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Preface

The work presented in this thesis is the result of my PhD studies at the Technical University of
Denmark (DTU) from January 2017 to February 2020 under supervision of Professor Mads H.
Clausen and Associate Professor Charlotte H. Gotfredsen. A five month external stay was
conducted at the University of Cambridge, UK in the laboratory of Professor David R. Spring.

This thesis is divided into three parts — Part | provides a general introduction to fragment-
based drug discovery, biophysical screening techniques, library synthesis, and fluorine. Part 11
describes the synthesis and biological evaluation of a fluorinated fragment library and was
performed at DTU. Part Ill covers the synthesis of diverse and natural product-like small
molecules for fragment-based drug discovery and was undertaken at the University of
Cambridge. A list of publications authored during the PhD program is provided on page ix with
publications related to work described herein highlighted in bold. Highlighted publications are
attached in the appendix of this thesis.

A number people have contributed to the work presented in Part 11 of this thesis. Under my
co-supervision, a group of MSc and BSc students have helped synthesize some of the
compounds presented herein. The majority of chemistry presented in Part 11 was developed by
myself and the students have primarily helped with synthesis of additional analogues or
optimization of reaction conditions. These students are listed in the acknowledgements and are
credited for the synthesis of individual compounds in the experimental section at the end of the
thesis. In addition, collaboration partners at the Max-Planck Institute (MPI) of Colloids and
Interfaces in Potsdam and the Centro Nacional de Biotecnologia (CNB)/Consejo Superior de
Investigaciones Cientificas (CSIC) in Madrid have contributed with work related to certain of
the protein targets presented.

In this thesis, absolute and relative stereochemistry is differentiated by the use of wedged
(—==, ) and unwedged (===, 1111) bonds, respectively. Diastereoselectivity, reported
either as diastereomeric ratio (dr) or ratio of endo/exo, were calculated using crude *H or *F
NMR. Generally, all new compounds (excluding byproducts) have been fully characterized
with melting point (if applicable), tH NMR, 3C NMR, **F NMR (if applicable), IR, and HRMS.
Experimentals for both parts can be found at the end of the thesis. Analytical data including
fully assigned NMR spectra and NMR screening data can be found in the separate Supporting
Information.

Nikolaj Sten Troelsen
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Abstract

Fragment-based drug discovery (FBDD) has become a powerful strategy for the discovery of
new pharmaceuticals. However, in spite of its success, FBDD still suffers from a limited diver-
sity of fragments libraries applied and by cumbersome screening workflows. To address these
challenges, two novel fragment libraries were constructed following different strategies.

The first approach describes the design and synthesis of a fluorinated Fsp3-rich fragment
(3F) library — the first synthetic fragment library tailor-made for efficient °F NMR screening
(Figure i). A total of 115 diverse fragments were synthesized in a minimal number of steps
from a group of similar fluorinated starting materials. With a low average AlogP and a high
degree of shape diversity, the 3F library demonstrated significant improvements over com-
mercial fragment collections. As a proof-of-concept, biological evaluation of the 3F library was
performed using '*F NMR-based screening against seven protein targets affording hit rates of
3-15%.
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Figure i. Synthesis and biological evaluation using *°F NMR of the fluorinated Fsp3-rich fragment (3F)
library. Adapted with permission from reference.*! Copyright (2020) John Wiley and Sons.



In the second approach, a small library of natural product-like fragments bearing qua-
ternary carbon atoms was synthesized. Using diversity-oriented synthesis from a pair of dia-
stereomeric building blocks, the library was constructed in an efficient manner. The structurally
diverse fragments exhibited highly desirable properties including a high degree of three-
dimensionality and incorporation of multiple exit vectors for later fragment optimization
(Figure ii).
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Figure ii. Diversity-oriented synthesis of 42 natural product-like and diverse fragments containing all-
carbon quaternary centers for increased three-dimensionality.
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Resumé

Fragment-baseret leegemiddeludvikling er blevet en effektiv tilgang til udvikling af nye laege-
midler. Pa trods af metodens succes lider fragment-baseret leegemiddeludvikling stadig af en
begraenset tilgang til forskelligartede fragmenter samt tidskraevende screeningsprocesser. | et
forsgg pa at imgdekomme disse udfordringer er to nye fragment biblioteker blevet fremstillet
via forskellige strategier.

