51.4318

Totals : 3.63379e4 1941.42621

DADT A, Sig=210.4 Ref=off (22-Jan-202002-Jan-2020 2020-0122 09-0748\011-2-JF-EN740¢c-(ODH-30-1-1) D)
mAU 1
12003
10003 o o
00 Q\|
600 - Ph oF
4003 g s
] <)
200
0 . .
-
5 10 15 20 25 mir|

Signal 1: DADl A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
7 [min] [min] [MAU*s] [mAU] %
| |- |- |- |——=—— |
1 8.264 BV E 0.2671 3717.57568 209.89127 10.9328
2 8.926 VB R 0.2980 3.02862e4 1439.06470 89.0672

Totals : 3.40038e4 1648.95596
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DADT B, Sig=230,4 Ref=off (21-Dec-202.. 2021-2 2021-12-21 22-34-35\006-75-T TNI-221B (RRW_30min_1mL_1%) D)

mAU 3
2000 3
1750 3
1500 3
1250 3
1000
7504
500
2503

0]

min|

Signal 2: DADl B, Sig=230,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
el e [ |—————— | == |————— |
1 5.843 MF 0.2332 3.10105e4 2216.41772 46.7544
2 6.727 FM 0.2666 3.53158e4 2207.50488 53.2456

Totals : 6.63263e4 4423.92261

DAD1 A, Sig=210,4 Ref=0ff (10-Jan-202...n-2022 2022-01-10 12-09-07\004-94-TTNI-189C (RRW_60min_1mL_1%).D)

Signal 1: DAD1l 2, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
| [==—=1 | === | === | === |
1 5.100 MM 0.2826 3.36416e4 1983.71790 100.0000

Totals : 3.3641l6e4 1983.71790
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JF-EN7-40j-rac(newSSW-40-0.5-0.5-210230)2 .DATA - Prostar 325 Absorbance Channel 2 LC1006M831
45

40
35

25 o] (o]
2 @\l
€ 20]
Ph Ph
CF.

CF3 3

Iﬁ =
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Min

Peak results :

Index Name Time Quantity Height Area| Area %|
[Min] [% Area] [mAU] | [mAU Min] [%]

1 _|UNKNOWN [1368| 4876| 440 176 | 48761
UNKNOWN [16.00 51.24| 36.1 185| 51.239
Total 100.00| 80.0 36.1 100.000

JF-EN7-40j-(newSSW-40-0.5-0.5-210230)6.DATA - Prostar 325 Absorbance Channel 2 LC1006M831
100

90;
80
70
60;

(0]
50} L :
CF

40| Ph

mAU

3
2
1

TH 100000.00_|

PRV

012 3456 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Min

Peak results :

Index Name Time Quantity Height Area | Area %

[Min] [% Area] [mAU] [mAU.Min] [%]
1 | UNKNOWN | 14.20 262 28 10| 2622
2 |UNKNOWN | 16.16 97.38| 974 36.2| 97.378
Total 100.00 | 100.2 37.2] 100.000
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[T DADT B, Sig=230 4 Ref=off (02-Mar-202..2 2022-03-02 12449403\117«35-atb-Jt-46D-RAC[RRW-15MIN-0.5ML-1FI33£;
mAU 3
353—5 FsC O ®
3004
250 3 ©
2003
150 3 O
1004 ‘
503
03
T T T T
2 4 6 8 miry

Signal 2: DAD1 B, Sig=230,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

1 10.285 BB 0.3330 9042.07227 390.73837 51.66le
2 11.911 BB 0.3379 8460.42480 359.68314 48.3384

Totals : 1.75025e4 750.42151

[T DADT B, Sig=2304 Ref=off (02-Mar-202...022 2022-03-02 12-49-03\121-40-atb-j+-46D[RRW-T5MIN-05ML-1.0]D)
©

mAU 7 FsC N

2000 O
1500 3
10003 0

500%

03

1 12 mid

N—
-
o
[==]

Signal 2: DAD1 B, Sig=230,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== |=—==1-== [ === | === [===—— |
1 9.933 MM 0.3282 4.72501e4 2399.23218 100.0000

Totals : 4.72501e4 2399.23218
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JF-EN7-40e-rac(newSSW-40-0.5-0.5-210230)24.DATA - Prostar 325 Absorbance Channel 2 LC1006M831
130

120
110
100

90

60 CF. CF.
50 3 3
Ph Ph ""|

I
N T I
3

8
2(e
1

; LAY

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Min

mAU

Peak results :

Index Name Time Quantity Height Area Area %
[Min] [% Area] [mAU] | [mAU.Min] [%]

1 |UNKNOWN |1324| 4893 1276 49.7 | 48.929
2 |UNKNOWN|1710| 51.07| 948 519 51.071
Total 100.00 | 2225 101.6 | 100.000

JF-EN7-40e-(newSSW-30-0.5-0.5-210230)2.DATA - Prostar 325 Absorbance Channel 2 LC1006M831

160
150
140
130
120
110
100

90

80 CF3
70 .
60 Ph™ ™

g

B

g

2

1o ot

012345678 9111213141516 17 18 19 2021 22 23 24 25 26 27 28 29 30
Min

mAU

Peak results :

Index Name Time Quantity | Height Area Area %

Min] [% Area] | [mAU] [mAU.Min] [%]
1 [UNKNOWN [ 1343 0.69 20 06| 0688
2 |UNKNOWN [17.37| 9931| 1578 90.9| 99.312
Total 100.00| 159.9 91.5 | 100.000
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[1 DAD1 B, Sig=230,4 Ref=off (16-aug-202...21 2021-08-16 12-22-16\050-57-atb-41-46-2b-rac[rrw-0.5-0.5-15].D)
mAU J
800
600 ?
400
] Ph
200
03
T T T T T T T T
- 2“ _ _ 4 - “6 - ~_8 _ 10A_A_ _ 12 14 miny
Signal 2: DAD1 B, Sig=230,4 Ref=off
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %

= | |——=]———~ |~ e R |
1 9.696 MM 0.2651 1.45802e4 916.55933 53.4049
2 11.489 MM 0.3100 1.27211e4 683.90594 46.5951

Totals : 2.73013e4 1600.46527

] DADI B, Sig=230,4 Ref=off (01-Jul-202..2020-B 2020-07-01 11-56-15\014-15-atb-41-46-1b[RRW-30-0 50 5] D) =
mAU E
1000 o
800 O\l
600
400 Ph CF3 ®
200 8
e : o
_ 5 10 15 20 25 mi

Signal 2: DAD1l B, Sig=230,4 Ref=off

Peak RetTime Type Width Area Height Area
- [min] [min] [mAU*s] [mAU] %
=== === [l | === | === | === I
1 9.608 VW R 0.2366 2.08042e4 1231.51782 99.5537
2 11.6¢8%9 vB R 0.1912 93.26826 5.78229 0.4463

Totals : 2.08975e4 1237.30011
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"7 DADT B, Sig=230.4 Ref=off (07-nov-202...1 2021-11-07 15-08-51\003-3-atb-41-114-2c-RAC[RRW-T5MIN-0 5ML-D)
o

mAU -3
800
600 o : O
] TBSO A A
4004 :
] Ph Ph
200 CF,
0]
T T T T T T
0 2 4 6 12 14 min{
Signal 2: DAD1 B, Sig=230,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e B R R R |
1 9.173 MM 0.2322 1.32421e4 950.63538 51.5137
2 10.488 MM 0.2663 1.24639=4 780.21088 48.4863
Totals 2.57060e4 1730.84625
[T DADT B, 5ig=230,4 Ref=off (07-nov-202_..1 2021-11-07 15-08-57\007-5-atb-41-114-1¢_d[RRW-15MIN-05ML-0.D)
mAU -
1500—E Q
; TBSO\/\/H“\\'
1000—: Ph
5003
0 ]
T T T T X N X T N
_ 2 4 6 12 14 miry
Signal 2: DAD1 B, Sig=230,4 Ref=off
Peak RetTime Type Width Lrea Height Area
¥ [min] [min] [mAU*s] [mAU] %
e [ === |- | === | === |-=—-———- |
1 8.568 MM 0.2344 2.99118e4 2126.39966 97.6887
2 9.902 MM 0.1947 707.69910 60.58871 2.3113

Totals : 3.06195e4 2186.98837
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DAD1 B, Sig=230,4 Ref=off (21-Jun-202...une-2021 2021-06-21 08-56-00\029-46-CAS2-114B76RAC[ODH-30-1-1].D)

CF3
-
———— 1 T T T T [ T T T T | T T T T T T T
O »5 _ __ __1_0 __ __1_?_ _ _ Z_Q__ _ __ 25 miry

Signal 2: DADl1 B, Sig=230,4 Ref=off
Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %
e B e R |--------—- |---—--—- |

1 5.260 MM 0.1745 521.95471 49.86419 49.6019

2 6.370 MM 0.2647 530.33270 33.39367 50.3981
Totals 1052.28741 83.25787

DAD1 B, Sig=230,4 Ref=off (21-Jun-202. _1-June-2021 2021-06-21 08-56-001035-47-CAS2-89C 100[0DH-30-1-11.0) =
CF3
—_—————— :
15 20 25 mir|

Signal 2: DAD1 B, Sig=230,4 Ref=off
Peak RetTime Type Width Area Height Area

$ [min] [min] [mAU*s] [mAU] %
e R |-===]-————- e e |-=--m-—-

1 5.243 MM 0.1578 165.12849 17.43653 4.3216

0.2817 3655.89624 216.27599 95.6784

Totals : 3821.02473 233.71252
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Appendix — Ch.2 X-ray Crystallographic Data

bis(2,2,2-trifluoroethyl) (2R,3S5,10R,115)-3,11-dimethyl-1,9(1,4)-
dibenzenacyclohexadecaphane-2,10-dicarboxylate

Crystal Data and Experimental

Experimental. Single colorless needle-shaped crystals of
Aaron-macrocycle were recrystallized from hexane by
slow evaporation. A suitable crystal 0.57x0.06x0.04 mm3
was selected and mounted on a loopon a XtaLAB Synergy,
Dualflex, HyPix diffractometer. The crystal was kept at a
steady T = 100(2) K during data collection.The structure
was solved with the ShelXT (Sheldrick, 2015) structure
solution program usingthe Intrinsic Phasing solution
method and by using Olex2 (Dolomanov etal., 2009) as the
graphical interface. The model was refined with version
2018/3 of ShelXL (Sheldrick, 2015)using Least Squares
minimisation.

Crystal Data. C34H42F604, M, = 628.67, monoclinic, P2 (No.
3), a= 25.1525(4) A, b= 5.53398(4) A, c = 27.2474(4) &,
B= 117.4652(19)°, a= y= 90°, V= 3365.19(9) A3, T =
100(2)K, Z= 4, Z'= 2, y(CuK,)= 0.866 mm1, 42058
reflections measured, 10947 unique (Rin: = 0.0510) which
were used in all calculations. The final wR> was 0.0885 (all
data) and R; was 0.0363 (I > 20(1)).



Compound

Formula

Dcalc./ g cm3

4/ mm-?
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Flack Parameter
Hooft Parameter
Space Group
a/A

b/A

c/A

af

A

i

V/A3

Z

7
Wavelength/A
Radiation type
("Dmin/o

("Dmax/O

Measured Refl.
Independent Refl.
Reflections with I >
20(1)

Rint

Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wRz (all data)
WR:

R (all data)

R:

Aaron-macrocycle

C34H42F604
1.241
0.866
628.67
colourless
needle
0.57x0.06x0.04
100(2)
monoclinic
-0.02(6)
-0.00(5)

P2
25.1525(4)
5.53398(4)
27.2474(4)
90
117.4652(19)
90
3365.19(9)
4

2

1.54184
CuKg

1.980
73.814
42058
10947
9975

0.0510
797

1
0.323
-0.205
0.985
0.0885
0.0853
0.0412
0.0363

315
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Structure Quality Indicators

Reflections:
Refinement: co 0,985

A colourless needle-shaped crystal with dimensions 0.57x0.06x0.04 mm3 was mounted on a loop. Data were
collected using an XtaLAB Synergy, Dualflex, HyPix diffractometer equipped with an Oxford Cryosystems low-
temperature device operating at T=100(2) K.

Data were measured using o scans with a narrow frame width of 0.5° per frame for 3.5/3.7/10.0 s using CuK,
radiation. The total number of runs and images was based on the strategy calculation from the program
CrysAlisPro (Rigaku, V1.171.39.43c, 2018). The maximum resolution that was achieved was @ = 73.814".
The diffraction pattern was indexed using CrysAlisPro (Rigaku, V1.171.39.43c, 2018) and the unit cell was
refined using CrysAlisPro (Rigaku, V1.171.39.43c, 2018) on 24772 reflections, 59% of the observed
reflections.

Data reduction, scaling and absorption corrections were performed using CrysAlisPro (Rigaku,
V1.171.39.43c, 2018). The final completeness is 98.70 % out to 73.814° in @. A numerical absorption
correction based on Gaussian integration over a multifaceted crystal model was applied using CrysAlisPro
1.171.39.43c (Rigaku Oxford Diffraction, 2018). An empirical absorption correction using spherical
harmonics as implemented by SCALE3 ABSPACK algorithm was applied. The absorption coefficient z of this
material is 0.866 mm-! at this wavelength (1 = 1.541844) and the minimum and maximum transmissions are
0.487 and 1.000.

The structure was solved and the space group P2 (# 3) determined by the ShelXT (Sheldrick, 2015) structure
solution program using Intrinsic Phasing and refined by Least Squares using version 2018/3 of ShelXL-2014
(Sheldrick, 2015). All non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were
calculated geometrically and refined using the riding model.Hydrogen atom positions were calculated
geometrically and refined using the riding model.

The value of Z' is 2. This means that there are two independent molecules in the asymmetric unit.

The Flack parameter was refined to -0.02(6). Determination of absolute structure using Bayesian statistics on
Bijvoet differences using the Olex2 results in -0.00(5). Note: The Flack parameter is used to determine
chirality of the crystal studied, the value should be near 0, a value of 1 means that the stereochemistry is
wrong and the model should be inverted. A value of 0.5 means that the crystal consists of a racemic mixture
of the two enantiomers.
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Figure 1: The asymmetric unit contains two molecules of the compound.

Figure 2:
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Inconsistent equivalents 10 Rint 0.051

Rsigma 0.0423 Intensity transformed 0

Omitted reflections 0 Omitted by user (OMIT hkl) 4

Multiplicity (6310, 4911, 3058, 1507, 1006, Maximum multiplicity 18
519, 204, 88, 40, 7, 2)

Removed systematic absences 0 Filtered off (Shel/OMIT) 0

Images of the Crystal on the Diffractometer

Table 1: Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement Parameters (A2x103) for
Aaron-macrocycle_P2. U, is defined as 1/3 of the trace of the orthogonalised Uj;.

Atom X y z Ueq
F1 3107.8(7) -1535(3) 3482.8(6) 40.3(4)
F2 2927.5(7) -699(4) 4163.9(7) 43.1(5)
F3 3029.6(8) 2168(3) 3682.3(7) 44.3(5)
F4 6931.1(8) 10422(4) 11116.2(8) 54.0(5)
F5 6790.1(7) 13309(3) 11567.5(6) 34.1(4)
F6 7051.5(9) 14083(5) 10937.5(8) 63.2(7)
01 4027.6(8) 1790(3) 4704.1(7) 24.9(4)
02 4161.9(10) -1186(3) 5309.5(8) 34.6(5)
03 6006.0(8) 12270(3) 10110.3(7) 24.8(4)
04 5755.0(8) 8401(3) 10163.3(7) 26.6(4)
C1 3780.7(11) 2906(5) 5830.5(10)  22.6(5)
C2 4251.8(11) 2953(5) 5616.8(10)  21.2(5)
C3 4891.6(11) 2815(5) 6079.4(10)  19.9(5)
C4 5096.8(12) 917(5) 6458.4(10)  23.7(6)
C5 5675.7(12) 905(5) 6887.6(10)  24.0(6)
Coé 6074.6(11) 2778(5) 6953.4(10)  21.4(5)
C7 6704.0(11) 2795(5) 7419.2(10)  27.1(6)
C8 6739.8(12) 2951(5) 7994.2(10)  27.6(6)
C9 6465.4(12) 5221(5) 8095.4(10)  23.7(6)
C10 6516.9(12) 5313(5) 8675.3(10)  24.1(5)
C11 6212.8(12) 7497(5) 8772.7(10)  24.6(6)
C12 6209.5(11) 7575(5) 9334.4(9) 21.0(5)
C13 5839.4(11) 9758(5) 9353.0(10)  20.3(5)
C14 5191.4(11) 9689(5) 8912.1(10)  20.0(5)
C15 4964.7(12) 11456(5) 8505.7(11)  25.0(6)
Cl6 4377.1(12) 11353(5) 8087.6(11)  26.2(6)
C17 3996.1(11) 9483(5) 8059.1(10)  20.1(5)
C18 3362.9(11) 9314(5) 7599.5(10)  23.9(6)
C19 3252.2(12) 7142(5) 7217.6(11)  25.3(6)
C20 3625.5(12) 7131(5) 6911.5(11)  26.0(6)
Cc21 3517.0(12) 4965(5) 6538.5(11)  25.0(6)
C22 3874.2(12) 5034(5) 6215.9(11)  24.8(6)
C23 5287.2(11) 4679(5) 6142.9(10)  22.6(5)
C24 5865.8(12) 4667(5) 6573.4(10)  23.7(5)
C25 4809.6(11) 7819(5) 8889.4(10)  23.6(5)
C26 4225.4(11) 7726(5) 8470.6(10)  23.9(5)
Cc27 3147.2(12) 2864(6) 5349.5(11)  35.0(7)

c28 4147.1(11) 936(5) 5211.2(10)  21.4(5)
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Atom X y Z Ueq
29 3900.7(12) 18(5) 42784(10) _ 26.0(6)
30 3240.7(12) -13(6) 3906.9(11)  32.9(7)
31 6844.6(11)  7687(6) 9811.7(10)  31.4(6)
32 5860.6(11)  9970(5) 9917.2(10)  20.3(5)
33 6063.6(11)  12761(5) 10649.8(10)  24.3(5)
C34 67087(12)  12639(5) 11063.1(11)  29.0(6)
F1B 1848.2(8) 11712(3) 498(7)  39.7(4)
F2B 2053.5(8) 10844(4) 890.5(7)  53.2(6)
F3B 1882.0(8) 7990(3) 307.4(7)  43.7(4)
F4B -2001.3(8) -248(4) 43769(8)  50.5(5)
F5B -1810.7(7) -2763(3) 5035.6(6)  32.3(4)
F6B -1985.5(8) -4054(4) 4231.7(8)  51.2(5)
01B 934.2(8) 8649(3) 534.8(7)  23.6(4)
02B 917.9(10)  11669(3) 10803(8)  33.4(5)
03B -990.6(8) -1732(3) 4282.2(7)  22.4(4)
04B -804.5(8) 2223(3) 4505.0(7)  26.6(4)
C1B 12714(11)  7679(5) 1922.1(10)  21.6(5)
C2B 793.8(11)  7555(5) 1304.6(10)  20.6(5)
C3B 155.1(11)  7692(5) 12233(9)  20.3(5)
C4B 47.0(12)  9629(5) 1421.8(10)  22.4(5)
C5B 630.8(12)  9684(5) 1349.5(10)  24.4(6)
C6B -1030.0(11)  7828(5) 1080.7(9)  22.0(5)
C7B 16642(11)  7860(5) 1009.2(10)  26.5(6)
C8B 1693.1(11)  7697(5) 1557.4(10)  24.2(5)
C9B 14332(11)  5398(5) 1880.1(10)  22.5(5)
C10B 1508.1(12)  5231(5) 2401.0(10)  22.6(5)
C11B 1201.5(12)  3046(5) 2755.0(10)  24.1(5)
C12B 12422(11)  2857(5) 32988(10)  20.4(5)
C13B -849.3(11) 741(5) 36483(9)  18.1(5)
C14B -199.2(11) 914(4) 37653(9)  17.7(5)
C15B 47.6(12) -830(5) 3567.6(10)  22.8(5)
C16B 638.0(12) -664(5) 36589(11)  24.7(6)
C17B 1001.5(11) 1259(4) 3953.6(10)  19.3(5)
C18B 1643.5(11) 1494(5) 4061.0(10)  23.3(5)
C19B 17556(11)  3697(5) 3779.4(10)  21.7(5)
C20B 14154(12)  3584(5) 3151.1(10)  23.7(5)
C21B 15484(12)  5680(5) 2863.7(10)  23.4(5)
C22B 1177.7(12)  5569(5) 2236.1(10)  23.1(5)
C23B 247.0(11)  5842(5) 950.0(10)  22.5(5)
C24B 828.8(12)  5903(5) 881.9(10)  24.0(6)
C25B 163.1(11)  2841(5) 4062.7(10)  23.3(5)
C26B 7492(11)  3003(5) 4151.5(10)  23.4(5)
C27B 1901.1(12)  7665(6) 1970.6(11)  33.0(6)
C28B 890.5(12)  9560(5) 9789(10)  21.7(5)
C29B 1057.3(12)  10354(5) 202.4(10)  25.5(6)
C30B 17133(13)  10234(6) 369.5(11)  33.1(7)
C31B 1887.4(12)  2491(6) 3189.4(11)  31.1(6)
C32B -879.9(11) 590(4) 4189.4(10)  19.0(5)
C33B 1060.2(11)  -2166(5) 4766.7(10)  21.9(5)
C34B 17141(12)  -2286(5) 4600.9(10)  27.8(6)

Table 2: Anisotropic Displacement Parameters (x104) Aaron-macrocycle_P2. The anisotropic displacement
factor exponent takes the form: -272[hZa*2 x Us1+ ... +Zhka* x b* x U1z]

Atom Ui1 Uzz Uss Uzs Uiz Uiz
F1 28.1(9) 59.4(12) 28.7(8) -19.7(8) 9.1(7) 0.2(8)
F2 27.6(9) 68.3(13) 39.7(10) -10.2(9) 21.0(8) -6.9(9)
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Atom U1 Uz2 Uss Uzs Uiz Uiz

F3 40.1(11) 53.9(12) 37.5(10) 7.1(9) 16.6(8) 20.2(9)

F4 39.0(11) 61.0(13) 43.9(11) -12.8(10) 3.6(9) 25.4(10)
F5 36.5(9) 41.8(10) 18.0(7) -5.3(7) 7.4(7) 3.0(8)

F6 46.0(12) 105.8(19) 36.2(10) -6.7(11) 17.7(10) -38.8(12)
01 32.9(11) 22.1(9) 22.0(9) 0.3(7) 14.5(8) 0.7(8)

02 54.7(14) 16.9(10) 29.3(10) -1.3(8) 16.8(10) -1.8(9)

03 33.2(11) 21.3(9) 19.2(9) -2.1(7) 11.6(8) -1.9(8)

04 34.1(11) 25.2(10) 23.5(9) 0.3(8) 15.9(8) -5.2(8)

C1 21.1(13) 24.2(13) 20.9(12) -2.6(11) 8.2(11) -0.1(11)
C2 21.6(13) 20.5(12) 20.7(12) 0.1(10) 9.2(11) 0.2(11)
C3 20.2(13) 22.0(12) 18.5(11) -4.1(10) 9.9(10) 1.0(11)
C4 24.9(15) 22.7(13) 24.7(13) -3.7(11) 12.3(12) -3.6(11)
C5 31.0(15) 20.8(13) 21.8(12) 3.5(10) 13.6(12) 5.5(11)
Cé6 21.6(13) 24.1(13) 20.5(12) -3.5(11) 11.4(11) 2.4(11)
Cc7 22.3(14) 34.1(15) 22.5(13) -4.3(12) 8.3(11) 6.3(12)
C8 27.9(15) 32.6(15) 18.6(12) 1.8(11) 7.7(11) 8.8(12)
Cc9 25.7(14) 25.8(14) 19.4(12) 0.3(11) 10.1(11) 4.1(12)
C10 24.2(14) 29.1(14) 19.3(12) 1.2(11) 10.3(11) 1.7(11)
C11 25.9(14) 27.7(14) 19.9(12) 1.0(11) 10.4(11) 3.5(12)
C12 18.4(12) 27.5(13) 17.2(11) 0.0(10) 8.2(10) 1.2(11)
C13 20.8(13) 23.6(13) 16.1(12) -0.3(10) 8.3(11) -3.1(11)
C14 20.1(13) 22.8(13) 17.2(12) -4.3(10) 8.7(11) 0.5(10)
C15 24.9(15) 21.2(13) 26.5(13) 2.5(11) 9.7(12) 0.3(11)
C16 27.6(15) 24.3(14) 22.7(13) 4.1(11) 8.1(12) 3.2(12)
C17 19.4(13) 24.8(13) 16.8(12) -3.9(10) 9.0(11) 4.0(11)
C18 18.1(13) 28.1(14) 24.0(13) -1.3(11) 8.4(11) 3.3(11)
C19 21.0(14) 29.5(15) 23.8(13) -2.2(11) 9.2(11) -0.6(11)
C20 22.9(14) 30.3(15) 25.1(13) -3.4(11) 11.4(12) -0.9(11)
C21 24.1(14) 27.7(14) 21.8(13) -2.1(11) 9.4(12) 1.0(11)
C22 22.0(14) 26.5(14) 25.8(13) -3.4(11) 11.0(12) 0.3(11)
Cc23 24.9(14) 21.1(12) 22.3(13) 2.5(10) 11.4(12) 2.2(11)
C24 23.1(14) 22.8(13) 26.5(13) -0.6(11) 12.6(12) -1.8(11)
C25 25.1(14) 24.7(13) 19.3(12) 5.2(11) 8.9(11) 2.4(11)
C26 20.0(13) 29.3(14) 22.6(12) -2.0(11) 10.0(11) -5.5(12)
Cc27 22.9(14) 52.3(19) 28.1(14) -11.8(14) 10.4(12) -3.4(14)
C28 18.8(13) 23.8(14) 19.3(12) 2.4(10) 7.0(11) 2.7(10)
C29 28.5(15) 32.3(15) 20.6(13) -7.7(11) 14.2(12) -1.8(12)
C30 24.8(15) 49.4(19) 26.5(14) -9.8(13) 13.6(13) -0.6(14)
C31 21.5(14) 48.2(18) 22.0(13) -2.5(13) 7.7(12) 5.9(13)
C32 16.9(13) 23.8(13) 18.8(12) -1.7(10) 7.0(11) -0.3(11)
C33 28.6(14) 25.0(13) 18.5(12) -2.4(11) 10.2(11) 2.8(12)
C34 29.8(15) 34.0(15) 23.7(13) -3.8(12) 12.7(12) -1.1(13)
F1B 38.2(10) 52.4(11) 34.2(9) 6.0(8) 21.7(8) -8.8(8)

F2B 37.3(11) 92.0(16) 23.4(8) -7.7(10) 8.3(8) -25.9(11)
F3B 38.2(10) 50.4(11) 49.1(10) 11.1(9) 25.6(9) 12.8(9)

F4B 39.5(11) 60.0(12) 61.5(12) 34.4(10) 31.4(10) 23.2(9)

F5B 33.3(9) 40.6(10) 31.5(8) 7.2(7) 22.1(7) 1.0(7)

F6B 40.4(11) 73.9(14) 41.0(10) -22.3(10) 20.3(9) -26.3(10)
01B 30.8(10) 23.9(9) 19.2(8) -2.0(7) 14.1(8) -1.5(8)

02B 60.9(14) 17.3(9) 35.3(11) -0.6(8) 33.5(11) -0.6(9)

03B 32.1(10) 18.1(9) 21.2(9) 1.5(7) 15.9(8) -1.6(8)

04B 35.2(11) 24.0(10) 24.3(9) -5.2(8) 16.8(9) -3.6(8)

C1B 22.4(13) 20.6(12) 21.2(12) 1.5(10) 9.5(11) 0.0(11)
C2B 23.0(13) 18.3(12) 20.8(12) 0.7(10) 10.3(11) 0.1(11)
C3B 24.2(13) 19.8(12) 15.0(11) 5.0(10) 7.4(10) 3.0(11)
C4B 27.5(15) 18.8(13) 20.4(12) -1.6(10) 10.5(12) -2.2(11)
C5B 30.8(15) 22.1(13) 23.1(13) 3.8(11) 14.6(12) 5.9(11)
C6B 22.8(13) 25.5(13) 15.1(11) 8.0(10) 6.7(10) 4.3(11)
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Atom Ui Uzz Uss Uzs Uis Uiz
C7B 22.2(13) 34.2(15) 21.2(12) 9.7(12) 8.4(11) 4.6(12)
C8B 21.1(13) 27.8(14) 22.9(12) 4.8(11) 9.5(11) 4.1(11)
C9B 22.6(14) 25.2(13) 19.1(12) 2.6(11) 9.0(11) 4.1(11)
C10B 24.5(14) 22.3(13) 19.8(12) -0.9(10) 9.3(11) 1.4(11)
C11B 26.1(14) 26.8(14) 20.6(12) 1.0(11) 11.7(11) 4.4(11)
C12B 20.5(13) 21.6(12) 19.6(12) 2.4(10) 9.7(10) 3.7(11)
C13B 19.2(13) 18.2(12) 16.9(11) -1.8(10) 8.5(10) -1.4(10)
C14B 17.3(13) 19.8(12) 15.4(11) 4.7(10) 7.1(10) 1.9(10)
C15B 23.7(14) 18.3(13) 25.2(13) -1.8(10) 10.2(12) -0.7(10)
C16B 23.2(14) 22.7(13) 30.8(14) 1.0(11) 14.8(12) 5.8(11)
C17B 16.8(13) 23.6(13) 16.6(11) 7.1(10) 7.0(11) 3.6(10)
C18B 18.4(14) 28.9(14) 20.9(12) 4.7(11) 7.6(11) 3.6(11)
C19B 18.4(13) 24.7(13) 20.9(12) 0.6(10) 8.2(11) 0.8(11)
C20B 25.2(14) 24.0(13) 20.4(12) 1.3(11) 9.0(11) -2.7(11)
C21B 23.8(14) 24.0(13) 22.9(13) 1.3(11) 11.3(11) -0.4(11)
C22B 25.2(14) 21.7(13) 21.0(12) 1.2(11) 9.6(12) -2.2(11)
C23B 26.9(15) 19.1(12) 19.3(12) -0.2(10) 8.8(11) 2.3(11)
C24B 24.3(15) 22.2(13) 21.4(13) 0.1(11) 7.1(12) -2.4(11)
C25B 26.9(14) 24.9(13) 22.3(12) -3.2(11) 15.0(11) 0.0(12)
C26B 22.4(13) 26.8(13) 21.3(12) -5.6(11) 10.4(11) -5.9(11)
C27B 23.8(15) 45.9(18) 27.8(14) 6.3(14) 10.4(12) -4.1(14)
C28B 24.0(14) 20.3(13) 21.7(13) -0.2(10) 11.3(11) 3.1(11)
C29B 31.3(16) 28.1(14) 19.4(12) 1.3(11) 13.8(12) -1.2(12)
C30B 31.0(16) 45.9(18) 22.1(14) 1.6(13) 11.9(13) -6.7(14)
C31B 23.8(14) 42.4(17) 28.2(14) 9.0(13) 12.9(12) 6.4(13)
C32B 16.8(13) 20.0(12) 19.6(12) 2.1(10) 7.9(10) 1.2(10)
C33B 26.8(14) 23.0(13) 17.8(12) 3.4(10) 11.7(11) -0.3(11)
C34B 27.1(14) 34.8(15) 23.0(13) 3.9(12) 12.7(12) -1.9(13)
Table 3: Bond Lengths in A for Aaron-macrocycle_P2.

Atom Atom Length/A Atom Atom Length/A

F1 C30 1.342(3) 9 C10 1.525(3)

F2 C30 1.328(3) C10 C11 1.517(4)

F3 C30 1.347(4) C11 C12 1.535(3)

F4 C34 1.328(3) C12 C13 1.540(3)

F5 C34 1.345(3) C12 C31 1.527(3)

F6 C34 1.331(3) C13 C14 1.515(3)

01 C28 1.356(3) C13 C32 1.518(3)

01 C29 1.438(3) C14 C15 1.388(4)

02 C28 1.201(3) C14 C25 1.393(4)

03 C32 1.361(3) C15 C1e 1.390(4)

03 C33 1.435(3) Cle Cc17 1.388(4)

04 C32 1.199(3) Cc17 C18 1.508(4)

C1 C2 1.543(3) Cc17 C26 1.392(4)

C1 C22 1.522(4) C18 C19 1.529(4)

C1 Cc27 1.527(4) C19 C20 1.516(3)

C2 C3 1.521(3) C20 C21 1.513(4)

C2 C28 1.506(3) C21 C22 1.520(3)

C3 C4 1.394(4) C23 C24 1.385(4)

C3 C23 1.388(4) C25 C26 1.385(4)

C4 C5 1.385(4) C29 C30 1.494(4)

C5 C6 1.395(4) C33 C34 1.490(4)

C6 Cc7 1.505(4) F1B C30B 1.347(3)

C6 C24 1.393(4) F2B C30B 1.319(3)

Cc7 C8 1.530(3) F3B C30B 1.348(4)

C8 C9 1.518(4) F4B C34B 1.326(3)
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Atom Atom Length/f\ Atom Atom Length/f\
F5B C34B 1.341(3) C9B C10B 1.518(3)
F6B C34B 1.342(3) C10B C11B 1.517(4)
01B C28B 1.361(3) C11B C12B 1.535(3)
01B C29B 1.437(3) C12B C13B 1.545(3)
02B C28B 1.194(3) C12B C31B 1.522(3)
03B C32B 1.363(3) C13B C14B 1.518(3)
03B C33B 1.430(3) C13B C32B 1.514(3)
04B C32B 1.201(3) C14B C15B 1.384(3)
C1B C2B 1.554(3) C14B C25B 1.394(4)
C1B C22B 1.528(3) C15B C16B 1.391(3)
C1B C27B 1.527(3) C16B C17B 1.391(4)
C2B C3B 1.519(3) C17B C18B 1.508(3)
C2B C28B 1.509(3) C17B C26B 1.393(3)
C3B C4B 1.398(3) C18B C19B 1.534(3)
C3B C23B 1.390(4) C19B C20B 1.522(3)
C4B C5B 1.389(3) C20B C21B 1.520(3)
C5B C6B 1.386(4) C21B C22B 1.525(3)
C6B C7B 1.515(3) C23B C24B 1.388(4)
C6B C24B 1.392(4) C25B C26B 1.382(3)
C7B C8B 1.531(3) C29B C30B 1.497(4)
C8B C9B 1.513(4) C33B C34B 1.493(3)

Table 4: Bond Angles in ° for Aaron-macrocycle_P2.

Atom Atom Atom Angle/* Atom Atom Atom Angle/*
C28 01 C29 116.5(2) Cle C15 C14 121.0(2)
C32 03 C33 117.09(19) C15 C16 Cc17 121.5(2)
C22 C1 C2 110.3(2) Cle C17 C18 122.0(2)
C22 C1 Cc27 111.9(2) C26 C17 C1e 117.2(2)
Cc27 C1 C2 110.8(2) C26 C17 C18 120.8(2)
C3 C2 C1 112.92(19) Cc17 C18 C19 113.9(2)
C28 C2 C1 111.1(2) C20 C19 C18 114.4(2)
C28 C2 C3 109.3(2) C21 C20 C19 114.0(2)
C4 C3 C2 122.7(2) C20 Cc21 C22 113.4(2)
C23 C3 C2 119.3(2) C21 C22 C1 115.8(2)
C23 C3 C4 117.9(2) C24 C23 C3 121.0(2)
C5 C4 C3 121.0(2) C23 C24 cé 121.5(2)
C4 C5 C6 121.2(2) C26 C25 C14 120.8(2)
C5 C6 Cc7 121.8(2) C25 C26 Cc17 121.7(2)
C24 C6 C5 117.4(2) 01 C28 C2 111.8(2)
C24 C6 Cc7 120.8(2) 02 C28 01 122.5(2)
C6 Cc7 C8 114.0(2) 02 C28 C2 125.7(2)
C9 C8 Cc7 114.6(2) 01 C29 C30 108.6(2)
C8 C9 C10 112.8(2) F1 C30 F3 106.4(2)
C11 C10 C9 113.5(2) F1 C30 C29 110.4(2)
C10 C11 C12 115.6(2) F2 C30 F1 107.6(2)
C11 C12 C13 109.6(2) F2 C30 F3 106.9(2)
C31 C12 C11 111.5(2) F2 C30 C29 112.9(2)
C31 C12 C13 110.5(2) F3 C30 C29 112.3(3)
C14 C13 C12 113.5(2) 03 C32 C13 110.0(2)
C14 C13 C32 109.11(19) 04 C32 03 123.4(2)
C32 C13 C12 110.7(2) 04 C32 C13 126.7(2)
C15 C14 C13 120.7(2) 03 C33 C34 109.0(2)
C15 C14 C25 117.8(2) F4 C34 F5 106.6(2)

C25 C14 C13 121.4(2) F4 C34 F6 107.0(2)



Atom Atom Atom Angle/*
F4 C34 C33 112.4(2)
F5 C34 C33 111.1(2)
F6 C34 F5 106.6(2)
F6 C34 C33 112.8(2)
C28B 01B C29B 116.5(2)
C32B 03B C33B 116.90(19)
C22B C1B C2B 109.3(2)
C27B C1B C2B 110.27(19)
C27B C1B C22B 111.7(2)
C3B C2B C1B 113.15(18)
C28B C2B C1B 110.5(2)
C28B C2B C3B 108.9(2)
C4B C3B C2B 122.1(2)
C23B C3B C2B 120.1(2)
C23B C3B C4B 117.9(2)
C5B C4B C3B 120.8(2)
C6B C5B C4B 121.3(2)
C5B C6B C7B 121.5(2)
C5B C6B C24B 117.9(2)
C24B C6B C7B 120.6(2)
C6B C7B C8B 113.2(2)
C9B C8B C7B 114.5(2)
C8B C9B C10B 112.8(2)
C11B C10B C9B 113.4(2)
C10B C11B C12B 115.3(2)
C11B C12B C13B 109.76(19)
C31B C12B C11B 111.1(2)
C31B C12B C13B 109.9(2)
C14B C13B C12B 113.73(19)
C32B C13B C12B 109.69(19)
C32B C13B C14B 109.43(19)
C15B C14B C13B 120.5(2)
C15B C14B C25B 118.0(2)
C25B C14B C13B 121.5(2)

Table 5: Torsion Angles in ° for Aaron-macrocycle_P2.