I den farste tilgang beskrives designet og syntese af et fluoreret Fsp3-rigt fragment (3F)
bibliotek — det farste syntetiske fragment bibliotek skraeeddersyet til effektivt screening med °F
NMR (Figur i). I alt blev 115 diverse fragmenter syntetiseret i fa trin fra en gruppe af
beslegtede fluorerede startmaterialer. Med en lav gennemsnitlig AlogP og en hgj grad af
formdiversitet udviser 3F biblioteket betydelige forbedringer over kommercielle fragment
samlinger. Som demonstration bibliotekets brugbarhed blev fragmenterne screenet mod
forskellige sygdomsrelevante proteiner med *°F NMR og resulterede i hit rater mellem 3-15%.
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Figur i. Syntese og biologisk evaluering med '°F NMR af det fluorinerede Fsp®-rige fragment (3F)
bibliotek. Tilrettet med tilladelse fra reference.l! Copyright (2020) John Wiley and Sons.
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Det andet bibliotek bestod af 42 naturprodukt-lignende fragmenter med kvarternzre
kulstofcentre. Biblioteket blev syntetiseret ved brug af diversitets-orienteret syntese fra to
diastereomeriske byggeblokke. De forskelligartede fragmenter udviste fremragende egen-
skaber heriblandt en hgj grad af tredimensionalitet samt tilstedevarelse af flere exit vektorer
til senere fragmentoptimering (Figur ii).

- 42 fragmenter med kulstof 4° centre - 22 seerskilte skeleter - FspS-rige
- exit vektorer - formdiverse * naturprodukt-lignende * Ro3 kompatible

Figur ii. Diversitets-orienteret syntese af 42 naturprodukt-lignende and diverse fragmenter med kulstof
kvarternare centre til forggelse af tredimensionalitet.
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Introduction

Fragment-based drug discovery (FBDD) has emerged as a powerful tool for the discovery of
new drug leads.[>* By screening smaller molecules (fragments), FBDD offers increased hit
rates and superior sampling of chemical space as compared to the traditional high-throughput
screening (HTS). The methodology relies on sensitive biophysical techniques such as X-ray
crystallography and NMR spectroscopy to detect the generally weaker binding of fragments.
However, in spite of the success of FBDD, the approach still suffers from laborious workflows
of many screening platforms and a low diversity of the fragments applied. Thus, in an effort to
address these shortcomings, new approaches to the design and synthesis of fragment libraries
are addressed in this thesis.

The thesis has been divided into three parts. Part | will provide a general introduction to
FBDD with an overview of the major biophysical screening techniques available with emphasis
on NMR methods. Fragment library design is discussed with focus on library diversity and how
to achieve this with synthesis. The final chapter is dedicated to fluorine and its unique proper-
ties regarding medicinal chemistry and NMR-based screening.

Part 11 is titled “The 3F Library: Fluorinated Fsp3-rich Fragments for Expeditious °F
NMR-based Screening” and describes a library design strategy to improve both fragment
diversity and subsequent screening workflows. Herein, the design and synthesis of a novel and
diverse library of fluorinated fragments is presented followed by its biological evaluation using
F NMR-based screening.