Atom Atom Atom Atom Angle/*
01 C29 C30 F1 176.0(2)
01 C29 C30 F2 -63.5(3)
01 C29 C30 F3 57.5(3)
03 C33 C34 F4 -66.4(3)
03 C33 C34 F5 174.3(2)
03 C33 C34 F6 54.6(3)
C1 C2 C3 C4 57.5(3)
C1 C2 C3 Cc23 -120.4(2)
C1 C2 C28 01 118.2(2)
C1 C2 C28 02 -61.6(3)
C2 C1 C22 C21 -169.3(2)
C2 C3 C4 C5 -177.3(2)
C2 C3 Cc23 C24 177.3(2)
C3 C2 C28 01 -116.5(2)
C3 C2 C28 02 63.7(3)
C3 C4 C5 Cé6 -0.5(4)
C3 Cc23 C24 Cé6 0.8(4)

Atom Atom Atom Angle/*
C14B C15B C16B 121.2(2)
C15B C16B C17B 121.1(2)
C16B C17B C18B 122.5(2)
C16B C17B C26B 117.2(2)
C26B C17B C18B 120.2(2)
C17B C18B C19B 113.5(2)
C20B C19B C18B 113.1(2)
C21B C20B C19B 113.9(2)
C20B C21B C22B 112.4(2)
C21B C22B C1B 115.1(2)
C3B C23B C24B 121.0(2)
C23B C24B C6B 121.1(2)
C26B C25B C14B 120.7(2)
C25B C26B C17B 121.8(2)
01B C28B C2B 110.6(2)
02B C28B 01B 123.2(2)
02B C28B C2B 126.2(2)
01B C29B C30B 107.9(2)
F1B C30B C29B 110.3(2)
F2B C30B F1B 108.0(2)
F2B C30B F3B 106.6(3)
F2B C30B C29B 113.1(2)
F3B C30B F1B 106.9(2)
F3B C30B C29B 111.6(2)
03B C32B C13B 109.8(2)
04B C32B 03B 123.7(2)
04B C32B C13B 126.4(2)
03B C33B C34B 108.36(19)
F4B C34B F5B 107.0(2)
F4B C34B F6B 107.1(2)
F4B C34B C33B 113.1(2)
F5B C34B F6B 106.4(2)
F5B C34B C33B 111.4(2)
F6B C34B C33B 111.6(2)
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Atom Atom Atom Atom Angle/*
C4 C3 Cc23 C24 -0.7(3)
C4 C5 Cé6 Cc7 179.7(2)
C4 C5 Cé6 C24 0.5(3)
C5 Cé6 Cc7 C8 -63.9(3)
C5 Cé6 C24 Cc23 -0.7(3)
Cé6 Cc7 C8 Cc9 -61.2(3)
Cc7 Cé6 C24 Cc23 -179.9(2)
Cc7 C8 Cc9 C10 -179.4(2)
C8 Cc9 C10 C11 -176.6(2)
Cc9 C10 C11 C12 175.5(2)
C10 C11 C12 C13 -175.0(2)
C10 C11 C12 C31 62.3(3)
C11 C12 C13 C14 60.4(3)
C11 C12 C13 C32 -176.5(2)
C12 C13 C14 C15 -116.8(3)
C12 C13 C14 C25 61.1(3)
C12 C13 C32 03 130.1(2)
C12 C13 C32 04 -51.4(3)
C13 C14 C15 C16 177.5(2)
C13 C14 C25 C26 -177.3(2)
C14 C13 C32 03 -104.2(2)
C14 C13 C32 04 74.3(3)
C14 C15 C16 C17 -0.2(4)
C14 C25 C26 C17 -0.2(4)
C15 C14 C25 C26 0.6(4)
C15 C16 C17 C18 -178.4(2)
C15 C16 C17 C26 0.7(4)
C16 C17 C18 C19 113.9(3)
C16 C17 C26 C25 -0.5(3)
C17 C18 C19 C20 -61.7(3)
C18 C17 C26 C25 178.6(2)
C18 C19 C20 C21 179.5(2)
C19 C20 C21 C22 177.5(2)
C20 C21 C22 C1 -179.7(2)
C22 C1 C2 C3 59.7(3)
C22 C1 C2 C28 -177.0(2)
Cc23 C3 C4 C5 0.6(3)
C24 Cé6 Cc7 C8 115.2(3)
C25 C14 C15 C16 -0.4(4)
C26 C17 C18 C19 -65.1(3)
Cc27 C1 C2 C3 -175.9(2)
Cc27 C1 C2 C28 -52.6(3)
Cc27 C1 C22 C21 66.9(3)
C28 01 C29 C30 103.6(3)
C28 C2 C3 C4 -66.7(3)
C28 C2 C3 Cc23 115.4(2)
C29 01 C28 02 1.7(4)
C29 01 C28 C2 -178.0(2)
C31 C12 C13 C14 -176.4(2)
C31 C12 C13 C32 -53.2(3)
C32 03 C33 C34 97.2(3)
C32 C13 C14 C15 119.2(2)
C32 C13 C14 C25 -62.9(3)
C33 03 C32 04 3.4(4)
C33 03 C32 C13 -
178.11(19)

01B C29B C30B F1B 176.8(2)

01B C29B C30B F2B -62.1(3)



Atom Atom Atom Atom Angle/*
01B C29B C30B F3B 58.1(3)
03B C33B C34B F4B -61.4(3)
03B C33B C34B F5B 178.1(2)
03B C33B C34B F6B 59.4(3)
C1B C2B C3B C4B 57.0(3)
C1B C2B C3B C23B -122.2(2)
C1B C2B C28B 01B 126.1(2)
C1B C2B C28B 02B -55.0(4)
C2B C1B C22B C21B -170.6(2)
C2B C3B C4B C5B -178.9(2)
C2B C3B C23B C24B 178.6(2)
C3B C2B C28B 01B -109.0(2)
C3B C2B C28B 02B 69.9(3)
C3B C4B C5B C6B 0.1(4)
C3B C23B C24B C6B 0.5(4)
C4B C3B C23B C24B -0.7(4)
C4B C5B C6B C7B 179.0(2)
C4B C5B C6B C24B -0.3(3)
C5B C6B C7B C8B -65.2(3)
C5B C6B C24B C23B 0.0(3)
C6B C7B C8B C9B -61.8(3)
C7B C6B C24B C23B -179.3(2)
C7B C8B C9B C10B -176.1(2)
C8B C9B C10B C11B -174.9(2)
C9B C10B C11B C12B 177.5(2)
C10B C11B C12B C13B -173.2(2)
C10B C11B C12B C31B 65.1(3)
C11B C12B C13B C14B 55.9(3)
C11B C12B C13B C32B 178.8(2)
C12B C13B C14B C15B -117.0(2)
C12B C13B C14B C25B 61.6(3)
C12B C13B C32B 03B 131.5(2)
C12B C13B C32B 04B -50.3(3)
C13B C14B C15B C16B 178.3(2)
C13B C14B C25B C26B -178.1(2)
C14B C13B C32B 03B -103.0(2)
C14B C13B C32B 04B 75.1(3)
C14B C15B C16B C17B 0.2(4)
C14B C25B C26B C17B -0.5(4)
C15B C14B C25B C26B 0.6(4)
C15B C16B C17B C18B 179.9(2)
C15B C16B C17B C26B -0.1(4)
C16B C17B C18B C19B 115.1(3)
C16B C17B C26B C25B 0.2(4)
C17B C18B C19B C20B -63.6(3)
C18B C17B C26B C25B -179.7(2)
C18B C19B C20B C21B -176.7(2)
C19B C20B C21B C22B -177.3(2)
C20B C21B C22B C1B 177.7(2)
C22B C1B C2B C3B 59.8(3)
C22B C1B C2B C28B -177.7(2)
C23B C3B C4B C5B 0.4(3)
C24B C6B C7B C8B 114.1(3)
C25B C14B C15B C16B -0.4(4)
C26B C17B C18B C19B -64.9(3)
C27B C1B C2B C3B -177.0(2)
C27B C1B C2B C28B -54.6(3)
C27B C1B C22B C21B 67.1(3)
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Atom Atom Atom Atom Angle/*
C28B 01B C29B C30B 99.4(3)
C28B C2B C3B C4B -66.3(3)
C28B C2B C3B C23B 114.5(2)
C29B 01B C28B 02B 4.0(4)
C29B 01B C28B C2B -177.0(2)
C31B C12B C13B C14B 178.4(2)
C31B C12B C13B C32B -58.7(3)
C32B 03B C33B C34B 99.1(2)
C32B C13B C14B C15B 119.9(2)
C32B C13B C14B C25B -61.4(3)
C33B 03B C32B 04B 4.5(3)
C33B 03B C32B C13B

177.24(19)

328



329

Table 6: Hydrogen Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement
Parameters (A2x103) for Aaron-macrocycle_P2. U, is defined as 1/3 of the trace of the orthogonalised Uj.

Atom X y Z Ueq
H1 3838.87 1417.26 6044.01 27
H2 4207.62 4485.31 5421.4 25
H4 4840.99 -360.14 6422.28 28
H5 5801.05 -375.76 7136.72 29
H7A 6916.88 4159.71 7370.2 33
H7B 6906.2 1334.9 7398.66 33
H8A 6538.59 1555.85 8047.23 33
H8B 7157.54 2870.15 8269.03 33
H9A 6045.69 5298.2 7825.73 28
H9B 6663.7 6623.82 8041.48 28
H10A 6340.63 3858.89 8736.64 29
H10B 6937.65 5329.69 8943.77 29
H11A 5801.39 7546.94 8483.22 30
H11B 6410.9 8941.41 8737.19 30
H12 6017.59 6097.78 9373.73 25
H13 6022.18 11219.04 9293.16 24
H15 5209.75 12729.35 8513.21 30
H1le 4236.17 12564.47 7821 31
H18A 3269.88 10780.41 7380.3 29
H18B 3091.16 9221.46 7761.05 29
H19A 3335.86 5676.06 7435.97 30
H19B 2831.8 7113.21 6948.5 30
H20A 3539.25 8588.14 6690.01 31
H20B 4046.03 7171.75 7180.08 31
H21A 3093.65 4881.95 6279.45 30
H21B 3620.75 3509.13 6761.73 30
H22A 4296.5 5121.09 6477.84 30
H22B 3772.08 6505.72 5998.13 30
H23 5162.07 5955.91 5892.69 27
H24 6120.38 5949.12 6609.47 28
H25 4948.78 6619.38 9158.69 28
H26 3979.76 6457.4 8463.97 29
H27A 3082.42 4291.05 5128.85 52
H27B 2861.64 2813.75 5491.26 52
H27C 3099.11 1459.46 5125.95 52
H29A 4033.67 -1564.23 4443.05 31
H29B 4111.57 420.45 4067.88 31
H31A 7042.46 9106.84 9774.92 47
H31B 7063.15 6277.03 9804.09 47
H31C 6827.48 7745.84 10156.27 47
H33A 5836.99 11583.49 10740.57 29
H33B 5905.86 14354.71 10655.57 29
H1B 1216.17 9191.66 2079.88 26
H2B 842 6011.03 1153.47 25
H4B 212.4 10895.87 1604.28 27
H5B -756.36 10992.28 1484.09 29
H7BA -1884.57 6514.62 775.82 32
H7BB -1859.37 9339.1 8214 32
H8BA -1479.64 9064.2 1786.17 29
H8BB -2108.59 7825.21 1481.74 29
H9BA -1009.95 5319.97 1980.83 27

H9BB -1627.82 4021.27 1645.32 27



Atom X y Z Ueq
H10C -1346.11 6682.04 2619.1 27
H10D -1932.21 5164.79 2297.27 27
H11C -781.77 3079.64 2841.42 29
H11D -1376.03 1600.41 2538.96 29
H12B -1091.09 4361.57 3506.93 24
H13B -1015.29 -759.67 3443.49 22
H15B -185.46 -2136.09 3370.18 27
H16B 792.41 -1858.43 3520.68 30
H18C 1755.56 43.85 3930.99 28
H18D 1899.36 1608.16 4456.72 28
H19C 1637.8 5146.66 3904.52 26
H19D 2181.16 3813.56 3892.11 26
H20C 1515.18 2084.57 3028.49 28
H20D 989.07 3560.12 3038.74 28
H21C 1970.68 5661.14 2959.15 28
H21D 1465.5 7188.06 2996.65 28
H22C 757.11 5506.24 2145.69 28
H22D 1272.99 4079.35 2106.12 28
H23B -124.41 4542.27 810.61 27
H24B -1088.59 4636.94 700.23 29
H25B 8.95 4029.39 4202.81 28
H26B 981.32 4312.22 4348.7 28
H27D 1963.79 6182.78 1821.78 50
H27E 2191.46 7799.8 2352.75 50
H27F 1943.79 9005.6 1767.83 50
H29C 949.16 11971.7 260.87 31
H29D 825.95 9956.17 -186.45 31
H31D -2039.34 1012.82 2988.64 47
H31E -2127.92 3820.41 2975.5 47
H31F -1901.78 2409.07 3534.97 47
H33C -874.84 -872.72 5031.91 26
H33D -868.03 -3675.15 4937.83 26
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ClsC. O

Macrocycle 2.23

Crystal Data and Experimental

o7A CI9A

Experimental. Single colorless prism-shaped crystals of
atb-40-48 were chosen from the sample as supplied. A
suitable crystal with dimensions 0.28 x 0.21 x 0.17 mm3
was selected and mounted on a loop with paratone on a
Rigaku Synergy-S diffractometer. The crystal was kept at a
steady T = 100.0(2) K during data collection. The structure
was solved with the ShelXT 2018/2 (Sheldrick, 2018)
solution program using dual methods and by using Olex2
1.3-alpha (Dolomanov et al., 2009) as the graphical
interface. The model was refined with ShelXL 2018/3
(Sheldrick, 2015) wusing full matrix least squares
minimisation on FZ,

Crystal Data. C40H44CleFs0s, M, = 979.45, monoclinic, P21
(No. 4), a= 11.00854(7)A, b= 27.37588(17)A, c=
15.61807(10) A, p= 104.1223(7), a= y= 90°, V=
4564.54(5) A3, T= 100.0(2)K, Z= 4, Z'= 2, u(Cu K,) =
4.074 mm-, 61888 reflections measured, 17396 unique
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(Rinc= 0.0415) which were used in all
calculations. The final wR2; was 0.0911 (all
data) and R; was 0.0343 (122 o(1)).



Compound

Formula

Dcalc./ g cm3

4/ mmt
Formula Weight
Color

Shape
Size/mm3

T/K

Crystal System
Flack Parameter
Hooft Parameter
Space Group
a/A

b/A

c/A

af

A

i

V/A3

Z

7
Wavelength/A
Radiation type
("Dmin/o

("Dmax/O
Measured Refl's.
Indep't Refl's
Refl's [22 o(I)
Rint

Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wRz (all data)
WR:

R (all data)

R:

atb-40-48

C40H44Cl6Fs0s
1.425

4.074

979.45
colorless
prism-shaped
0.28x0.21x0.17
100.0(2)
monoclinic
0.005(4)
0.005(4)

P24
11.00854(7)
27.37588(17)
15.61807(10)
90
104.1223(7)
90
4564.54(5)

4

2

1.54184
CuKg

2.918

72.888

61888

17396

16862

0.0415

1177

732

0.460

-0.390

1.045

0.0911
0.0903
0.0354
0.0343
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Structure Quality Indicators

Reflections: I/a(l) Full 135.4°
etiections CIF 29.0 08% to 145.8°  99-8

Refinement: vaPes 0.5 [Pt 0.4 [°F  4.045 """ 005(4)

A colorless prism-shaped-shaped crystal with dimensions 0.28 x 0.21 x 0.17 mm3 was mounted on a loop
with paratone. Data were collected using a XtaLAB Synergy, Dualflex, HyPix diffractometer operating at T =
100.0(2) K.

Data were measured using o scans with Cu K, radiation. The diffraction pattern was indexed and the total
number of runs and images was based on the strategy calculation from the program CrysAlisPro 1.171.40.53
(Rigaku OD, 2019). The maximum resolution that was achieved was @ = 72.888° (0.83 A).

The unit cell was refined using CrysAlisPro 1.171.40.53 (Rigaku OD, 2019) on 50795 reflections, 82% of the
observed reflections.

Data reduction, scaling and absorption corrections were performed using CrysAlisPro 1.171.40.53 (Rigaku
0D, 2019). The final completeness is 99.80 % out to 72.888° in @. A numerical absorption correction based
on gaussian integration over a multifaceted crystal model was performed using CrysAlisPro 1.171.41.108a
(Rigaku Oxford Diffraction, 2021). An empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm was also applied. The absorption coefficient x of this
material is 4.074 mm-! at this wavelength (1 = 1.541844) and the minimum and maximum transmissions are
0.453 and 1.000.

The structure was solved and the space group P21 (# 4) determined by the ShelXT 2018/2 (Sheldrick, 2018)
structure solution program and refined by full matrix least squares minimisation on F2 using version 2018/3
of ShelXL 2018/3 (Sheldrick, 2015). All non-hydrogen atoms were refined anisotropically. Hydrogen atom
positions were calculated geometrically and refined using the riding model.

The X-ray structure is disordered and the asymmetric unit contains two equivalent forms of the trichloro
acetate with two major spatial arrangements. The group pivots about the macrocycle with the C of the CCl3
group in an almost fixed position and is readily interpreted as 2 conformers. There is less than a 10%
contribution from the second conformer to the overall structure.

The Flack parameter was refined to 0.005(4). Determination of absolute structure using Bayesian statistics
on Bijvoet differences using the Olex2 results in 0.005(4). Note: The Flack parameter is used to determine
chirality of the crystal studied, the value should be near 0, a value of 1 means that the stereochemistry is
wrong and the model should be inverted. A value of 0.5 means that the crystal consists of a racemic mixture
of the two enantiomers.
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Figure 5: A thermal ellipsoid representation of the asymmetric unit showing the orientation of the major
substituents. The value of Z' is 2. This means that there are two independent molecules in the asymmetric unit.

Figure 6: The disorder model showing the major (blue) and minor (red) substituents.
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Figure 7: The structure with its major components (91-93%).

Figure 8: The structure with its minor components (7-9%).
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Data Plots: Refinement and Data
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hKlmax collected (10, 33,18) hKlmin collected (-13,-32,-19)
hKlmax used (13,33,19) hKlmin used (-13,-32,0)
Lim dmax collected 100.0 Lim dmin collected 0.77
dmax used 15.15 dmin used 0.81
Friedel pairs 4597 Friedel pairs merged 0
Inconsistent equivalents 63 Rint 0.0415
Rsigma 0.0345 Intensity transformed 0
Omitted reflections 0 Omitted by user (OMIT hkl) 34
Multiplicity (6157, 5992, 3763, 2350, 1471, Maximum multiplicity 13
892,508,372, 225,103, 43, 26,
1)
Removed systematic absences 0 Filtered off (Shel/OMIT) 0

Table 7: Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement Parameters (A2x103) for
atb-40-48. U is defined as 1/3 of the trace of the orthogonalised U

Atom X y Z Ueq
F1 13332(3) -3089.1(11) 10089(2) 58.5(7)
F2 14008(3) -2533.0(11) 11049.7(15) 59.5(8)
F3 15263(3) -3097.8(11) 10822.2(18) 65.6(9)
F4 8045(2) 2937.1(9) 5431.3(16) 39.6(5)
F5 6399(2) 3160.6(10) 4461(2) 52.6(7)
F6 6251(3) 2912.7(11) 5740(2) 66.3(9)
03 13627(2) -2210.8(10) 9351.1(14) 23.9(5)
04 14707(2) -1920.7(10) 8418.6(17) 28.6(5)
07 7177(2) 1981.1(9) 5403.4(15) 22.3(5)
08 8919(2) 1962.6(9) 4888.4(14) 21.8(4)
C4 13224(2) 315.6(12) 10022.2(17) 18.2(6)
C5 13121(3) -185.0(12) 9581.7(18) 16.2(6)
Cé6 13925(3) -339.5(13) 9056(2) 20.3(6)
Cc7 13773(3) -794.1(12) 8662(2) 19.2(6)
C8 12832(3) -1111.9(12) 8774.2(19) 16.2(6)
Cc9 12612(3) -1612.7(12) 8338.9(19) 17.5(6)
C10 13766(3) -1922.5(12) 8679.6(19) 17.9(6)
C11 14699(4) -2497.1(14) 9736(2) 29.8(8)
C12 14318(5) -2805.0(15) 10425(2) 41.8(10)
C13 12280(3) -1608.5(12) 7314.7(19) 17.0(6)
C14 11219(3) -1245.9(12) 6954.6(19) 18.2(6)
C15 10942(3) -1159.9(11) 5961.4(19) 16.0(6)
Cl6 9836(3) -815.5(11) 5660.5(19) 16.6(6)
C17 9344(3) -768.5(11) 4660.7(19) 17.7(6)
C18 8104(3) -477.7(12) 4454.7(15) 16.6(6)
C22 8262(3) 26.1(11) 4866.8(19) 15.3(6)
C23 9134(3) 356.1(12) 4679.9(19) 17.5(6)
C24 9287(3) 812.6(12) 5077.3(18) 16.0(6)
C25 8585(3) 947.0(11) 5677.5(18) 15.5(6)
C26 8768(3) 1445.1(11) 6124.6(19) 16.2(6)
Cc27 8353(3) 1822.2(11) 5405.7(19) 15.7(6)
C28 6625(3) 2324.7(14) 4728(2) 27.7(7)
C29 6843(4) 2831.3(14) 5105(3) 36.2(9)



Atom X y Z Ueq
30 10122(3) 1534.2(12) 6670(2) 17.8(6)
31 10404(3) 1157.2(12) 7414.7(19)  18.6(6)
32 11736(3) 1146.8(12) 7990(2) 20.2(6)
33 11882(3) 761.8(12) 8710(2) 20.6(6)
C34 13166(3) 742.0(12)  9349(2) 21.0(6)
35 10265(3) 2059.9(13) 7020(2) 27.1(7)
36 7717(3) 618.5(12) 5856(2) 18.7(6)
37 7552(3) 160.1(12) 5448(2) 18.9(6)
38 11899(3) -2126.7(12) 6990(2) 23.7(7)
39 12051(3) 959.7(12)  9296(2) 19.9(6)
C40 12191(3) 504.9(13)  9699(2) 20.2(6)
A 14844(14) 1686(3) 12243(12)  45.0(3)
CI2A 16877(10) 1106(6) 13266(8) 32.7(2)
CI3A 14418(9) 678(4) 12635(7) 28.6(5)
01A 14794(15) 838(5) 10884(6) 22.6(4)
02A 15180(20) 30(5) 10930(30)  31.5(7)
Cl1A 15514(8) 1097(4) 12378(6) 25.0(6)
C2A 15863(11) 931(6) 11554(8) 28.6(5)
C3A 14464(12) 366(5) 10710(11)  23.7(6)
CI1B 16332.9(9) 1338.0(6) 11512.5(6)  385(2)
CI2B 14407.9(10) 1631.0(6) 12361.0(8)  45.0(3)
CI3B 16697.1(9) 1198.2(6) 13397.1(6)  32.7(2)
01B 14120.6(18) 642.3(9) 114249(13)  22.6(4)
02B 15364(2) 1609(11)  108332(19)  315(7)
C1B 15579(2) 1184.5(10)  12353.1(14)  25.0(6)
C2B 15012(2) 685.5(9) 12219.7(13)  28.6(5)
C3B 14372(2) 352.7(14)  10791.4(17)  23.7(6)
cl10 9804.3(10) 1717.8(6) 12236.7(7)  37.7(3)
c1 11830.8(12) 1164.3(8) 133372(7)  38.7(3)
cl12 9436.2(9) 703.6(6) 126092(6)  34.9(2)
013A 9962(2) 914.0(9) 10886.1(13)  23.2(5)
014A 10427(3) 1184(15)  10802(2) 25.0(5)
C59A 10531(2) 1137.9(10)  12405.1(14)  24.1(7)
C60A 10979(2) 980.4(10)  11612.2(14)  24.4(7)
C61A 9712(2) 4528(10)  10582.8(19) 19.5(7)
Cl4 11260(7) 1317(3) 11524(5) 24.4(7)
cls 11783(11) 1129(6) 13399(5) 38.7(3)
cl6 9450(9) 1588(4) 12503(7) 37.7(3)
013B 9153(8) 635(4) 11405(11)  23.2(5)
014B 10480(30) 149(18) 10906(15)  25.0(5)
C59B 10592(8) 1146(3) 12399(4) 24.1(7)
C60B 9981(12) 653(3) 12237(7) 24.4(7)
C61B 9492(8) 360(3) 10782(6) 19.5(7)
Cl4B 4794.7(7) -1581.1(5) 26843(5)  26.56(18)
CISB 4742.2(7) -1286.3(5) 894.3(5)  27.51(18)
CI6B 6965.1(8) -1733.5(6) 1992.6(6)  36.2(2)
05B 6847(2) -847.8(8) 3172.4(12)  23.2(4)
06B 7589(2) -100.9(9) 2993.6(15)  24.9(5)
C19B 5687(2) -1336.2(9) 1988.7(13)  20.7(6)
C20B 6171(2) -836.2(9) 2290.8(13)  24.0(5)
C21B 7527(3) -441.2(10) 34703(15)  19.0(5)
Cl4A 6940(20) 1732(8) 1230(14)  26.56(18)
Cl5A 5500(20) -1703(9) 2548(15)  26.56(18)
Cl6A 5350(20) -904(7) 1313(16)  36.2(2)
05A 6948(18) -727(10) 3040(9) 23.2(4)
06A 8270(50) -95(14) 3087(11)  24.9(5)
C19A 6364(15) -1348(5) 1947(11)  20.7(6)
C20A 7415(14) -1092(8) 2584(17)  24.0(5)
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Atom X y Z Ueq
C21A 7770(30) 1387(6) 3464(3) 19.0(5)
CI7A -7.3(8) -1204.2(6) 7231(5)  27.12(15)
CI8A -569.5(7) -705.8(6) 22121(5)  27.12(15)
Cl9A 527.8(9) -1670.4(6) 24364(6)  33.8(2)
01AC 2161(2) -815.8(11) 3013.7(15)  28.2(6)
02AC 3584(3) -255.1(11) 2857.4(16)  30.5(6)
C41A 491(2) -1106.3(9) 18683(13)  20.6(7)
C42A 1781(2) -881.2(10) 2099.9(13)  23.6(7)
C43A 3066(3) -483.6(12) 3321.1(15)  19.2(6)
CI7B 1940(7) -1709(4) 1945(6) 27.12(15)
CISB 271(8) 1241(4) 882(5) 27.12(15)
CI9B -240(8) -1579(4) 2643(6) 33.8(2)
01AB 2270(20) -868(4) 2973(17)  28.2(6)
02AB 2920(30) -95(7) 2897(13)  30.5(6)
C41B 679(6) 1315(3) 1971(5) 20.6(7)
C42B 1141(9) -824(3) 2337(8) 23.6(7)
C43B 2833(14) 451(4) 3328(3) 19.2(6)
F7 3005(2) 2918.9(9) 5342.4(16)  39.1(5)
F8 1406(2) 3152.1(9) 43383(18)  45.1(6)
F9 1176(3) 2907.5(10) 5600(2) 54.9(7)
F10 8134(3) 3161.8(11)  9753(2) 69.2(9)
F11 9878(3) 31741(12)  107435(19)  67.0(9)
F12 8399(4) 26913(12)  10877.7(19)  69.9(10)
011 2110.3(19) 1968.3(9) 5289.3(14)  20.4(4)
012 3874.9(19) 1945.6(9) 4802.2(14)  20.3(4)
015 8484(2) 2190.5(10)  9410.4(16)  31.1(6)
016 9699(2) -1860.8(10) 8613.9(18)  32.0(6)
Ca4 3328(3) 484.5(12)  4323.8(15)  17.4(6)
c45 3390(3) 221(11)  4715(2) 15.8(6)
C46 4282(3) 362.8(12)  46002(19)  17.0(6)
c47 4379(3) 814.1(12) 5011.3(19)  16.9(6)
48 3587(3) 932.7(11) 5566.7(19)  16.5(6)
C49 3686(3) 1426.8(11) 6024.5(19)  15.5(6)
50 3290(3) 1808.3(11) 5311.2(19)  15.7(6)
51 1589(3) 2314.4(13)  4618(2) 25.4(7)
C52 1805(4) 28180(14)  4982(3) 34.4(9)
C53 5004(3) 1536.3(12) 6614.3(19)  18.1(6)
C54 5289(3) 1161.7(12) 7370(2) 20.0(6)
c55 6604(3) 1188.6(12) 79684(19)  18.4(6)
C56 6833(3) 798.3(13) 8685(2) 21.4(6)
57 8172(3) 809.7(12)  9266(2) 20.0(6)
58 8414(2) 4018(12)  9965.3(19)  20.9(6)
62 8212(3) 109.3(12)  9570.9(19)  18.7(6)
63 8902(3) -276.7(12) 8985(2) 20.0(6)
C64 8709(3) -740.8(12) 8621(2) 18.9(6)
65 7810(3) -1052.8(12) 8825(2) 18.1(6)
66 7573(3) -1561.9(12) 8440(2) 19.2(6)
c67 8704(3) -1875.3(12) 8806(2) 19.8(6)
68 9512(4) 2494.6(15)  9826(3) 37.0(9)
69 8961(5) 2879.7(16)  10296(3) 45.0(11)
70 7259(3) -1585.0(12) 74201(19)  17.5(6)
c71 6171(3) 11239.1(12) 7022.2(19)  18.3(6)
72 5982(3) 1150.6(12) 6040(2) 17.6(6)
c73 4879(3) -813.3(11) 5676.9(19)  16.0(6)
C74 4557(3) 767.8(11)  4669.7(19)  16.8(6)
c75 6933(3) -2110.8(12) 7120(2) 21.7(6)
76 7123(3) -883.8(13)  9403(2) 21.3(6)
c77 7323(3) 4187(13)  9772(2) 21.0(6)
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Atom X y z Ueq
C78 5053(4) 2061.6(12) 6959(2) 26.5(7)
C79 2695(3) 595.1(12) 5675(2) 19.8(6)
C80 2597(3) 142.6(12) 5245(2) 19.0(6)

Table 8: Anisotropic Displacement Parameters (x10%) for atb-40-48. The anisotropic displacement factor

exponent takes the form: -272[h2a*? x Ui1#+ ... +2hka* x b* x U1z]
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Atom U1 Uz2 Uss Uzs Uiz Uiz
F1 96(2) 33.2(14) 57.3(16) 11.0(12) 41.0(16) -3.7(14)
F2 115(2) 45.0(15) 23.5(11) 11.7(10) 27.4(14) 28.4(15)
F3 108(2) 45.8(16) 42.9(15) 26.5(12) 18.5(15) 40.5(16)
F4 57.6(14) 17.7(10) 46.1(13) -1.2(9) 17.4(11) 0.2(9)
F5 57.6(15) 33.5(13) 76.9(18) 34.4(12) 36.1(14) 26.3(11)
F6 102(2) 35.7(14) 89(2) 20.1(14) 77(2) 28.6(14)
03 29.9(12) 26.0(12) 13.9(10) 6.4(9) 1.7(9) 2.5(9)
04 17.9(11) 33.8(13) 34.9(13) 14.7(11) 8.0(10) 6.0(9)
07 20.7(10) 18.9(11) 30.1(12) 9.9(9) 11.5(9) 6.1(8)
08 22.4(11) 21.4(11) 22.2(11) 3.5(9) 6.9(9) 2.3(9)
C4 17.6(14) 20.5(15) 14.2(14) -4.9(11) -0.3(11) 4.3(11)
C5 18.7(13) 17.9(14) 10.0(13) -0.7(11) -0.6(11) 5.7(11)
Cé6 16.0(14) 23.5(16) 21.5(15) -2.0(12) 5.2(12) -1.9(11)
Cc7 17.7(13) 23.3(16) 17.4(14) -2.6(11) 5.8(11) 3.2(11)
C8 15.3(13) 19.5(14) 12.2(13) 0.7(11) 0.4(11) -0.2(11)
Cc9 16.5(13) 18.5(14) 16.3(14) 2.2(11) 1.9(11) -1.7(11)
C10 20.7(15) 15.5(14) 14.9(14) 3.3(11) -0.5(11) -1.3(11)
C11 42(2) 21.2(16) 21.6(16) 8.1(13) -0.5(15) 10.5(14)
C12 79(3) 27.4(19) 20.3(17) 9.0(15) 14.1(19) 13(2)
C13 17.2(13) 16.8(14) 15.7(14) -0.2(11) 1.7(11) 1.6(11)
C14 20.7(14) 15.7(14) 16.9(14) -1.4(11) 1.9(11) 4.3(11)
C15 15.9(13) 14.2(13) 16.7(14) 1.0(11) 1.8(11) 0.5(11)
Cl16 18.1(13) 14.3(14) 15.2(14) -2.1(10) -0.4(11) 0.1(11)
C17 20.5(14) 14.1(14) 17.7(14) -2.4(11) 3.2(11) -0.9(11)
C18 16.5(13) 16.6(14) 14.9(14) -0.9(11) 0.5(11) -2.7(11)
C22 15.4(13) 13.0(13) 14.3(14) 1.2(10) -2.6(11) 0.4(10)
Cc23 19.6(14) 17.1(14) 14.4(14) -1.0(11) 1.4(11) -0.7(11)
C24 17.1(13) 16.5(14) 12.8(13) 2.0(11) 0.5(11) 0.9(11)
C25 16.5(13) 15.7(14) 11.6(13) 2.9(10) -1.9(11) 1.9(10)
C26 18.7(14) 15.0(14) 14.2(13) 1.6(11) 29(11) -0.6(11)
Cc27 15.9(13) 12.5(13) 16.7(14) 0.9(11) 0.2(11) 2.9(10)
C28 17.2(14) 28.5(18) 37.2(19) 16.8(15) 6.5(13) 8.0(12)
C29 41(2) 24.3(19) 52(2) 18.7(16) 28.0(18) 17.7(15)
C30 18.3(14) 17.6(14) 15.6(14) 0.6(11) 0.5(11) -0.4(11)
C31 21.7(14) 16.1(14) 15.8(14) 2.0(11) 0.4(12) -2.7(11)
C32 22.2(15) 17.5(14) 19.8(15) 3.7(12) 3.2(12) -1.0(11)
C33 20.5(14) 19.1(15) 19.3(15) 2.7(12) -0.7(12) -2.0(11)
C34 21.9(14) 16.4(15) 22.5(15) -0.6(12) 0.9(12) 0.5(11)
C35 39.0(19) 17.7(16) 20.4(16) -3.1(12) -0.8(14) -3.6(13)
C36 18.0(14) 19.1(15) 19.7(14) -2.7(11) 5.7(11) 0.6(11)
C37 15.6(13) 17.6(14) 22.3(15) 0.9(12) 2.3(11) -0.3(11)
C38 32.0(17) 16.0(15) 20.7(15) 1.1(12) 1.7(13) 3.7(12)
C39 18.4(14) 24.2(16) 15.3(14) 2.3(12) 0.8(11) 0.2(12)
C40 18.7(14) 25.5(16) 16.6(14) 1.4(12) 5.0(11) 5.8(12)
CI1A 30.8(5) 32.6(5) 64.4(7) -19.5(4) -2.3(5) 10.0(4)
CI2A 30.5(4) 36.4(6) 25.2(5) -13.6(4) -4.6(3) 0.3(4)
CI3A 24.3(8) 37.0(10) 20.2(9) -11.0(8) -2.9(7) 5.2(8)
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Atom U1 Uz2 Uss Uzs Uiz Uiz
01A 21.6(8) 29.0(8) 15.0(8) -4.9(7) 0.4(7) 2.7(7)
02A 26.7(11) 32.1(9) 28.5(13) -10.2(10) -7.0(10) 8.2(9)
C1A 19.2(11) 31.3(14) 20.7(9) -10.9(9) -2.4(9) 1.0(11)
C2A 24.3(8) 37.0(10) 20.2(9) -11.0(8) -2.9(7) 5.2(8)
C3A 20.3(10) 28.7(9) 19.9(14) -5.6(8) 0.8(9) 3.7(6)
Cl1B 32.8(5) 44.6(6) 36.7(5) 12.0(4) 6.0(4) -9.6(4)
CI2B 30.8(5) 32.6(5) 64.4(7) -19.5(4) -2.3(5) 10.0(4)
CI3B 30.5(4) 36.4(6) 25.2(5) -13.6(4) -4.6(3) 0.3(4)
01B 21.6(8) 29.0(8) 15.0(8) -4.9(7) 0.4(7) 2.7(7)
02B 26.7(11) 32.1(9) 28.5(13) -10.2(10) -7.0(10) 8.2(9)
C1B 19.2(11) 31.3(14) 20.7(9) -10.9(9) -2.4(9) 1.0(11)
C2B 24.3(8) 37.0(10) 20.2(9) -11.0(8) -2.9(7) 5.2(8)
C3B 20.3(10) 28.7(9) 19.9(14) -5.6(8) 0.8(9) 3.7(6)
Cl10 45.3(6) 25.7(5) 38.0(6) -5.2(4) 2.2(4) 9.5(4)
Cl11 39.1(5) 47.0(6) 21.2(4) -7.6(4) -9.6(4) 3.7(4)
Cl12 36.0(5) 40.2(5) 30.5(5) 6.1(4) 11.8(4) -3.8(4)
013A 23.3(12) 23.1(13) 20.5(12) -1.3(10) 0.0(10) -0.8(9)
014A 22.8(11) 29.3(14) 19.6(13) -7.9(11) -1.1(10) 4.0(10)
C59A 24.9(16) 24.6(16) 19.5(15) -0.1(12) -0.7(13) 1.2(12)
C60A 23.7(16) 28.4(17) 17.7(15) -0.2(13) -1.4(12) -3.9(13)
C61A 23.9(17) 20.7(17) 14.2(15) -2.5(12) 5.1(13) -1.7(13)
Cl4 23.7(16) 28.4(17) 17.7(15) -0.2(13) -1.4(12) -3.9(13)
CI5 39.1(5) 47.0(6) 21.2(4) -7.6(4) -9.6(4) 3.7(4)
Cl6 45.3(6) 25.7(5) 38.0(6) -5.2(4) 2.2(4) 9.5(4)
013B 23.3(12) 23.1(13) 20.5(12) -1.3(10) 0.0(10) -0.8(9)
014B 22.8(11) 29.3(14) 19.6(13) -7.9(11) -1.1(10) 4.0(10)
C59B 24.9(16) 24.6(16) 19.5(15) -0.1(12) -0.7(13) 1.2(12)
C60B 23.7(16) 28.4(17) 17.7(15) -0.2(13) -1.4(12) -3.9(13)
C61B 23.9(17) 20.7(17) 14.2(15) -2.5(12) 5.1(13) -1.7(13)
Cl4B 29.9(4) 25.3(4) 23.5(4) -0.4(3) 4.7(3) -5.9(3)
CI5B 31.1(4) 29.7(4) 16.1(3) -3.2(3) -5.1(3) -2.8(3)
Cl6B 29.5(4) 35.2(5) 41.4(5) -6.6(4) 4.0(4) 7.7(3)
05B 29.8(9) 19.0(8) 16.3(8) -0.7(6) -3.2(7) -6.8(7)
06B 29.5(10) 21.0(9) 21.5(10) 2.4(7) 1.2(8) -4.5(8)
C19B 20.9(9) 21.6(9) 17.1(9) -4.3(7) -0.5(7) -1.6(8)
C20B 28.7(11) 21.7(9) 16.7(9) -1.5(7) -3.8(7) -5.1(8)
C21B 22.2(10) 16.2(8) 16.0(10) -1.7(6) -0.8(8) -2.3(7)
Cl4A 29.9(4) 25.3(4) 23.5(4) -0.4(3) 4.7(3) -5.9(3)
CI5A 29.9(4) 25.3(4) 23.5(4) -0.4(3) 4.7(3) -5.9(3)
Cl6A 29.5(4) 35.2(5) 41.4(5) -6.6(4) 4.0(4) 7.7(3)
0O5A 29.8(9) 19.0(8) 16.3(8) -0.7(6) -3.2(7) -6.8(7)
06A 29.5(10) 21.0(9) 21.5(10) 2.4(7) 1.2(8) -4.5(8)
C19A 20.9(9) 21.6(9) 17.1(9) -4.3(7) -0.5(7) -1.6(8)
C20A 28.7(11) 21.7(9) 16.7(9) -1.5(7) -3.8(7) -5.1(8)
C21A 22.2(10) 16.2(8) 16.0(10) -1.7(6) -0.8(8) -2.3(7)
CI7A 24.1(3) 35.9(3) 20.7(3) -4.0(2) 4.0(2) -0.3(2)
CI8A 24.1(3) 35.9(3) 20.7(3) -4.0(2) 4.0(2) -0.3(2)
CI9A 39.4(5) 25.6(4) 29.9(5) 7.2(3) -4.2(4) -7.8(4)
01AC 29.1(12) 33.6(13) 17.8(11) -1.9(10) -1.9(9) -12.4(10)
02AC 41.2(16) 33.8(14) 16.8(12) -1.6(10) 7.4(11) -13.3(12)
C41A 20.0(14) 20.5(16) 19.6(15) 2.5(12) 1.6(12) -1.1(12)
C42A 18.4(15) 33.8(18) 16.9(15) -1.9(13) 1.0(12) -2.3(13)
C43A 18.6(14) 17.4(14) 18.8(14) 1.6(11) -0.6(11) 0.3(11)
Cl7B 24.1(3) 35.9(3) 20.7(3) -4.0(2) 4.0(2) -0.3(2)
CI8B 24.1(3) 35.9(3) 20.7(3) -4.0(2) 4.0(2) -0.3(2)
CI9B 39.4(5) 25.6(4) 29.9(5) 7.2(3) -4.2(4) -7.8(4)
01AB 29.1(12) 33.6(13) 17.8(11) -1.9(10) -1.9(9) -12.4(10)
02AB 41.2(16) 33.8(14) 16.8(12) -1.6(10) 7.4(11) -13.3(12)
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Atom Ui Uzz Uss Uzs Uis Uiz
C41B 20.0(14) 20.5(16) 19.6(15) 2.5(12) 1.6(12) -1.1(12)
C42B 18.4(15) 33.8(18) 16.9(15) -1.9(13) 1.0(12) -2.3(13)
C43B 18.6(14) 17.4(14) 18.8(14) 1.6(11) -0.6(11) 0.3(11)
F7 49.4(13) 18.6(10) 47.6(13) 1.1(9) 8.5(11) -0.3(9)
F8 50.2(13) 31.1(12) 62.8(16) 28.7(11) 30.6(12) 21.3(10)
F9 83.9(19) 32.5(13) 67.2(17) 14.4(12) 54.5(16) 20.5(12)
F10 93(2) 31.1(14) 88(2) 2.2(14) 29.9(19) -9.1(14)
F11 109(2) 45.5(16) 50.8(16) 28.5(13) 27.4(16) 41.9(16)
F12 118(3) 61.9(19) 44.4(15) 27.7(14) 47.6(17) 46.5(18)
011 18.5(10) 19.1(11) 24.1(11) 8.2(9) 6.5(8) 5.8(8)
012 19.5(10) 21.6(11) 20.2(11) 1.6(9) 5.8(9) 2.9(8)
015 30.3(12) 32.2(13) 29.4(13) 16.2(11) 4.8(10) 4.0(10)
016 20.2(11) 32.7(14) 42.6(15) 14.3(11) 6.6(10) 4.0(9)
C44 17.6(13) 17.7(14) 15.3(13) -2.1(11) 0.9(11) -2.0(11)
C45 17.1(13) 12.8(13) 14.6(14) -0.6(10) -1.7(11) -0.5(10)
C46 15.4(13) 19.1(14) 14.9(14) -0.7(11) 0.6(11) 1.0(11)
C47 16.4(13) 16.8(14) 14.7(13) 1.5(11) -1.8(11) -0.9(11)
C48 18.7(14) 13.8(14) 14.4(13) 1.8(11) -1.0(11) 3.0(11)
C49 21.2(14) 12.9(13) 12.8(13) 2.0(10) 4.7(11) 1.2(11)
C50 16.1(13) 13.1(13) 15.2(14) -2.1(11) -1.6(11) 2.6(10)
C51 19.6(14) 25.8(17) 30.3(17) 14.3(14) 5.0(13) 4.0(12)
C52 35.0(19) 23.4(18) 51(2) 18.2(16) 22.6(17) 13.6(14)
C53 20.3(14) 17.3(14) 14.7(14) 1.5(11) 0.4(11) -0.9(11)
C54 21.4(15) 19.1(15) 16.4(14) 2.6(11) -1.2(12) -0.7(11)
C55 20.5(14) 18.2(14) 14.8(14) 0.0(11) 1.3(11) 0.8(11)
C56 22.4(15) 21.2(15) 18.4(15) 2.4(12) 0.6(12) 0.1(12)
C57 16.6(14) 19.2(15) 21.1(15) 0.3(12) -1.0(12) 2.1(11)
C58 22.4(15) 22.0(16) 16.0(14) -2.2(12) 0.4(12) 6.2(12)
C62 18.0(14) 22.7(16) 12.6(14) 0.1(11) -1.7(11) 4.0(11)
C63 14.9(14) 23.9(16) 21.6(15) -0.7(12) 5.1(12) -0.1(11)
C64 16.4(13) 21.5(15) 18.6(14) -1.7(12) 3.9(11) 1.2(11)
C65 13.2(13) 24.1(16) 15.2(14) 3.0(11) -0.1(11) 1.1(11)
C66 16.0(13) 20.9(15) 19.7(15) 49(12) 2.8(11) -2.3(11)
ce67 20.7(15) 15.8(14) 18.2(14) 1.1(11) -4.1(12) -1.5(11)
Cc68 47(2) 23.9(18) 37(2) 11.3(15) 3.0(17) 13.1(16)
C69 77(3) 31(2) 32(2) 9.1(16) 21(2) 16(2)
C70 17.6(13) 19.9(15) 13.3(13) 1.4(11) 0.5(11) -0.1(11)
C71 21.6(14) 15.5(14) 16.8(14) -1.5(11) 3.1(11) 1.9(11)
C72 17.7(13) 17.2(14) 16.6(14) 1.4(11) 1.9(11) 0.0(11)
C73 17.2(13) 13.1(14) 16.1(14) -0.4(10) 0.8(11) 0.2(10)
C74 23.0(14) 12.7(13) 14.3(13) -0.8(10) 3.7(11) -1.8(11)
C75 27.2(16) 16.9(15) 20.3(15) 2.5(12) 4.7(13) 2.2(12)
C76 17.7(14) 27.4(16) 17.6(15) 49(12) 1.6(12) -0.3(12)
Cc77 19.0(14) 28.8(17) 13.4(14) 1.8(12) 0.1(11) 6.2(12)
C78 40.2(19) 17.6(16) 18.3(16) -2.1(12) 0.3(14) -3.2(13)
C79 19.7(14) 18.6(15) 20.8(15) -2.6(12) 4.3(12) 0.9(11)
C80 15.4(13) 19.0(15) 20.3(15) -1.0(12) -0.2(11) -3.8(11)
Table 9: Bond Lengths in A for atb-40-48.