Finally, Part 111 describes a different synthetic approach to obtaining structural diversity of
fragments and is entitled “Fsp-rich and Diverse Fragments Inspired by Natural Products as a
Collection to Enhance Fragment-Based Drug Discovery”. Quaternary stereocenters are useful
for generating three-dimensionality and metabolic stability but are underrepresented in frag-
ment collections. Consequently, a library methodology to access such fragment entities is re-
ported in this part.
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1.1. Fragment-Based Drug Discovery

The discovery of hit molecules is key to the development of new drugs. Over the past decades,
the pharmaceutical industry has primarily relied on HTS where tens of thousands to millions
of compounds are screened to find new hit compounds.® While HTS has successfully produced
a number of approved drugs, in particular against established targets,?! the method suffers from
a series of drawbacks. Hit rates of HTS campaigns are extremely low (~0.01%) and are often
accompanied by significant proportions of false positives. In fact, about half of HTS campaigns
fail to produce any usable hits and is often the case against newer or more difficult targets.[236-
8 Moreover, maintaining the quality and performing screening of these enormous libraries is
costly. In contrast, FBDD involves the screening of smaller collections of smaller molecules,
so-called fragments (typically molecular weight < 300 Da), that can be elaborated into larger
and more potent compounds (Figure 1.1).[23° Due to the smaller size of fragments, FBDD
offers significantly higher hit rates (~1-10%)1% and superior sampling of chemical space.™*
The chemical space, which encompasses all theoretically possible molecules,*? is
incomprehensibly large. For drug-like molecules (heavy atom count, HAC < 36) this has been
estimated to consist of at least 108 compounds.[*** In comparison, fragment-like space
(HAC < 17) is significantly smaller with an estimated size of 10! molecules.™ While both
numbers are astronomically high, it is nonetheless easier to sample fragment-like space.
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HTS hit Fragment hit

Figure 1.1. lllustrative comparison between hits obtained from high-throughput screening (HTS) and
fragment-based screening. HTS hits often bind through numerous suboptimal interactions while frag-
ment hits are more ligand efficient with involve fewer but more optimized interactions. Reprinted with
permission from reference.? Copyright (2012) American Chemical Society.

The origins of FBDD can be traced back to a seminal paper by Jencks from 1981 where it
is proposed that small “fragments”, although weakly binding, can form high-quality inter-
actions that can be optimized into larger, potent molecules.[*®l However, it was not until a
decade later that the first reports on this approach appeared.’ FBDD became truly established



through pioneering work at Abbott Laboratories (using NMR spectroscopy[*él and X-ray
crystallography™®) and at Astex Pharmaceuticals (using X-ray crystallography).?! Since then,
the method has been employed with great success and has even proven effective against targets
that have previously been reported poorly druggable by HTS.1?%221 These include protein-
protein interactions (PPIs), transcription factors, protein chaperones, and RNA.[23-%

In 2011, an important landmark was reached with the FDA-approval of the first drug
developed using FBDD: vemurafenib, a BRAF-V600E inhibitor against melanoma.®32 To
date, three fragment-based drugs have been approved for the clinic: vemurafenib, the BCL-2
inhibitor venetoclax used for the treatment of chronic lymphocytic leukemia,® and most
recently erdafitinib for treatment of urothelial carcinoma (Figure 1.2).B4 Furthermore,
approximately 30 fragment-based drug candidates are currently in clinical trials.F!
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Figure 1.2. Approved fragment-based drugs. Initial fragment entities are highlighted in blue and red.¥-
34]

1.1.1. What is a Fragment?

Fragments typically conform to the ‘Rule of Three’ (Ro3) in which molecular weight <300 Da,
ClogP < 3, hydrogen-bond donors (HBD) < 3, and hydrogen-bond acceptors (HBA) < 3.15:35:361
These properties were proposed by researchers at Astex after analysis of various fragment
screening campaigns where fragment hits, on average, were found to followed this Ro3.2%! In
addition, the study suggested other useful parameters including the number of rotatable bonds
(NROT) < 3 and polar surface area (PSA) < 60 A2 However, like Lipinski’s Rule of Five
(R05),531 the Ro3 should be viewed as a set of guidelines rather than actual rules and many
examples of non-Ro3 compatible fragment hits have been identified.