Atom Atom Length/A Atom Atom Length/A

F1 C12 1.335(6) C29 1.351(4)

F2 C12 1.337(5) C29 1.332(5)

F3 C12 1.339(5) C10 1.351(4)

F4 C29 1.329(5) C11 1.422(4)



Atom Atom Length/f\
04 C10 1.202(4)
07 Cc27 1.364(4)
07 C28 1.434(4)
08 Cc27 1.198(4)
C4 C5 1.525(4)
C4 C34 1.561(4)
C4 C3A 1.524(3)
C4 C3B 1.520(3)
C5 Cé6 1.411(4)
C5 C40 1.393(4)
Cé6 Cc7 1.381(4)
Cc7 C8 1.396(4)
C8 Cc9 1.523(4)
C8 C39 1.386(4)
Cc9 C10 1.512(4)
Cc9 C13 1.552(4)
C11 C12 1.504(5)
C13 C14 1.532(4)
C13 C38 1.530(4)
C14 C15 1.524(4)
C15 C16 1.521(4)
C16 C17 1.528(4)
C17 C18 1.545(4)
C18 C22 1.514(4)
C18 C21B 1.517(3)
C18 C21A 1.521(3)
C22 Cc23 1.400(4)
C22 C37 1.384(4)
Cc23 C24 1.387(4)
C24 C25 1.402(4)
C25 C26 1.523(4)
C25 C36 1.389(4)
C26 Cc27 1.512(4)
C26 C30 1.545(4)
C28 C29 1.503(6)
C30 C31 1.529(4)
C30 C35 1.534(4)
C31 C32 1.522(4)
C32 C33 1.521(4)
C33 C34 1.520(4)
C36 C37 1.399(4)
C39 C40 1.387(5)
CI1A C1A 1.765(3)
CI2A C1A 1.777(3)
CI3A C1A 1.780(3)
01A C2A 1.394(3)
01A C3A 1.352(3)
02A C3A 1.202(3)
C1A C2A 1.502(3)
Cl1B C1B 1.767(2)
CI2B C1B 1.779(2)
CI3B C1B 1.788(2)
01B C2B 1.387(2)
01B C3B 1.348(2)
02B C3B 1.199(3)
C1B C2B 1.495(3)
Cl10 C59A 1.768(2)
Cl11 C59A 1.776(2)

343

Atom Atom Length/f\
Cl12 C59A 1.776(2)
013A C60A 1.397(2)
013A C61A 1.353(2)
014A C61A 1.202(3)
C59A C60A 1.503(3)
C61A C58 1.523(3)
Cl4 C59B 1.765(3)
CI5 C59B 1.777(3)
Cl6 C59B 1.780(3)
013B C60B 1.394(3)
013B C61B 1.353(3)
014B C61B 1.202(3)
C59B C60B 1.502(3)
C61B C58 1.520(3)
Cl4B C19B 1.765(2)
CI5B C19B 1.7761(19)
Cl6B C19B 1.777(2)
05B C20B 1.397(2)
05B C21B 1.358(2)
06B C21B 1.205(3)
C19B C20B 1.502(3)
Cl4A C19A 1.765(3)
CI5A C19A 1.777(3)
Cl6A C19A 1.780(3)
0O5A C20A 1.395(3)
0O5A C21A 1.352(3)
06A C21A 1.202(3)
C19A C20A 1.502(3)
CI7A C41A 1.759(2)
CI8A C41A 1.777(2)
CI9A C41A 1.777(2)
01AC C42A 1.397(2)
01AC C43A 1.348(2)
02AC C43A 1.201(3)
C41A C42A 1.509(3)
C43A C44 1.521(3)
Cl7B C41B 1.765(3)
CI8B C41B 1.777(3)
CI9B C41B 1.780(3)
01AB C42B 1.394(3)
01AB C43B 1.353(3)
02AB C43B 1.202(3)
C41B C42B 1.502(3)
C43B C44 1.520(3)
F7 C52 1.333(5)
F8 C52 1.351(4)
F9 C52 1.341(4)
F10 C69 1.329(6)
F11 C69 1.346(5)
F12 C69 1.323(5)
011 C50 1.363(4)
011 C51 1.426(4)
012 C50 1.199(4)
015 c67 1.344(4)
015 Cc68 1.427(4)
016 c67 1.205(4)
C44 C45 1.510(4)
C44 C74 1.539(4)
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Atom Atom Length/f\ Atom Atom Length/f\
C45 C46 1.397(4) C62 C63 1.401(4)
C45 C80 1.383(4) C62 C77 1.387(5)
C46 C47 1.384(4) C63 C64 1.387(4)
C47 C48 1.410(4) C64 C65 1.403(4)
C48 C49 1.521(4) C65 C66 1.515(4)
C48 C79 1.389(4) C65 C76 1.390(4)
C49 C50 1.512(4) C66 c67 1.506(4)
C49 C53 1.546(4) C66 C70 1.546(4)
C51 C52 1.488(5) Ccé68 C69 1.495(6)
C53 C54 1.537(4) C70 C71 1.534(4)
C53 C78 1.532(4) C70 C75 1.529(4)
C54 C55 1.521(4) C71 C72 1.517(4)
C55 C56 1.523(4) C72 C73 1.520(4)
C56 C57 1.532(4) C73 C74 1.531(4)
C57 C58 1.539(4) C76 C77 1.393(5)
C58 C62 1.523(4) C79 C80 1.401(4)

Table 10: Bond Angles in ° for atb-40-48.

Atom Atom Atom Angle/* Atom Atom Atom Angle/*
C10 03 C11 114.3(3) C22 C18 Cc17 112.1(2)
Cc27 07 C28 116.3(2) C22 C18 C21B  110.3(2)
C5 C4 C34 112.4(2) C22 C18 C21A  105.0(7)
C3A C4 C5 110.7(8) C21B (18 Cc17 112.1(2)
C3A C4 C34 106.9(5) C21A (18 Cc17 106.2(11)
C3B C4 C5 111.9(2) C23 C22 C18 120.8(3)
C3B C4 C34 111.8(3) C37 C22 C18 119.7(3)
C6 C5 C4 122.9(3) C37 C22 C23 119.4(3)
C40 C5 C4 118.8(3) C24 C23 C22 120.2(3)
C40 C5 C6 118.3(3) C23 C24 C25 120.6(3)
Cc7 C6 C5 120.4(3) C24 C25 C26 120.6(3)
Cé6 Cc7 C8 121.2(3) C36 C25 C24 118.9(3)
Cc7 C8 C9 123.1(3) C36 C25 C26 120.5(3)
C39 C8 Cc7 118.2(3) C25 C26 C30 113.3(2)
C39 C8 C9 118.6(3) Cc27 C26 C25 106.8(2)
C8 C9 C13 115.2(2) Cc27 C26 C30 112.2(2)
C10 C9 C8 108.6(2) 07 Cc27 C26 109.5(2)
C10 C9 C13 109.5(2) 08 Cc27 07 123.0(3)
03 C10 C9 110.9(3) 08 Cc27 C26 127.4(3)
04 C10 03 122.4(3) 07 C28 C29 108.6(3)
04 C10 C9 126.7(3) F4 C29 F5 106.6(3)
03 C11 C12 105.3(3) F4 C29 F6 107.5(4)
F1 C12 F2 106.4(4) F4 C29 C28 113.6(3)
F1 C12 F3 107.4(3) F5 C29 C28 109.2(4)
F1 C12 C11 112.8(3) F6 C29 F5 106.8(3)
F2 C12 F3 107.6(3) F6 C29 C28 112.7(3)
F2 C12 C11 112.1(3) C31 C30 C26 107.6(2)
F3 C12 C11 110.3(4) C31 C30 C35 112.2(3)
C14 C13 C9 110.5(2) C35 C30 C26 110.3(2)
C38 C13 C9 108.1(2) C32 C31 C30 116.7(3)
C38 C13 C14 110.9(2) C33 C32 C31 111.2(2)
C15 C14 C13 114.8(2) C34 C33 C32 115.1(3)
C16 C15 C14 110.9(2) C33 C34 C4 110.3(2)
C15 Cl6 C17 115.1(2) C25 C36 C37 120.6(3)

C16 C17 C18 109.3(2) C22 C37 C36 120.3(3)



Atom Atom Atom Angle/*
C8 C39 C40 121.4(3)
C39 C40 C5 120.6(3)
C3A 01A C2A 117.4(3)
CI1A C1A CI2A 109.22(19)
CI1A C1A CI3A 109.24(18)
CI2A C1A CI3A 108.84(18)
C2A C1A CI1A 111.2(2)
C2A C1A CI2A 109.2(2)
C2A C1A CI3A 109.1(2)
01A C2A C1A 110.7(3)
01A C3A C4 112.2(10)
02A C3A C4 122.9(15)
02A C3A 01A 123.2(4)
C3B 01B C2B 118.68(18)
Cl1B C1B CI2B 108.33(14)
Cl1B C1B CI3B 109.20(12)
CI2B C1B CI3B 108.56(12)
C2B C1B Cl1B 111.68(15)
C2B C1B CI2B 110.51(15)
C2B C1B CI3B 108.50(15)
01B C2B C1B 112.50(17)
01B C3B C4 109.8(2)
02B C3B C4 125.7(2)
02B C3B 01B 124.4(2)
C61A 013A C60A 117.38(19)
Cl10 C59A Cl11 109.28(13)
Cl10 C59A Cl12 108.98(13)
Cl11 C59A Cl12 109.05(13)
C60A C59A Cl10 111.24(16)
C60A C59A Cl11 109.06(15)
C60A C59A Cl12 109.21(15)
013A C60A C59A 110.34(17)
013A C61A C58 112.7(2)
014A C61A 013A 123.2(2)
014A C61A C58 124.0(3)
C61B 013B  C60B 117.2(3)
Cl4 C59B CI5 109.24(19)
Cl4 C59B Cl6 109.18(18)
CI5 C59B Cl6 108.87(18)
C60B C59B Cl4 111.2(2)
C60B C59B CI5 109.2(2)
C60B C59B Cl6 109.2(2)
013B  C60B C59B 110.7(3)
013B  C61B C58 105.4(9)
014B C61B 013B  123.2(4)
014B C61B C58 131.3(10)
C21B 05B C20B 115.82(17)
Cl4B C19B CI5B 109.77(12)
Cl4B C19B Cl6B 108.93(12)
CI5B C19B Cl6B 109.13(11)
C20B C19B Cl4B 111.13(15)
C20B C19B CI5B 108.16(14)
C20B C19B Cl6B 109.70(15)
05B C20B C19B 110.59(16)
05B C21B C18 110.6(2)
06B C21B C18 127.2(2)
06B C21B 05B 122.1(2)
C21A 0O5A C20A 117.3(3)

Atom Atom Atom Angle/*
Cl4A C19A CI5A 109.27(18)
Cl4A C19A Cl6A 109.22(18)
CI5A C19A Cl6A 108.88(18)
C20A C19A Cl4A 111.1(2)
C20A C19A CI5A 109.2(2)
C20A C19A Cl6A 109.1(2)
0O5A C20A C19A 110.6(3)
0O5A C21A C18 110.7(4)
06A C21A C18 125.4(8)
06A C21A 0O5A 123.3(4)
C43A 01AC C42A 117.5(2)
CI7A C41A CI8A 109.65(12)
CI7A C41A CI9A 109.81(12)
CI9A C41A CI8A 108.78(12)
C42A C41A CI7A 110.35(14)
C42A C41A CI8A 108.96(15)
C42A C41A CI9A 109.26(15)
01AC C42A C41A 109.06(16)
01AC C43A C44 107.7(2)
02AC C43A 01AC 123.7(2)
02AC C43A C44 128.5(2)
C43B 01AB (C42B 117.2(3)
Cl7B C41B CI8B 109.30(18)
Cl7B C41B CI9B 109.21(18)
CI8B C41B CI9B 108.94(18)
C42B C41B Cl7B 111.1(2)
C42B C41B CI8B 109.1(2)
C42B C41B CI9B 109.1(2)
01AB (C42B C41B 110.6(3)
01AB (C43B C44 112.5(11)
02AB  (C43B 01AB  123.1(4)
02AB  (C43B C44 124.4(12)
C50 011 C51 116.2(2)
c67 015 Ccé68 115.8(3)
C43A C44 C74 107.0(2)
C43B C44 C74 117.1(7)
C45 C44 C43A 113.2(2)
C45 C44 C43B 109.1(5)
C45 C44 C74 111.8(2)
C46 C45 C44 121.7(3)
C80 C45 C44 119.2(3)
C80 C45 C46 118.9(3)
C47 C46 C45 120.9(3)
C46 C47 C48 120.1(3)
C47 C48 C49 120.6(3)
C79 C48 C47 119.0(3)
C79 C48 C49 120.4(3)
C48 C49 C53 113.7(2)
C50 C49 C48 107.0(2)
C50 C49 C53 111.4(2)
011 C50 C49 110.0(2)
012 C50 011 123.0(3)
012 C50 C49 126.9(3)
011 C51 C52 109.6(3)
F7 C52 F8 106.5(3)
F7 C52 F9 106.9(4)
F7 C52 C51 113.8(3)
F8 C52 C51 110.5(3)
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Atom Atom Atom Angle/*
F9 C52 F8 106.3(3)
F9 C52 C51 112.4(3)
C54 C53 C49 108.3(2)
C78 C53 C49 109.8(3)
C78 C53 C54 111.9(3)
C55 C54 C53 115.1(3)
C54 C55 C56 112.3(3)
C55 C56 C57 112.6(3)
C56 C57 C58 112.3(2)
C61A C58 C57 110.8(2)
C61B C58 C57 127.9(3)
C61B C58 C62 106.1(4)
C62 C58 C61A 111.2(2)
C62 C58 C57 113.4(2)
C63 C62 C58 121.0(3)
C77 C62 C58 120.7(3)
C77 C62 C63 118.2(3)
C64 C63 C62 121.0(3)
C63 C64 C65 120.7(3)
C64 C65 C66 122.1(3)
C76 C65 C64 118.1(3)
C76 C65 C66 119.7(3)
C65 C66 C70 114.9(2)

Table 11: Torsion Angles in ° for atb-40-48.