1.2. Fragment-Based Screening

Because of their smaller size, fragment hits generally bind weaker with typical binding affini-
ties in the range of 0.1-10 mM (Figure 1.3). Compared to HTS hits, fragment hits make fewer
but more optimized binding interactions. For this reason, fragments are generally considered
more ‘atom efficient’ binders, which is demonstrated by a higher ligand efficiency
(LE = -AG/HAC).B?! In order to detect this weaker binding, sensitive biophysical screening
techniques are necessary as most cellular or biochemical assays used for HTS are not sensitive
enough. 29401
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Figure 1.3. Comparison of MW vs. potency of typical HTS and fragment hits. The smaller fragment hits
are less potent than HTS hits but generally exhibit higher ligand efficiency. Reprinted with permission
from reference.? Copyright (2012) American Chemical Society.

Over the years, a range of biophysical techniques have been adopted for fragment screen-
ing with the most widespread being fluorescent-based thermal shift (TS), X-ray crystal-
lography, NMR spectroscopy, and surface plasmon resonance (SPR).[% X-ray crystallography
is generally accepted as the most powerful technique and gives the most detailed structural
information on the mode of binding. However, the method has a relatively low sample through-
put, requires protein crystallization, and depends on expensive infrastructure. For these reasons,
less resource intensive and higher throughput methods such as TS, SPR, and NMR are often



initially used to discover hits before X-ray crystallography is employed for determining the
exact mode of binding.?*%41 An overview of the most widely used screening methods for
FBDD is given in Table 1.1.

1.2.1. Ligand-Observed NMR Spectroscopy

NMR spectroscopy was the first method to be successfully used for screening of fragmentsél
and has since evolved into a valuable tool for FBDD. It is considered the most robust screening
technique for weaker binding ligands and has become the most widely adopted method for
fragment screening.’” NMR-based screening is divided into ligand- and protein-observed
methods with each their advantages and limitations.

Ligand-based NMR offers relatively high sensitivity and is ideally suited for weak to
medium binders. However, strong binders can also be detected using more careful experimental
design. The method has a decent sample throughput relying on 1D experiments with fast
acquisition times combined with screening of multiple fragments at the same time in
“cocktails”. A key advantage is the simultaneous quality control of fragments from 1D spectra,
which can identify compound degradation or aggregation and helps to avoid false positives.
The technique works best for medium to large proteins (> 15 kDa) with larger proteins giving
the best results (fragments experience a greater difference upon binding). Disadvantages
include a relatively high protein consumption compared to other methods such as SPR or TS.
Furthermore, binding information is typically limited, although some information may be
obtained depending on the experiment or by addition of a displacer ligand.[240-42

The simplest and most useful 1D NMR experiments for fragment screening include
saturation transfer difference (STD),¥ water-ligand observed via gradient spectroscopy
(WaterLOGSY),[* and transverse (T>)-relaxation-based experiments. All three experiments
rely on a fast exchange between bound and unbound ligands to affect a large proportion of the
ligand population and are thus ideally suited for weak to medium binders.®!

The *H NMR experiment STD is based on an intermolecular nuclear Overhauser effect
(NOE) between protein and ligand (Figure 1.4). The protein is selectively saturated by irradia-
tion of protein-associated signals (often from 0 to —1 ppm) to give an on-resonance spectrum.
In the event of ligand binding, the saturation is transferred from the protein to the ligand causing
a reduction of ligand signals. The on-resonance spectrum is subtracted from a reference
spectrum (off-resonance) to afford a difference spectrum where only signals from binders will
appear. Ligand protons closest to the protein are affected the most and the method can therefore
be used to determine binding epitopes ligands.[*!