Atom Atom Atom Atom Angle/*
03 C11 C12 F1 58.9(4)
03 C11 C12 F2 -61.2(4)
03 C11 C12 F3 179.0(3)
07 C28 C29 F4 57.2(4)
07 C28 C29 F5 176.0(3)
07 C28 C29 F6 -65.4(4)
C4 C5 Cé6 Cc7 -178.9(3)
C4 C5 C40 C39 178.8(3)
C5 C4 C34 C33 66.1(3)
C5 C4 C3A 01A 157.9(15)
C5 C4 C3A 02A -8(3)
C5 C4 C3B 01B -146.4(3)
C5 C4 C3B 02B 34.5(5)
C5 Cé6 Cc7 C8 -0.3(5)
Cé6 C5 C40 C39 -1.0(4)
Cé6 Cc7 C8 Cc9 178.8(3)
Cé6 Cc7 C8 C39 -0.1(4)
Cc7 C8 Cc9 C10 62.5(4)
Cc7 C8 Cc9 C13 -60.6(4)
Cc7 C8 C39 C40 0.0(4)
C8 Cc9 C10 03 96.6(3)
C8 Cc9 C10 04 -82.5(4)
C8 Cc9 C13 C14 -50.0(3)
C8 Cc9 C13 C38 -171.6(2)
C8 C39 C40 C5 0.6(4)
Cc9 C8 C39 C40 -179.0(3)
Cc9 C13 C14 C15 171.8(2)
C10 03 C11 C12 -177.0(3)

Atom Atom Atom Angle/*
c67 C66 C65 109.1(2)
ce67 C66 C70 108.9(3)
015 c67 C66 111.0(3)
016 c67 015 121.8(3)
016 c67 C66 127.2(3)
015 Cc68 C69 105.2(3)
F10 C69 F11 107.1(4)
F10 C69 Cc68 113.2(4)
F11 C69 Cc68 109.5(4)
F12 C69 F10 107.6(4)
F12 C69 F11 107.1(3)
F12 C69 Cc68 112.1(4)
C71 C70 C66 110.4(2)
C75 C70 C66 109.3(2)
C75 C70 C71 110.8(2)
C72 C71 C70 114.2(2)
C71 C72 C73 112.0(2)
C72 C73 C74 113.3(2)
C73 C74 C44 111.4(2)
C65 C76 C77 121.1(3)
C62 C77 C76 120.9(3)
C48 C79 C80 120.3(3)
C45 C80 C79 120.8(3)
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Atom Atom Atom Atom Angle/*
C10 Cc9 C13 C14 -172.8(2)
C10 Cc9 C13 C38 65.7(3)
C11 03 C10 04 1.9(4)
C11 03 C10 Cc9 -177.2(3)
C13 Cc9 C10 03 -136.9(3)
C13 Cc9 C10 04 44.1(4)
C13 C14 C15 C16 177.1(2)
C14 C15 C16 C17 -170.6(2)
C15 C16 C17 C18 170.9(2)
C16 C17 C18 C22 58.4(3)
C16 C17 C18 C21B -176.9(2)
C16 C17 C18 C21A 172.6(7)
C17 C18 C22 Cc23 56.9(3)
C17 C18 C22 C37 -121.9(3)
C17 C18 C21B 05B 83.5(3)
C17 C18 C21B 06B -99.3(4)
C17 C18 C21A 0O5A 96.3(13)
C17 C18 C21A 06A -75(3)
C18 C22 Cc23 C24 -178.6(2)
C18 C22 C37 C36 177.9(3)
C22 C18 C21B 05B -150.8(3)
C22 C18 C21B 06B 26.4(4)
C22 C18 C21A 0O5A -144.7(9)
C22 C18 C21A 06A 44(3)
C22 Cc23 C24 C25 0.8(4)
Cc23 C22 C37 C36 -0.9(4)
Cc23 C24 C25 C26 179.1(3)
Cc23 C24 C25 C36 -1.1(4)
C24 C25 C26 Cc27 65.0(3)
C24 C25 C26 C30 -59.1(3)
C24 C25 C36 C37 0.4(4)
C25 C26 Cc27 07 100.8(3)
C25 C26 Cc27 08 -77.4(4)
C25 C26 C30 C31 -63.1(3)
C25 C26 C30 C35 174.2(3)
C25 C36 C37 C22 0.6(4)
C26 C25 C36 C37 -179.8(3)
C26 C30 C31 C32 174.6(3)
Cc27 07 C28 C29 -96.2(3)
Cc27 C26 C30 C31 175.9(2)
Cc27 C26 C30 C35 53.2(3)
C28 07 Cc27 08 1.2(4)
C28 07 Cc27 C26 -177.1(3)
C30 C26 Cc27 07 -134.5(3)
C30 C26 Cc27 08 47.3(4)
C30 C31 C32 C33 179.1(3)
C31 C32 C33 C34 -177.0(3)
C32 C33 C34 C4 -176.8(3)
C34 C4 C5 Cé6 54.9(4)
C34 C4 C5 C40 -124.9(3)
C34 C4 C3A 01A 35(2)
C34 C4 C3A 02A -130(3)
C34 C4 C3B 01B 86.5(3)
C34 C4 C3B 02B -92.6(4)
C35 C30 C31 C32 -63.9(4)
C36 C25 C26 Cc27 -114.9(3)
C36 C25 C26 C30 121.1(3)
C37 C22 Cc23 C24 0.2(4)
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Atom Atom Atom Atom Angle/*
C38 C13 C14 C15 -68.3(3)
C39 C8 Cc9 C10 -118.6(3)
C39 C8 Cc9 C13 118.3(3)
C40 C5 Cé6 Cc7 0.9(4)
CI1A C1A C2A 01A -69.7(8)
CI2A C1A C2A 01A 169.7(8)
CI3A C1A C2A 01A 50.8(8)
C2A 01A C3A C4 175.1(10)
C2A 01A C3A 02A -19(3)
C3A C4 C5 Cé6 -64.6(9)
C3A C4 C5 C40 115.6(8)
C3A C4 C34 C33 -172.2(10)
C3A 01A C2A C1A -103.0(16)
Cl1B C1B C2B 01B -60.1(2)
CI2B C1B C2B 01B 60.6(2)
CI3B C1B C2B 01B 179.49(17)
C2B 01B C3B C4 173.9(2)
C2B 01B C3B 02B -7.0(5)
C3B C4 C5 Cé6 -72.0(4)
C3B C4 C5 C40 108.3(3)
C3B C4 C34 C33 -167.1(2)
C3B 01B C2B C1B 111.9(3)
Cl10 C59A C60A 013A -64.7(2)
Cl11 C59A C60A 013A 174.70(17)
Cl12 C59A C60A 013A 55.6(2)
013A C61A C58 C57 47.6(4)
013A C61A C58 C62 174.7(3)
014A C61A C58 C57 -134.5(4)
014A C61A C58 C62 -7.5(5)
C60A 013A C61A 014A -13.1(5)
C60A 013A C61A C58 164.7(2)
C61A 013A C60A C59A -112.3(3)
C61A C58 C62 C63 -66.5(4)
C61A C58 C62 C77 114.5(3)
Cl4 C59B C60B 013B -51.9(8)
CI5 C59B C60B 013B -172.5(7)
Cl6 C59B C60B 013B 68.6(7)
013B C61B C58 C57 83.4(5)
013B C61B C58 C62 -138.2(5)
014B C61B C58 C57 -95(4)
014B C61B C58 C62 44(4)
C60B 013B C61B 014B -3(4)
C60B 013B C61B C58 178.9(8)
C61B 013B C60B C59B 108.9(6)
C61B C58 C62 C63 -86.1(6)
C61B C58 C62 C77 94.9(6)
Cl4B C19B C20B 05B 55.1(2)
CI5B C19B C20B 05B 175.70(18)
Cl6B C19B C20B 05B -65.4(2)
C20B 05B C21B C18 174.0(2)
C20B 05B C21B 06B -3.4(4)
C21B C18 C22 Cc23 -68.7(3)
C21B C18 C22 C37 112.5(3)
C21B 05B C20B C19B 168.0(2)
Cl4A C19A C20A 0O5A 170(2)
CI5A C19A C20A 0O5A -70(2)
Cl6A C19A C20A 0O5A 49(2)

C20A 05A C21A C18 -105(2)



Atom Atom Atom Atom Angle/*
C20A 0O5A C21A 06A 67(4)
C21A C18 C22 Cc23 -57.9(12)
C21A C18 C22 C37 123.3(12)
C21A 0O5A C20A C19A -163.6(13)
CI7A C41A C42A 01AC -178.95(19)
CI8A C41A C42A 01AC 60.6(2)
CI9A C41A C42A 01AC -58.1(2)
01AC C43A C44 C45 -133.3(3)
01AC C43A C44 C74 103.1(3)
02AC C43A C44 C45 50.2(5)
02AC C43A C44 C74 -73.4(4)
C42A 01AC C43A 02AC -2.4(5)
C42A 01AC C43A C44 -179.2(3)
C43A 01AC C42A C41A -158.6(3)
C43A C44 C45 C46 -61.2(4)
C43A C44 C45 C80 122.8(3)
C43A C44 C74 C73 -177.2(2)
Cl7B C41B C42B 01AB -32.8(19)
CI8B C41B C42B 01AB -153.4(19)
CI9B C41B C42B 01AB 87.7(19)
01AB C43B C44 C45 -154.5(12)
01AB C43B C44 C74 77.3(12)
02AB C43B C44 C45 25.3(13)
02AB C43B C44 C74 -102.9(13)
C42B 01AB C43B 02AB -44(3)
C42B 01AB C43B C44 136(3)
C43B 01AB C42B C41B 176.7(19)
C43B C44 C45 C46 -71.5(7)
C43B C44 C45 C80 112.6(7)
C43B C44 C74 C73 -174.7(4)
011 C51 C52 F7 55.5(4)
011 C51 C52 F8 175.2(3)
011 C51 C52 F9 -66.3(4)
015 Ccé68 C69 F10 63.3(4)
015 Ccé68 C69 F11 -177.3(3)
015 Ccé68 C69 F12 -58.6(5)
C44 C45 C46 C47 -175.7(3)
C44 C45 C80 C79 174.9(3)
C45 C44 C74 C73 58.4(3)
C45 C46 C47 C48 1.1(4)
C46 C45 C80 C79 -1.1(4)
C46 C47 C48 C49 179.8(3)
C46 C47 C48 C79 -1.5(4)
C47 C48 C49 C50 66.1(3)
C47 C48 C49 C53 -57.4(3)
C47 C48 C79 C80 0.6(4)
C48 C49 C50 011 103.8(3)
C48 C49 C50 012 -73.2(4)
C48 C49 C53 C54 -64.0(3)
C48 C49 C53 C78 173.5(3)
C48 C79 C80 C45 0.7(5)
C49 C48 C79 C80 179.3(3)
C49 C53 C54 C55 174.7(3)
C50 011 C51 C52 -95.2(3)
C50 C49 C53 C54 174.9(2)
C50 C49 C53 C78 52.5(3)
C51 011 C50 012 0.0(4)
C51 011 C50 C49 -177.2(3)
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Atom Atom Atom Atom Angle/*
C53 C49 C50 011 -131.3(3)
C53 C49 C50 012 51.6(4)
C53 C54 C55 C56 -178.4(3)
C54 C55 C56 C57 177.6(3)
C55 C56 C57 C58 -177.7(3)
C56 C57 C58 C61A -174.8(2)
C56 C57 C58 C61B -164.7(8)
C56 C57 C58 C62 59.3(3)
C57 C58 C62 C63 59.1(3)
C57 C58 C62 C77 -119.8(3)
C58 C62 C63 C64 -179.5(3)
C58 C62 C77 C76 179.1(3)
C62 C63 C64 C65 0.5(5)
C63 C62 C77 C76 0.1(4)
C63 C64 C65 C66 180.0(3)
C63 C64 C65 C76 -0.2(4)
C64 C65 C66 c67 67.6(4)
C64 C65 C66 C70 -55.0(4)
C64 C65 C76 C77 -0.3(4)
C65 C66 c67 015 105.6(3)
C65 C66 c67 016 -74.0(4)
C65 C66 C70 C71 -53.0(3)
C65 C66 C70 C75 -175.2(2)
C65 C76 C77 C62 0.3(4)
C66 C65 C76 C77 179.6(3)
C66 C70 C71 C72 167.2(2)
c67 015 Ccé68 C69 -167.3(3)
c67 C66 C70 C71 -175.7(2)
Cc67 C66 C70 C75 62.2(3)
Ccé68 015 c67 016 1.8(5)
Ccé68 015 c67 C66 -177.8(3)
C70 C66 c67 015 -128.3(3)
C70 C66 c67 016 52.1(4)
C70 C71 C72 C73 178.9(2)
C71 C72 C73 C74 -172.7(2)
C72 C73 C74 C44 171.8(2)
C74 C44 C45 C46 59.7(3)
C74 C44 C45 C80 -116.3(3)
C75 C70 C71 C72 -71.6(3)
C76 C65 C66 c67 -112.3(3)
C76 C65 C66 C70 125.1(3)
C77 C62 C63 C64 -0.5(4)
C78 C53 C54 C55 -64.1(4)
C79 C48 C49 C50 -112.6(3)
C79 C48 C49 C53 124.0(3)
C80 C45 C46 C47 0.2(4)

350

Table 12: Hydrogen Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters

(A2x103) for atb-40-48. U is defined as 1/3 of the trace of the orthogonalised U

Atom

X y z
H4 12491.1 350.96 10268.84 22
H6 14560.11 -134.02 8974.95 24
H7 14307.76 -890.4 8314.56 23
H9 11915.42 -1766.75 8525.76 21



Atom X y Z Ueq
H11A 15403.89 -2289.61 10003.42 36
H11B 14931.76 -2701.55 9294.15 36
H13 13021.08 -1511.64 7113.5 20
H14A 10462.33 -1364.57 7098.93 22
H14B 11430.92 -935.51 7253.07 22
H15A 11674.93 -1021.17 5812.44 19
H15B 10757.49 -1469.4 5654.76 19
H16A 10080.06 -493.88 5902.44 20
H16B 9156.88 -927.88 5906.69 20
H17A 9204.4 -1090.56 4395.88 21
H17B 9957.35 -601.19 4413.76 21
H18 7512.74 -657.01 4715.91 20
H23 9612.57 269.05 4288.41 21
H24 9861.03 1031.46 4944.3 19
H26 8208.1 1465.75 6524.59 19
H28A 5732.96 2263.03 4523.36 33
H28B 7000.1 2291.76 4229.78 33
H30 10698.42 1483.23 6289.47 21
H31A 9839.77 1215.7 7793.58 22
H31B 10211.2 835.92 7155.06 22
H32A 12313.19 1077.17 7625.54 24
H32B 11945.72 1465.1 8258.39 24
H33A 11261.01 822.85 9044.52 25
H33B 11701.44 444.22 8432.87 25
H34A 13335.18 1049.34 9664.88 25
H34B 13801.95 693.71 9023.3 25
H35A 11120.22 211597 7330.61 33
H35B 9729.92 2108.82 7414.3 33
H35C 10036.1 2283.85 6534.44 33
H36 7241.78 704.04 6250.12 22
H37 6962.61 -55.67 5568.37 23
H38A 11157.13 -2219.86 7169.5 28
H38B 12565.22 -2349.25 7239.45 28
H38C 11734.87 -2136.22 6357.78 28
H39 11418.69 -1166.88 9377.47 24
H40 11659.19 -412.6 10050.52 24
H2AA 16361.82 1180.78 11361.55 34
H2AB 16365.42 636.12 11677.45 34
H2BA 15669.86 447.32 12236.36 34
H2BB 14625.72 612.55 12700.64 34
H60A 11535.98 1226.58 11474.71 29
H60B 11443.23 677.25 11742.04 29
H60C 10618.86 404.04 12277.75 29
H60D 9530.69 586.79 12686.38 29
H20A 6705.77 -719.54 1924.44 29
H20B 5472.72 -611.56 2226.93 29
H20C 7885.56 -1326.73 3000.71 29
H20D 7978.7 -948.16 2264.02 29
H42A 2367.51 -1093.2 1905.76 28
H42B 1765.98 -568.92 1803.97 28
H42C 1259.08 -614.43 1862.18 28
H42D 521.02 -672.75 2598.94 28
H44 2652.35 -663.79 4493.41 21
H46 4818.19 285.43 4242.86 20
H47 4968.22 1039.33 4921.12 20
H49 3087.6 1432.64 6397.29 19
H51A 696.72 2256.41 4402.84 30
H51B 1975.76 2277.81 4126.04 30
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Atom X y Z Ueq
H53 5622.12 1499.8 6261.18 22
H54A 4691.46 1207.17 7728.41 24
H54B 5160.59 836.59 7117.19 24
H55A 6730.09 1508.42 8243.18 22
H55B 7209.18 1149.67 7614.61 22
H56A 6670.46 479.38 8410.43 26
H56B 6249.58 845.95 9053.65 26
H57A 8324.11 1123.92 9559.37 24
H57B 8757.09 774.84 8894.85 24
H58 7805.85 446.17 10324.48 25
H63 9497.43 -73.7 8838.19 24
H64 9181.38 -846.13 8236.89 23
H66 6864.42 -1701.15 8633.5 23
H68A 10141.03 -2307.71 10240.35 44
H68B 9896.54 -2639.99 9390.25 44
H70 7997.8 -1482.94 7220.54 21
H71A 5405.75 -1374.16 7126.96 22
H71B 6321.16 -927.95 7326.77 22
H72A 5839.73 -1460.62 5730.59 21
H72B 6735.89 -1007.33 5930.91 21
H73A 5070.55 -491.45 5934.17 19
H73B 4151.13 -935.24 5856.09 19
H74A 4477 .42 -1091.49 4409.19 20
H74B 5232.68 -600.43 44919 20
H75A 6217.83 -2216.41 7319.96 26
H75B 7632.54 -2319.58 7364.1 26
H75C 6744.81 -2126.46 6487.06 26
H76 6519.32 -1084.54 9545.48 26
H77 6855.27 -314.29 10159.53 25
H78A 4839.63 2283.6 6469.83 40
H78B 5882.26 2132.22 7304.26 40
H78C 4466.49 2098 7320.34 40
H79 2160.23 669.76 6035.15 24
H80 1990.06 -79.47 5317.33 23

Table 13: Atomic Occupancies for all atoms that are not fully occupied in atb-40-48.