Table 1.1. Summary of the most widely used screening methods for FBDD. 210401

Method Sensitivity Throughput Pros Cons
Ligand- 10 mM — Medium Robust and sensitive High protein consumption
observed NMR 100 nM Some binding information Medium FPs
. Binding information . .
Protein- 5mM - Isotopically labeled protein
. Low Determination of Kgq .
observed NMR  lower limit <40 kDa proteins
Few FP
T . Crystallization required
X-ray Binding information . .
All Low Equipment demanding
crystallography Few FP
Many FNs
L Immobilization and
Surface plasmon 500 uM . Measurement of kinetics . . .
- Medium . . integrity of protein
resonance lower limit Low protein consumption
Many FPs
Fluorescent- 500 UM Inexpensive and fast
Based Thermal IowerTimit High Reliable for Kq < 10 uM Many FPs/FNs
shift Low protein consumption
Isothermal . . .
titration 1mM - Low Robust method for Kg High protein consumption
. 10 nM measurements Low throughput
calorimetry
Mass 200 uM Medium/ Covalent inhibitors Requires ionizable system
spectrometry lower limit i Low protein consumption Difficult for weak binders
Microscale Large dynamic range Specialized equipment
_ pM-mM  Medium ge cynamic rang P ? CqUIPMe
thermophoresis Determination of Kgq Often requires labeling
Weak-affinity 1uM Medium Simple Immobilization and
chromatography  upper limit Inexpensive integrity of protein
High fragment conc.
Enzymatic 100 uM . Effective for well-defined g g e
- High L . Low sensitivity
assays lower limit active sites (e.g. kinases)

Many FPs/FNs

FP: false positive; FN: false negative

WaterLOGSY is also an NOE-based experiment but relies on intermolecular transfer of
magnetization via bulk water. Due to a large difference in correlation times between target-
bound water and solvent water, NOEs experienced by binders and non-binders will be of oppo-
site signs.[*1 A comparison between STD and WaterLOGSY spectra is shown in Figure 1.5.
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Figure 1.4. Schematic illustration of saturation transfer difference NMR. Ligand binding is detected as
an intermolecular transfer of magnetization from protein to ligand causing a reduction of ligand signals.
Reprinted with permission from reference.8l Copyright (2011) of American Chemical Society.

In T.-relaxation-based experiments, a difference in tumbling rates between large bio-
molecules and fragments is exploited. Due to their slow rotational correlation time (long tc),
large biomolecules have shorter T.-relaxation times than those of fragments. Consequently,
binding of a fragment results in a significant reduction of its To-relaxtion and is observed by
peak broadening of the fragment signals. This effect is easily visualized when applying a T»-
filter such as the Carr—Purcell-Meibom-Gill (CPMG) scheme (Figure 1.6).147-5% This spin-
echo pulse sequence adds a relaxation delay (one or several trains of hard 180° pulses) before
signal detection and results in a reduction of signal intensities from broadened peaks. Due to
the large chemical shift anisotropy (CSA) of fluorine, this approach is in particularly useful for
F NMR (vide infra).%

Another useful NMR approach is competition ligand-based NMR experiments, which also
allow for the efficient detection of strong binders. These assays rely on the displacement of a
known binder, the spy molecule, and only identifies specific binding ligands. A particular
simple and effective methods is the °F NMR-based “fluorine chemical shift anisotropy and
exchange for screening” (FAXS) experiment.%2 FAXS is also based on a CPMG spin-echo
scheme and monitors the displacement of a fluorinated ligand (Figure 1.7). The approach draws
on the increased simplicity and relative sensitivity of *°F NMR without the need of fluorinated
fragments. While effective, competition experiments require a known weak-to-medium binder
to work. Furthermore, as binding is observed indirectly, deconvolution of screening cocktails
is necessary for identifying new binders.
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1.2.2. Protein-Observed NMR Spectroscopy

Compared to ligand-observed experiments, protein-based NMR screening typically relies on
more complex 2D protein-detected *H-'°*N heteronuclear single quantum coherence (HSQC)
experiments. Fragment binding is detected as perturbations in chemical shifts of *H->N amide
cross peaks of a ®N-labeled protein (Figure 1.8). The method easily distinguishes between
nonspecific and specific binding while providing valuable structural information about the site
of binding (requires a solved NMR structure). Protein-observed experiments are highly sensi-
tive and have a larger detectable affinity range as compared to ligand-observed techniques,
particularly in the high-affinity end.[?°4053 The method was used in one of the first published
examples of FBDD under the name “structure-activity relationship (SAR) by NMR”[*8l and has
successfully been employed in several campaigns since then.*561

Because the method relies mainly on changes in NH backbone chemical shifts, protein-
observed NMR screening is limited to relatively small proteins (<30-40 kDa). *C-labeling,
deuteration, and/or amino acid-selective labeling can extend the size of the protein but the faster
relaxation properties of larger proteins may be a concern. Furthermore, large quantities of
protein is needed and since isotopic labeling is required, the method is costly. Consequently,
X-ray crystallography has become the preferred approach for obtaining structural information
on fragment binding.[2940531
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Figure 1.5. Detection of ligand binding using STD and  Figure 1.6. Example of how a T,-based
WaterLOGSY 'H NMR experiments. Spectra are both  relaxation experiment can be used to
phased so that positive signals indicate binding. Nega-  identify binding. Spectra recorded using
tive signals in the WaterLOGSY spectrum originates 10 ms (black) and 200 ms (red) relaxation
from NOEs of solvated water. Figure adapted fromref-  delays, respectively. Figure adapted from
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Figure 1.7. Screening by FAXS NMR. A mixture of non-fluorinated compounds is screened against a
known fluorinated ligand, the spy molecule (S). The broad signal of the spy molecule becomes sharper
upon displacement by another binder. Deconvolution of the screening mixture is then required to deter-
mine the identity of the binder. A control molecule (C) is typically added as an internal reference.

1.2.3. X-Ray Crystallography

The routine application of X-ray crystallographic screening was pioneered at both Abbott!*%
and Astex®?®! and is today considered the most powerful tool for fragment screening (Figure
1.9). The technique can provide detailed information on the mode of binding with a low number
of false positives and, in contrast to protein-observed NMR, works for larger proteins as well.
As previously stated, the method is generally used as a secondary screening assay due to the
relative low sample throughput and dependence on expensive infrastructure.2°4571 However,
it should be noted that recent advances in high-throughput setups can now facilitate primary
screens by X-ray crystallography.!0:5l

Obtaining high quality crystals of protein-ligand complexes can be both difficult and time
consuming. Crystal soaking is the most resource-effective approach in which a protein crystal
(apo-form or with a weakly bound ligand) is soaked with fragment cocktails or individual frag-
ments in high concentrations (up to 50 mM). This method requires the binding site to be
solvent-exposed and/or unhindered for binding to occur. The high fragment concentration is
needed to achieve high fragment occupancy in the protein in order to obtain sufficient electron
density maps and detect binding. Consequently, X-ray crystallography is prone to many false
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negatives if high protein occupancy is not achieved.2°4°571 However, the use of halogenated
(typically brominated) fragments may aid in achieving better crystallographic data and thus
higher hit rates via heavy atom anomalous scattering.¢!

For more difficult systems, in which the protein does not crystallize without a ligand or if
ligand binding induces larges conformational changes that cracks the crystal, co-crystallization
can be attempted instead. Here, the protein-ligand complex is prepared in an aqueous media
preceding crystallization. However, this method normally requires different crystallization
conditions for each fragment and therefore has an even lower sample throughput.[2240571