Atom  Occupancy
Cl1A 0.0657(18)
CI2A 0.0657(18)
CI3A 0.0657(18)
01A 0.0657(18)
02A 0.0657(18)
Cl1A 0.0657(18)
C2A 0.0657(18)
H2AA 0.0657(18)
H2AB 0.0657(18)
C3A 0.0657(18)
Cl1B 0.9343(18)
CI2B 0.9343(18)
CI3B 0.9343(18)
01B 0.9343(18)
02B 0.9343(18)
C1B 0.9343(18)
C2B 0.9343(18)

Atom  Occupancy Atom  Occupancy
H2BA 0.9343(18) 014B 0.0907(17)
H2BB 0.9343(18) C59B 0.0907(17)
C3B 0.9343(18) C60B 0.0907(17)
Cl10 0.9093(17) H60C 0.0907(17)
Cl11 0.9093(17) H60D 0.0907(17)
Cl12 0.9093(17) C61B 0.0907(17)
013A 0.9093(17) Cl4B 0.9786(12)
014A 0.9093(17) CI5B 0.9786(12)
C59A 0.9093(17) Cl6B 0.9786(12)
C60A 0.9093(17) O5B 0.9786(12)
H60A 0.9093(17) 06B 0.9786(12)
H60B 0.9093(17) C19B 0.9786(12)
C61A 0.9093(17) C20B 0.9786(12)
Cl4 0.0907(17) H20A 0.9786(12)
CI5 0.0907(17) H20B 0.9786(12)
Cle 0.0907(17) C21B 0.9786(12)
013B 0.0907(17) Cl4A 0.0214(12)

Atom  Occupancy
CI5A 0.0214(12)
Cl6A 0.0214(12)
0O5A 0.0214(12)
06A 0.0214(12)
C19A 0.0214(12)
C20A 0.0214(12)
H20C 0.0214(12)
H20D 0.0214(12)
C21A 0.0214(12)
Cl7A 0.9262(14)
CI8A 0.9262(14)
CI9A 0.9262(14)
01AC 0.9262(14)
02AC 0.9262(14)
C41A 0.9262(14)
C42A 0.9262(14)
H42A 0.9262(14)
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Atom  Occupancy
H42B 0.9262(14)
C43A 0.9262(14)
Cl7B 0.0738(14)

Atom  Occupancy Atom  Occupancy
CI8B 0.0738(14) 02AB  0.0738(14)
CI9B 0.0738(14) C41B 0.0738(14)
01AB  0.0738(14) C42B 0.0738(14)

Table 14: Solvent masking (PLATON/SQUEEZE) information for atb-40-48.
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Atom  Occupancy
H42C 0.0738(14)
H42D  0.0738(14)
C43B 0.0738(14)

No X y Z \"/ e Content
1 -0.148 -0.223 -0.032 1531.0 11.3 ?
2 0.067 0.396 0.037 0.0 0.0 ?
3 0.083 0.389 0.037 0.0 0.0 ?
4 0.083 0.444 0.675 0.0 0.0 ?
5 0.083 0.535 0.650 0.0 0.0 ?
6 0.083 0.972 0.025 0.0 0.0 ?
7 0.083 0.972 0.150 0.0 0.0 ?
8 0.083 0.979 0.013 0.0 0.0 ?
9 0.133 0.743 0.463 0.0 0.0 ?
10 0.133 0.972 0.062 0.0 0.0 ?
11 0.150 0.979 0.062 0.0 0.0 ?
12 0.167 0.354 0.887 0.0 0.0 ?
13 0.183 0.590 0.588 0.0 0.0 ?
14 0.183 0.632 0.713 0.0 0.0 ?
15 0.200 0.278 0.875 0.0 0.0 ?
16 0.200 0.451 0.762 0.0 0.0 ?
17 0.200 0.597 0.575 0.0 0.0 ?
18 0.250 0.271 0.912 0.0 0.0 ?
19 0.283 0.146 0.200 0.0 0.0 ?
20 0.300 0.090 0.287 0.0 0.0 ?
21 0.300 0.090 0.425 0.0 0.0 ?
22 0.300 0.514 0.125 0.0 0.0 ?
23 0.317 0.097 0.300 0.0 0.0 ?
24 0.333 0.889 0.013 0.0 0.0 ?
25 0.350 0.500 0.950 0.0 0.0 ?
26 0.367 0.035 0.338 0.0 0.0 ?
27 0.367 0.285 0.963 0.0 0.0 ?
28 0.367 0.681 0.925 0.0 0.0 ?
29 0.417 0.812 0.350 0.0 0.0 ?
30 0.433 0.819 0.362 0.0 0.0 ?
31 0.467 0.951 0.250 0.0 0.0 ?
32 0.533 0.451 0.750 0.0 0.0 ?
33 0.567 0.319 0.637 0.0 0.0 ?
34 0.583 0.312 0.650 0.0 0.0 ?
35 0.633 0.181 0.075 0.0 -0.0 ?
36 0.633 0.535 0.662 0.0 0.0 ?
37 0.633 0.785 0.037 0.0 0.0 ?
38 0.650 0.000 0.050 0.0 0.0 ?
39 0.667 0.389 0.988 0.0 0.0 ?
40 0.683 0.597 0.700 0.0 0.0 ?
41 0.700 0.014 0.875 0.0 0.0 ?
42 0.700 0.590 0.575 0.0 0.0 ?
43 0.700 0.590 0.713 0.0 0.0 ?
44 0.717 0.646 0.800 0.0 0.0 ?
45 0.750 0.771 0.087 0.0 0.0 ?
46 0.800 0.097 0.425 0.0 0.0 ?
47 0.800 0.778 0.125 0.0 0.0 ?
48 0.800 0.951 0.237 0.0 0.0 ?
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No X y Z \"/ e Content
49 0.817 0.090 0.412 0.0 0.0 ?
50 0.817 0.132 0.287 0.0 0.0 ?
51 0.833 0.854 0.113 0.0 0.0 ?
52 0.850 0.479 0.938 0.0 0.0 ?
53 0.867 0.243 0.537 0.0 0.0 ?
54 0.867 0.472 0.938 0.0 0.0 ?
55 0.917 0.035 0.350 0.0 0.0 ?
56 0.917 0.472 0.850 0.0 0.0 ?
57 0.917 0.472 0.975 0.0 0.0 ?
58 0.917 0.479 0.988 0.0 0.0 ?
59 0.917 0.889 0.963 0.0 0.0 ?
60 0.917 0.944 0.325 0.0 0.0 ?
61 0.933 0.896 0.963 0.0 0.0 ?
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MeO” N. Me
(2R,35,85,10R,11S5,165)-8,16-bis(methoxy(methyl)carbamoyl)-3,11-dimethyl-1,9(1.,4)-
dibenzenacyclohexadecaphane-2,10-dicarboxylic acid
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Experimental. Single colorless plate crystals of ATB-40-192A were recrystallised from DMSO by slow
evaporation. A suitable crystal with dimensions 0.15 x 0.08 x 0.05 mm3 was selected and mounted on a loop
with paratone on a XtaLAB Synergy-S diffractometer. The crystal was kept at a steady T= 100(1) K during
data collection. The structure was solved with the ShelXT (Sheldrick, 2015) solution program using dual
methods and by using Olex2 (Dolomanov et al., 2009) as the graphical interface. The model was refined with
ShelXL 2018/3 (Sheldrick, 2015) using full matrix least squares minimisation on F2.

Crystal Data. CsoHs1N2010Sz, M,= 794.02, triclinic, P1 (No. 1), a= 9.4562(4) A, b= 10.7610(4) &, c=
11.0648(3) A, = 102.582(3)°, = 91.056(3)", y= 102.482(4)°, V= 1070.38(7) A3, T=100(1) K, Z=1,2Z'= 1,
#(Cu K,) = 1.585 mm-1, 12500 reflections measured, 5691 unique (Rint = 0.0441) which were used in all
calculations. The final wR2 was 0.2422 (all data) and R; was 0.0816 (122 o(I)).



Compound

Formula

Dcalc./ g cm3

4/ mm-?
Formula Weight
Color

Shape
Size/mm3

T/K

Crystal System
Flack Parameter
Hooft Parameter
Space Group
a/A

b/A

c/A

af

A

i

V/A3

Z

7
Wavelength/A
Radiation type
("Dmin/o

@ITIGX/o
Measured Refl's.
Indep't Refl's
Refl's [22 o(I)
Rint

Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wRz (all data)
WR:

R (all data)

R:

ATB-40-192A

C40H61N2010S2
1.232
1.585
794.02
colorless
plate
0.15x0.08x0.05
100(1)
triclinic
0.09(5)
0.096(16)
P1
9.4562(4)
10.7610(4)
11.0648(3)
102.582(3)
91.056(3)
102.482(4)
1070.38(7)
1

1

1.54184
CuKg
4.103
73.009
12500
5691

4681
0.0441

585

547

0.630
-0.505
1.048
0.2422
0.2233
0.0935
0.0816
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Structure Quality Indicators

Reflections: /(1) 19.3 [complete 7
Refinement: Shift 0.000 ek 1.048

A colorless plate-shaped crystal with dimensions 0.15 x 0.08 x 0.05 mm3 was mounted on a loop with
paratone. Data were collected using a XtaLAB Synergy, Dualflex, HyPix diffractometer equipped with an
Oxford Cryosystems low-temperature device operating at T=100(1) K.

Data were measured using o scans using Cu K, radiation. The diffraction pattern was indexed and the total
number of runs and images was based on the strategy calculation from the program CrysAlisPro (Rigaku,
V1.171.40.84a, 2020). The maximum resolution that was achieved was @= 73.009° (0.81 A).

The unit cell was refined using CrysAlisPro (Rigaku, V1.171.40.84a, 2020) on 6641 reflections, 53% of the
observed reflections.

Data reduction, scaling and absorption corrections were performed using CrysAlisPro (Rigaku, V1.171.40.84a,
2020). The final completeness is 98.70 % out to 73.009° in @. A numerical absorption correction based on a
Gaussian integration over a multifaceted crystal model absorption correction was performed using
CrysAlisPro 1.171.40.79a (Rigaku Oxford Diffraction, 2020). An empirical absorption correction using
spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm was also applied. The absorption
coefficient 4 of this material is 1.585 mm-! at this wavelength (A4 = 1.54184A) and the minimum and maximum
transmissions are 0.764 and 1.000.

The structure was solved and the space group P1 (# 1 determined by the ShelXT (Sheldrick, 2015) structure
solution program using dual methods and refined by full matrix least squares minimisation on F2 using
version 2018/3 of ShelXL 2018/3 (Sheldrick, 2015). All non-hydrogen atoms were refined anisotropically.
Hydrogen atom positions were calculated geometrically and refined using the riding model. Their distances
were refined.
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Figure 9: Thermal ellipsoid plot of the asymmetric unit. There are two disordered solvent molecules hydrogen
bonded to the main molecule. Although the structure this type is expected to have two-fold rotational symmetry,
there is no rotational symmetry in the crystal and the point group of the crystal is Ci.
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Figure 10: Molecular packing viewed along the a-axis.
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Figure 11: Molecular packing viewed along the b-axis reveals a channel structure.

_refine_special_details: Refined as a 2-component inversion twin.

Data Plots: Diffraction Data
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Data Plots: Refinement and Data
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200 Fobs vs Fcalc ATB-40-192A Normal Probability Plot ATB-40-192A
:g_ = s g 5.0 é s "
=] 'g y = 0.915x + 0.062
o R =0.994
300 25 ?
® 8
200 % " = 0.0
L
-2.5
- Do
-] Omitted (hkl) Data 50
0 F calc . Expected deviations
0 100 200 300 -4 -3 -2 0 1 2 3 4
Reflection Statistics
Total reflections (after 12502 Unique reflections 5691
filtering)
Completeness 0.665 Mean I/o 12.1
hKlmax collected (11, 13,13) hKlmin collected (-11,-12,-11)
hklmax used (11,13,13) hklmin used (-11,-12,-11)
Lim dmax collected 100.0 Lim dmin collected 0.77
dmax used 10.77 dmin used 0.81
Friedel pairs 1681 Friedel pairs merged 0
Inconsistent equivalents 37 Rint 0.0441
Rsigma 0.0519 Intensity transformed 0
Omitted reflections 0 Omitted by user (OMIT hkl) 2
Multiplicity (2066, 2064, 801, 377, 166, 80, Maximum multiplicity 12
62,44,22,8,1,1)
Removed systematic absences 0 Filtered off (Shel/OMIT) 0

Images of the Crystal on the Diffractometer

Table 15: Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters (A2x103) for
ATB-40-192A. U, is defined as 1/3 of the trace of the orthogonalised Uj,.

Atom X y Z Ueq
1 3051(8) 5798(7) 8750(7) 40.0(13)
2 3899(7) 7238(7) 9191(7) 35.6(11)
3 5300(7) 7573(6) 8564(6) 31.7(10)
C4 6369(7) 6864(7) 8553(6) 34.1(11)
cs 7645(7) 7175(7) 7979(6) 33.8(11)
Cé 7878(7) 8226(6) 7371(6) 28.7(10)
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Atom X y Z Ueq
c7 9234(7) 8552(7) 6700(6) 33.1(12)
c8 9393(7) 7417(7) 5656(7) 36.7(14)
9 8142(8) 6973(7) 4688(6) 36.7(13)
c10 8325(8) 5886(7) 3617(7) 38.1(14)
c11 7010(8) 5429(7) 2675(7) 36.8(14)
12 7121(8) 4329(7) 1570(7) 37.5(14)
13 5643(8) 3878(7) 787(6) 35.8(13)
Cl4 4408(7) 3290(6) 1469(6) 32.3(12)
c15 3192(8) 3832(7) 1639(6) 35.2(13)
Cc16 2058(8) 3300(7) 2263(7) 37.2(14)
c17 2090(7) 2220(6) 2771(6) 34.3(13)
c18 901(8) 1694(7) 3544(7) 39.8(15)
19 1360(9) 2100(8) 4938(7) 45.1(16)
20 1802(9) 3567(8) 5429(7) 46.6(16)
c21 2151(9) 3961(8) 6827(7) 48.5(17)
c22 2729(8) 5420(8) 7337(7) 40.7(15)
23 5556(7) 8634(7) 8012(6) 34.2(11)
C24 6803(8) 8947(7) 7421(6) 35.3(12)
25 4431(8) 2177(7) 1929(7) 39.0(14)
26 3287(8) 1673(7) 2589(7) 36.3(14)
c27 1642(8) 5610(8) 9405(7) 44.5(15)
28 4280(8) 7559(7) 10596(7) 35.1(13)
29 10536(8) 8946(7) 7636(7) 38.5(15)
30 8356(9) 4768(8) 781(8) 47.8(17)
31 5826(8) 2884(8) -407(7) 42.2(15)
32 473(9) 193(8) 3120(8) 46.2(16)
33 12280(9) 10739(10) 9071(9) 66(2)
C34 9479(11) 11696(10) 8754(10)  70(3)
35 -416(15) -1655(9) 1284(11)  85(4)
36 -2272(11) 332(13) 1330(14)  94(4)
N7 10972(7) 10203(6) 8237(7) 47.5(15)
N8 -336(9) -320(7) 2040(7) 57.3(18)
01 5517(8) 3281(7) -1413(6) 62.3(15)
04 4781(7) 6852(6) 11122(5) 49.7(12)
02 6151(7) 1877(6) -438(6) 56.6(14)
03 11185(7) 8140(6) 7871(6) 56.7(14)
05 4040(7) 8698(6) 11176(5) 50.5(13)
06 914(7) -528(6) 3682(6) 56.1(14)
07 -706(7) 512(6) 1371(7) 63.6(16)
09 10355(8) 11129(6) 7842(6) 60.2(15)
C15.3 6140(19) 3997(9) 4235(14)  70(4)
253 7202(14) 2078(15) 5555(13)  65(3)
015.3 6047(14) 1794(11) -3499(8) 62.8(19)
515.3 5742(5) 2272(5) -4628(4) 58.8(9)
1S4 4310(40) 7180(30) 14370(40)  62.2(17)
€254 3130(50) 9060(30) 15600(20)  52.4(18)
015_4 4360(30) 9340(20) 13571(19)  57.7(15)
51S_4 3338(14) 8315(14) 14054(12)  57.6(6)
C1S.5 5710(20) 3420(30) _4620(30)  74(6)
C25.5 8270(20) 4050(18) 13360(20)  58(5)
01S.5 6530(30) 1818(14) 13382(15)  62.8(19)
515.5 7090(10) 2657(9) -4266(8) 58.8(9)
C15.1 3485(10) 9218(10) 15606(8) 52.4(18)
251 3082(10) 7156(10) 13719(9) 62.2(17)
015.1 4889(7) 9299(7) 13570(5) 57.7(15)
515.1 4506(4) 8446(4) 14477(3) 57.6(6)
C1S.2 7830(30) 950(20) .5330(20)  65(3)

€25.2 6250(30) 2700(30) -5340(20) 60(5)
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Atom X y z Ueq
01S_2 6320(30) 1703(19) -3418(17) 62.8(19)
S1S_2 7343(11) 2257(9) -4287(9) 58.8(9)

Table 16: Anisotropic Displacement Parameters (x104) for ATB-40-192A. The anisotropic displacement factor
exponent takes the form: -272[h2a*? x Ui1#+ ... +2hka* x b* x U1z]

Atom U1 Uz2 Uss Uzs Uiz Uiz
C1 38(3) 47(2) 31(3) 7(2) 7(2) 4.8(19)
C2 31(2) 44(2) 33(2) 9.2(18) 3.3(16) 9.9(17)
C3 30(2) 37(2) 26(2) 4.4(18) 0.3(17) 7.7(16)
C4 33(2) 38(3) 33(3) 10(2) 4.9(18) 9.3(18)
C5 33(2) 37(2) 33(3) 9(2) 4(2) 8.0(18)
Cé6 28(2) 30(2) 23(2) 1.5(17) -3.8(16) 1.2(15)
Cc7 30(2) 37(3) 29(3) 5(2) 0(2) 3(2)
C8 27(3) 42(3) 34(3) 3(3) 2(2) -3(2)
Cc9 33(3) 44(3) 28(3) 4(3) 1(2) 3(3)
C10 35(3) 41(3) 34(3) 8(3) 1(3) -1(3)
C11 28(3) 41(3) 36(3) 2(3) -1(3) 1(2)
C12 35(3) 35(3) 37(3) 4(3) 2(3) 0(2)
C13 38(3) 39(3) 27(3) 7(3) -1(3) 3(3)
C14 35(3) 29(3) 27(3) 1(2) -2(2) -1(2)
C15 39(3) 35(3) 32(3) 10(2) 4(3) 6(3)
C16 34(3) 36(3) 42(4) 10(3) 2(3) 7(2)
C17 34(3) 32(3) 31(3) 6(2) -2(2) -2(2)
C18 31(3) 49(4) 33(3) 8(3) 1(3) -2(3)
C19 44(4) 51(4) 32(3) 10(3) 3(3) -6(3)
C20 50(4) 52(4) 34(4) 9(3) 53) 5(3)
C21 49(4) 55(4) 33(4) 6(3) 7(3) -2(3)
C22 35(3) 54(4) 32(3) 10(3) 4(3) 10(3)
Cc23 35(2) 39(2) 29(3) 7(2) 2(2) 9.6(18)
C24 35(2) 39(3) 33(3) 10(2) 2.8(18) 9.1(18)
C25 37(3) 39(3) 40(4) 10(3) 2(3) 53)
C26 37(3) 32(3) 39(3) 13(3) 2(3) 2(2)
Cc27 40(3) 54(4) 37(3) 9(3) 9(2) 4(3)
C28 33(3) 38(3) 33(2) 7(2) 2(2) 5(2)
C29 32(3) 44(3) 34(3) 0(3) 1(3) 53)
C30 39(4) 55(4) 44(4) 3(3) 11(3) 4(3)
C31 41(4) 46(4) 36(4) 11(3) 4(3) 0(3)
C32 41(4) 51(4) 41(4) 13(3) -2(3) -2(3)
C33 37(4) 70(5) 66(6) -18(4) -13(4) -5(4)
C34 61(6) 63(5) 74(6) -13(4) 3(5) 17(4)
C35 124(10) 44(4) 77(7) 4(4) -46(7) 9(5)
C36 50(6) 111(9) 133(11) 58(8) -9(6) 14(6)
N7 40(3) 37(3) 54(4) -3(3) -12(3) 0(2)
N8 67(4) 47(3) 49(4) 11(3) -30(3) -2(3)
01 79(4) 67(3) 38(3) 13(3) 10(3) 9(3)
04 64(3) 59(3) 31(2) 10(2) 4(2) 25(3)
02 65(4) 51(3) 49(3) -2(2) 1(3) 17(3)
03 49(3) 55(3) 59(3) -2(3) -21(3) 16(2)
05 68(3) 45(3) 38(3) 2(2) 6(2) 17(2)
06 66(3) 48(3) 50(3) 21(2) -12(3) -6(2)
07 53(3) 56(3) 79(4) 25(3) -19(3) -3(2)
09 70(4) 45(3) 58(3) 1(2) 53) 7(3)
C1S_3 80(11) 66(6) 65(9) 14(3) 21(7) 14(3)

€253 57(5) 70(4) 64(4) 11(3) 11(4) 10(4)
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Atom Ui Uzz Uss Uzs Uis Uiz
01S_3 64(3) 65(3) 56(2) 7(2) 5.8(19) 13(2)
§1S_3 54.7(17) 67.3(19) 54.5(16) 14.1(15) 6.9(13) 13.6(14)
C1S 4 62(3) 82(3) 44(3) 13(2) 11(3) 19(2)
C2S_4 38(4) 74(4) 44(3) 14(2) 4(2) 11(3)
01S_ 4 58(3) 76(2) 37(2) 7(2) 5(2) 17(2)
S1S 4 53.0(11) 79.7(13) 44.1(11) 16.4(9) 7.7(8) 21.0(10)
C1S.5 60(7) 82(13) 83(18) 27(11) 6(7) 17(10)
C2S_5 58(9) 74(5) 47(9) 24(8) 17(8) 18(6)
01S_5 64(3) 65(3) 56(2) 7(2) 5.8(19) 13(2)
S1S.5 54.7(17) 67.3(19) 54.5(16) 14.1(15) 6.9(13) 13.6(14)
Ci1s_1 38(4) 74(4) 44(3) 14(2) 4(2) 11(3)
C2s_1 62(3) 82(3) 44(3) 13(2) 11(3) 19(2)
01S_1 58(3) 76(2) 37(2) 7(2) 5(2) 17(2)
S1S.1 53.0(11) 79.7(13) 44.1(11) 16.4(9) 7.7(8) 21.0(10)
C1S_2 57(5) 70(4) 64(4) 11(3) 11(4) 10(4)
C2S_2 52(7) 57(13) 67(6) 16(7) 11(7) -1(9)
01S_2 64(3) 65(3) 56(2) 7(2) 5.8(19) 13(2)
§1S.2 54.7(17) 67.3(19) 54.5(16) 14.1(15) 6.9(13) 13.6(14)
Table 17: Bond Lengths in A for ATB-40-192A.