While crystallographic data is considered the gold standard of structural information, it is
important to note that crystallographic models are still models. Models can be misleading and
in particular lower resolution structures may have the position or conformation of ligands mis-
assigned. In severe cases, the ligand itself could be incorrect or entirely absent.’) More fre-
guently, fragment binding may occur through crystal contacts, i.e. interactions only present in
the crystalline state of the protein and not in solution. This has been estimated to apply for as
many as a third of structures published in the PDB database.®? Finally, crystallographic data
provides only limited information on binding affinity and should therefore be correlated with
other screening methods. !
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Figure 1.8. Selected region of a *H- Figure 1.9. X-ray crystallography is a powerful method
1N HSQC spectrum from a protein- for determining the binding mode of fragment hits,
observed NMR screen. >N-labeled which is vital for structure-based drug design. The tech-
protein alone (black) and two exam- nique typically has a relatively low sample throughput
ples of fragment binding (red and and is therefore primarily used as a secondary assay.
green). Reprinted with permission Reprinted with permission from reference.?! Copyright

from reference.[®® Copyright (2012) (2012) American Chemical Society.
American Chemical Society.
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1.2.4. Surface Plasmon Resonance

Surface plasmon resonance (SPR) is one of the major screening techniques for FBDD. The
main advantages include information on binding kinetics and thermodynamics while only
requiring relatively small amounts of protein. SPR works by immobilizing a target biomolecule
on a gold chip and sequentially passing solutions of single fragments over it. As fragment bind-
ing causes an increase of surface mass, binding can be detected in real-time as a change of
refractive index (Figure 1.10). Binding kinetics can then be measured from the time-dependent
fragment association—dissociation response and be used to calculate binding affinity. Recent
developments in biosensors and instrumentation have enabled the method to detect binding of
molecules down to 100 Da and allow for significantly higher sample throughput than
previously possible.[240.6364]
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Figure 1.10. Hlustration of surface plasmon resonance (SPR). (a) Ligand binding to a surface-
immobilized biomolecule is detected as a change in refractive index (proportional to change in surface
mass). (b) SPR sensorgram of a typical binding cycle. Ligand binding results in an increase of the
resonance signal until an equilibrium is reached (related to the ligand concentration). The solution of
ligand is replace with buffer and the biomolecule—ligand complex is allowed to dissociate. Based on the
association and dissociation kinetics, the binding affinity can then be calculated (Kqg = Kaiss/Kass). Re-
printed with permission from reference.[%3 Copyright (2002) of Springer Nature.

Immobilization of the target biomolecule to the sensor surface is a central element in SPR.
The process must preserve the integrity and activity of the protein while producing high protein
density on the sensor surface. Typically, immobilization of proteins is performed covalently
using amide couplings between lysine side chains of the protein and carboxylic acids on the
surface of the sensor chip. The approach requires no biomolecular engineering or chemical
modifications of the protein but does give a heterogeneous mixture of immobilized proteins,
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which can lead to loss of activity. Another disadvantage is potential lack of regenerative proper-
ties of the chip following a screen. Promiscuous binders have been shown difficult to remove
and may significantly affect subsequent screens. Alternatively, capturing of histidine-tagged
proteins can be used and enables full regeneration of the surface. However, protein leakage can
be a concern and much larger quantities of protein is needed. 4?6365

SPR is generally easier to set up and run compared to NMR spectroscopy and X-ray
crystallography. However, because fragment binding is weak the method requires high frag-
ment concentrations and is relatively susceptible to unspecific binding. Furthermore, experi-
ments can easily be set up or interpreted incorrectly. As an example, an extensive review article
from 2008 concluded that less than 30% of the 1400 SPR experiments reviewed had been con-
ducted and reported in an appropriate manner.56]

1.2.5. Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) provides quantitative binding data with high sensitivity
and full thermodynamic characterization over a large dynamic range of Kg-values.®”l The
methods works by measuring the heat released (or absorbed) when a ligand binds to a protein
through a series of titrations (Figure 1.11). It is the most robust method for measuring Kq-values
but requires large quantities of protein and has a low sample throughput. Consequently, ITC is
better suited as a secondary screening technique.24°!
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Figure 1.11. Isothermal titration calorimetry is a robust method for measuring binding affinity. Small,
successive aliquots of ligand are titrated into a solution of protein and the amount of heat released is
measured as a function of time. Concurrent with binding, protein sites become progressively occupied
and less heat is released upon injection of additional ligand. Figure adapted from reference. (58]
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1.2.6. Mass Spectrometry