Atom Atom Length/A Atom Atom Length/A

C1 C2 1.549(9) C23 C24 1.373(9)

C1 C22 1.535(9) C25 C26 1.395(9)

C1 Cc27 1.524(10) C28 04 1.216(8)

C2 C3 1.517(9) C28 05 1.323(8)

C2 C28 1.535(9) C29 N7 1.341(8)

C3 C4 1.391(8) C29 03 1.233(8)

C3 C23 1.388(8) C31 01 1.325(9)

C4 C5 1.384(9) C31 02 1.182(9)

C5 C6 1.417(8) C32 N8 1.347(9)

Cé6 Cc7 1.508(8) C32 06 1.226(9)

C6 C24 1.400(8) C33 N7 1.460(9)

Cc7 C8 1.523(9) C34 09 1.435(11)

Cc7 C29 1.518(9) C35 N8 1.482(12)

C8 C9 1.504(9) C36 07 1.449(12)

C9 C10 1.514(9) N7 09 1.398(8)

C10 C11 1.529(8) N8 07 1.374(8)

C11 C12 1.528(9) C1S_3 S1S_3 1.765(8)

C12 C13 1.555(9) C2S_3 S1S_3 1.756(9)

C12 C30 1.527(9) 01S_3 S1S_3 1.498(6)

C13 C14 1.501(8) C1S_4 S1S_4 1.766(8)

C13 C31 1.546(10) C2S_4 S1S_4 1.757(9)

C14 C15 1.396(9) 01S_4 S1S_4 1.499(6)

C14 C25 1.404(9) C1S_5 S1S_5 1.766(8)

C15 Cl6 1.375(9) C2S_5 S1S_5 1.756(9)

C16 C17 1.402(8) 01S_5 S1S_5 1.498(6)

C17 C18 1.512(9) C1S_1 S1S_1 1.767(8)

C17 C26 1.383(10) €251 S1S_1 1.757(9)

C18 C19 1.536(9) 01S_1 S1S_1 1.501(5)

C18 C32 1.540(10) C1S_2 S1S_2 1.766(8)

C19 C20 1.515(10) C2S_2 S1S_2 1.756(9)

C20 c21 1.522(10) 01S_2 S1S_2 1.499(6)

Cc21 C22 1.522(10)
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Table 18: Bond Angles in ° for ATB-40-192A.

Atom Atom Atom Angle/* Atom Atom Atom Angle/*
C22 C1 C2 111.4(5) C21 C22 C1 113.5(6)
Cc27 C1 C2 109.0(6) C24 C23 C3 121.1(6)
Cc27 C1 C22 110.4(6) C23 C24 cé 121.5(6)
C3 C2 C1 114.4(5) C26 C25 C14 120.1(6)
C3 C2 C28 107.7(5) Cc17 C26 C25 121.4(6)
C28 C2 C1 110.0(5) 04 C28 C2 123.5(6)
C4 C3 C2 121.8(5) 04 C28 05 123.2(6)
C23 C3 C2 119.9(5) 05 C28 C2 113.2(5)
C23 C3 C4 118.3(6) N7 C29 c7 118.9(6)
C5 C4 C3 121.5(6) 03 C29 c7 121.8(6)
C4 C5 C6 120.1(6) 03 C29 N7 119.3(6)
C5 C6 Cc7 121.1(5) 01 C31 C13 111.2(6)
C24 C6 C5 117.5(6) 02 C31 C13 125.3(7)
C24 Cé6 Cc7 121.5(5) 02 C31 01 123.5(7)
Cé6 Cc7 C8 112.3(5) N8 C32 C18 117.4(6)
C6 Cc7 C29 108.6(5) 06 C32 C18 122.6(6)
C29 Cc7 C8 110.5(5) 06 C32 N8 119.8(7)
C9 C8 Cc7 113.6(5) C29 N7 C33 124.7(7)
C8 C9 C10 113.9(6) C29 N7 09 118.4(5)
C9 C10 C11 112.4(6) 09 N7 C33 115.2(6)
C12 C11 C10 115.1(5) C32 N8 C35 124.0(7)
C11 C12 C13 108.6(5) C32 N8 07 118.8(6)
C30 C12 C11 111.3(5) 07 N8 C35 113.4(6)
C30 C12 C13 110.9(5) N8 07 C36 107.7(7)
C14 C13 C12 113.5(5) N7 09 C34 111.9(7)
C14 C13 C31 110.3(5) C258_3 S1S_3 C1S_3 97.8(5)
C31 C13 C12 108.1(5) 01S_3 S1S_3 C1S_3 108.6(5)
C15 C14 C13 120.2(5) 01S_3 S1S_3 C28_3 105.3(5)
C15 C14 C25 118.4(6) C25_4 S1S_4 C1S 4 97.6(5)
C25 C14 C13 121.3(6) 01S_4 S1S_4 C1S_4 108.3(5)
C16 C15 C14 120.6(6) 01S_4 S1S_4 C25_4 105.2(5)
C15 Cl6 C17 121.6(6) C2S_5 S1S.5 C1S.5 97.6(5)
C16 C17 C18 121.9(6) 01S_5 S1S.5 C1S.5 108.4(5)
C26 C17 Cl16 117.8(6) 01S_5 S1S.5 C28.5 105.4(5)
C26 C17 C18 120.3(6) €251 S1S.1 Ci1s_1 97.5(4)
C17 C18 C19 112.2(5) 0151 S1S.1 C1S_1 107.7(4)
C17 C18 C32 109.2(6) 0151 S1S.1 €281 105.4(4)
C19 C18 C32 110.1(6) C25.2 S1S.2 C1S_2 97.6(5)
C20 C19 C18 113.4(6) 01S_2 S1S.2 C1S_2 108.3(5)
C19 C20 Cc21 112.9(6) 01S_2 S1S.2 C2S8.2 105.4(5)
C22 c21 C20 114.4(6)

Table 19: Torsion Angles in ° for ATB-40-192A.

Atom Atom Atom Atom Angle/*
C1 C2 C3 C4 -54.3(8)
C1 C2 C3 Cc23 127.6(6)
C1 C2 C28 04 45.9(8)
C1 C2 C28 05 -135.5(6)
C2 C1 C22 C21 169.3(6)
C2 C3 C4 C5 180.0(6)
C2 C3 Cc23 C24 -178.9(6)
C3 C2 C28 04 -79.4(8)

3 2 28 05 99.2(6)
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Atom Atom Atom Atom Angle/*
C3 C4 C5 Cé6 -0.8(9)
C3 Cc23 C24 Cé6 -1.3(9)
C4 C3 Cc23 C24 2.9(9)
C4 C5 Cé6 Cc7 -177.8(5)
C4 C5 Cé6 C24 2.3(9)
C5 Cé6 Cc7 C8 59.8(7)
C5 Cé6 Cc7 C29 -62.7(7)
C5 Cé6 C24 Cc23 -1.3(9)
Cé6 Cc7 C8 Cc9 58.8(7)
Cé6 Cc7 C29 N7 -88.3(7)
Cé6 Cc7 C29 03 90.5(8)
Cc7 Cé6 C24 Cc23 178.7(5)
Cc7 C8 Cc9 C10 177.3(5)
Cc7 C29 N7 C33 -174.0(8)
Cc7 C29 N7 09 -9.7(10)
C8 Cc7 C29 N7 148.2(6)
C8 Cc7 C29 03 -33.0(9)
C8 Cc9 C10 C11 178.0(5)
Cc9 C10 C11 C12 -179.8(6)
C10 C11 C12 C13 173.8(5)
C10 C11 C12 C30 -63.8(8)
C11 C12 C13 C14 -64.0(7)
C11 C12 C13 C31 173.4(5)
C12 C13 C14 C15 121.4(6)
C12 C13 C14 C25 -59.7(7)
C12 C13 C31 01 -121.8(6)
C12 C13 C31 02 60.5(9)
C13 C14 C15 C16 -179.9(5)
C13 C14 C25 C26 178.2(6)
C14 C13 C31 01 113.6(6)
C14 C13 C31 02 -64.1(9)
C14 C15 C16 C17 1.3(9)
C14 C25 C26 C17 2.2(10)
C15 C14 C25 C26 -2.9(9)
C15 C16 C17 C18 175.2(6)
C15 C16 C17 C26 -2.1(9)
Cl16 C17 C18 C19 -103.0(7)
Cl16 C17 C18 C32 134.7(6)
C16 C17 C26 C25 0.3(9)
C17 C18 C19 C20 58.1(8)
C17 C18 C32 N8 -75.0(9)
C17 C18 C32 06 100.2(8)
C18 C17 C26 C25 -177.0(6)
C18 C19 C20 C21 175.9(6)
C18 C32 N8 C35 157.8(9)
C18 C32 N8 07 1.3(11)
C19 C18 C32 N8 161.4(7)
C19 C18 C32 06 -23.3(10)
C19 C20 C21 C22 174.7(6)
C20 C21 C22 C1 179.1(6)
C22 C1 C2 C3 -55.3(7)
C22 C1 C2 C28 -176.7(5)
Cc23 C3 C4 C5 -1.8(9)
C24 Cé6 Cc7 C8 -120.3(6)
C24 Cé6 Cc7 C29 117.3(6)
C25 C14 C15 C16 1.2(9)
C26 C17 C18 C19 74.2(8)

C26 C17 C18 C32 -48.1(8)



Atom Atom Atom Atom Angle/*
Cc27 C1 C2 C3 -177.4(6)
Cc27 C1 C2 C28 61.2(7)
Cc27 C1 C22 C21 -69.4(8)
C28 C2 C3 C4 68.4(7)
C28 C2 C3 Cc23 -109.7(6)
C29 Cc7 C8 Cc9 -179.9(5)
C29 N7 09 C34 113.2(8)
C30 C12 C13 C14 173.4(5)
C30 C12 C13 C31 50.7(7)
C31 C13 C14 C15 -117.2(6)
C31 C13 C14 C25 61.7(8)
C32 C18 C19 C20 179.9(6)
C32 N8 07 C36 -115.8(10)
C33 N7 09 C34 -81.1(9)
C35 N8 07 C36 85.4(11)
03 C29 N7 C33 7.2(12)
03 C29 N7 09 171.4(7)
06 C32 N8 C35 -17.6(14)
06 C32 N8 07 -174.1(7)
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Table 20: Hydrogen Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters

(A2x103) for ATB-40-192A. Ue, is defined as 1/3 of the trace of the orthogonalised Uj.

Atom X y z

H2 3227(19) 7841(17) 9011(8) 43
H4 6223(8) 6160(16) 8943(10) 41
H5 8355(16) 6690(12) 7992(6) 41
H7 9182(8) 9350(20) 6317(12) 40
H8A 10269(17) 7674(8) 5264(9) 44
H8B 9484(8) 6696(14) 6005(9) 44
H9A 8022(8) 7704(14) 4368(8) 44
H9B 7273(17) 6679(9) 5074(9) 44
H10A 8472(8) 5161(14) 3934(9) 46
H10B 9171(16) 6187(9) 3207(9) 46
H11A 6168(16) 5141(9) 3096(10) 44
H11B 6867(8) 6162(14) 2367(9) 44
H12 7322(9) 3540(20) 1905(11) 45
H13 5392(19) 4710(60) 525(19) 43
H15 3148(8) 4565(16) 1324(9) 42
H16 1243(18) 3668(10) 2352(7) 45
H18 -10(20) 2065(12) 3390(8) 48
H19A 570(16) 1751(10) 5385(10) 54
H19B 2158(16) 1726(10) 5091(7) 54
H20A 1030(16) 3950(11) 5225(8) 56
H20B 2636(17) 3910(10) 5026(10) 56
H21A 1289(17) 3682(9) 7228(10) 58
H21B 2855(15) 3509(11) 7035(8) 58
H22A 2033(14) 5876(11) 7120(8) 49
H22B 3602(17) 5699(9) 6949(10) 49
H23 4866(16) 9146(12) 8044(6) 41
H24 6939(8) 9659(16) 7042(10) 42
H25 5216(18) 1772(11) 1793(8) 47
H26 3331(8) 948(16) 2917(9) 44
H27A 1035(11) 6193(10) 9184(8) 67
H27B 1870(9) 5836(8) 10324(13) 67
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Atom X y Z Ueq
H27C 1097(11) 4678(13) 9137(8) 67
H30A 8424(9) 4020(12) 83(11) 72
H30B 9292(14) 5067(9) 1306(10) 72
H30C 8163(9) 5505(12) 435(9) 72
H33A 12217(9) 10290(11) 9776(13) 99
H33B 12368(9) 11697(15) 9401(10) 99
H33C 13150(14) 10598(10) 8606(11) 99
H34A 8650(15) 11910(10) 8329(11) 105
H34B 10082(13) 12514(14) 9298(12) 105
H34C 9094(12) 11060(12) 9273(12) 105
H35A -1427(19) -2040(10) 902(12) 128
H35B -151(15) -2214(11) 1825(13) 128
H35C 276(17) -1612(9) 613(14) 128
H36A -2672(12) 80(14) 446(18) 141
H36B -2529(12) 1167(16) 1754(15) 141
H36C -2695(12) -374(16) 1763(15) 141
H1 5753(18) 2810(30) -2030(40) 93
H5A 4320(20) 8851(12) 11910(50) 76
H1SA_3  5940(20) 4330(10) -4982(16) 106
H1SB_3  5520(20) 4302(10) -3562(16) 106
H1SC_3 7190(20) 4335(10) -3937(14) 106
H2SA.3  7066(14) 2382(15) -6332(16) 97
H2SB_3  8129(18) 2607(16) -5087(14) 97
H2SC_3 7243(14) 1135(18) -5773(13) 97
H1SA 4  3640(40) 6490(30) 14700(40) 93
H1SB_ 4  4700(40) 6770(30) 13590(50) 93
H1SC 4  5120(50) 7640(30) 15010(50) 93
H2SA 4  2450(50) 8430(30) 15980(20) 79
H2SB_ 4  4090(60) 9330(30) 16080(20) 79
H2SC 4  2720(50) 9850(40) 15610(20) 79
H1SA5 6060(20) 3990(30) -5210(30) 111
H1SB.5  4830(20) 2740(30) -5010(30) 111
H1SC_5 5460(20) 3970(30) -3840(30) 111
H2SA5 8680(20) 4655(19) -3900(20) 86
H2SB.5  7720(20) 4504(19) -2700(20) 86
H2SC_5 9080(30) 3783(18) -2950(20) 86
H1SA_1  3214(11) 8669(12) 16224(11) 79
H1SB_1  4079(12) 10095(14) 16039(10) 79
H1SC_1 2584(15) 9327(10) 15193(9) 79
H2SA_1  2773(11) 6546(12) 14278(11) 93
H2SB_1  2242(14) 7515(10) 13506(9) 93
H2SC_1 3420(11) 6673(11) 12941(13) 93
H1SA_2  8510(30) 1300(20) -5920(20) 97
H1SB_2  8310(30) 440(20) -4860(20) 97
H1SC_2 6930(30) 360(20) -5810(20) 97
H2SA_2  6870(30) 3080(30) -5950(20) 91
H2SB_2  5510(30) 1910(30) -5790(20) 91
H2SC_2 5740(30) 3370(30) -4880(20) 91
Table 21: Hydrogen Bond information for ATB-40-192A.

D H A d(D-H)/A d(H-A)/A d(Dp-A)/A D-H-A/deg
01 H1 01S_3 0.82 1.81 2.630(12) 1718
01 H1 01S_5 0.82 1.90 2.718(17) 1731
01 H1 01S_2 0.82 1.89 2.714(17) 178.6
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D H A d(D-H)/A d(H-A)/A d(p-A)/A D-H-A/deg
05 H5A 01S_4 0.82 1.79 2.58(2) 161.0
05 H5A 01S_1 0.82 1.83 2.651(8) 175.8

Table 22: Atomic Occupancies for all atoms that are not fully occupied in ATB-40-192A.

Atom  Occupancy
C1S_3 0.516(3)
H1SA_3 0.516(3)
H1SB_3 0.516(3)
H1SC_3 0.516(3)
C2S_3 0.516(3)
H2SA_3 0.516(3)
H2SB_3 0.516(3)
H2SC_3 0.516(3)
01S_3 0.516(3)
S1S_3 0.516(3)
C1S_4 0.129(4)
H1SA_4 0.129(4)
H1SB_4 0.129(4)
H1SC_4 0.129(4)
C2S_4 0.129(4)
H2SA_4 0.129(4)
H2SB_4 0.129(4)
H2SC_4 0.129(4)
01S_4 0.129(4)
S1S_4 0.129(4)
C1S_5 0.258(3)
H1SA_5 0.258(3)
H1SB_5 0.258(3)
H1SC_5 0.258(3)
C2S_5 0.258(3)
H2SA_5 0.258(3)
H2SB_5 0.258(3)
H2SC_5 0.258(3)
01S_5 0.258(3)
S1S.5 0.258(3)
C1S_1 0.871(4)
H1SA_1 0.871(4)
H1SB_1 0.871(4)
H1SC_1 0.871(4)
C2S_1 0.871(4)
H2SA_1 0.871(4)
H2SB_1 0.871(4)
H2SC_1 0.871(4)
01S_1 0.871(4)
S1S_1 0.871(4)
C1S_2 0.225(3)
H1SA_2 0.225(3)
H1SB_2 0.225(3)
H1SC_2 0.225(3)
C2S_2 0.225(3)
H2SA_2 0.225(3)
H2SB_2 0.225(3)
H2SC_2 0.225(3)
01S_2 0.225(3)

Atom  Occupancy
S1S_2 0.225(3)
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