Although less established, native-protein mass spectrometry (MS) has become increasingly
useful as a complementary screening technique.®® The method relies on soft electrospray
ionization (ESI) to detect target—ligand complexes and enables direct deconvolution of screen-
ing mixtures with fragments of different masses (Figure 1.12).1%97% Importantly, native-protein
MS requires only small quantities of protein and is often rapid and automated. However, it is a
challenge to achieve detectable target occupancy with weakly binding fragments. As the target—
ligand complex must survive in the gas phase, screening by MS is best suited for covalent
interactions. 2]

An interesting covalent approach is tethering, in which a natural or engineered reactive
functionality in a protein is used to capture fragments binding in the vicinity.[! The earliest
example of this approach exploits a native cysteine to covalently link to thiol-containing frag-
ments.["2
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Figure 1.12. Native-protein mass spectrometry using soft electrospray ionization can be used to detect
fragment binding. Binding is detected as a corresponding increase in mass of the protein and allows for
direct deconvolution of screening mixtures (assuming unique molecular weights of fragments). As
protein—ligand interactions must survive in the gas phase, the method works best for covalent binders.

1.2.7. Fluorescence-Based Thermal Shift Assay

Fluorescence-based thermal shift (TS) or differential scanning fluorimetry (DSF) is perhaps
the fastest screening method for fragments and is relatively inexpensive, requiring affordable
equipment and only little protein and. The technique is based on an increase in the unfolding
temperature (ATm) Of a protein as a result of stabilization by fragment binding (Figure 1.13).
The assay is typically carried out in a plate-based format using an exogenous environmentally
sensitive fluorescent dye to monitor the unfolding process. Because fragment binding is weak,
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temperature shifts are consequently also small, ATn~ 0.5-2 °C. Unfortunately, the method is
prone to many false positives and negatives and results are not always reproducible. Thus, TS

is often used as a preliminary screening assay prior to more accurate methods such as NMR or
SPR.[2'40’73'74]

1.2.8. Virtual Screening

In silico technigques are becoming increasingly sophisticated and available for use in FBDD
(Figure 1.14). Generally, computational methods are employed in one of two ways: Virtual
screening of large libraries or as a tool for producing modes of binding for hits in the absence
of structural information. While several successful examples on the use of in silico methods
for fragments exist, there are still many limitations for effective implementation in early stage
drug discovery. The major challenges in regards to FBDD lie with the smaller size of frag-
ments. Possible docking modes are significantly increased while the weaker binding inter-
actions make changes more subtle. Consequently, computational techniques continue to find
more application in later stages of drug development and they will undoubtedly play an increas-
ingly important role in the future.[2%757€l
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Figure 1.13. Illustration of data output Figure 1.14. Computational methods can be
from a fluorescence-based thermal shift as- used to screen virtual libraries or finding
says. Binding is observed as an increase in binding modes of ligands. However, it is gen-
the melting temperature of a protein in the erally difficult to apply for fragments due to
presence of a fragment. Reprinted with per- their small size. Reprinted with permission
mission from reference.? Copyright (2012) from reference.l?! Copyright (2012) American
American Chemical Society. Chemical Society.
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1.2.9. Microscale Thermophoresis

Microscale thermophoresis (MST) is an immobilization-free technique that is slowly becoming
increasingly popular for fragment-based screening (Figure 1.15)./1 The technique relies on the
physical phenomenon of thermophoresis, which describes molecular migration in the presence
of a temperature gradient (either towards or away from higher temperatures). Ligand binding
affects the migratory behavior of proteins via alteration of charge, size, or shell hydration and
this can be monitored using fluorescent detection. This is typically performed using a fluores-
cently labeled protein but can also be done label-free via native tryptophan residues. MST
enables measurement of binding affinity as well as direct detection of protein denaturation or
aggregation, which helps to avoid false positives. While this method has previously suffered
from a low sample throughput, recent technological advances now enable higher throughput
screening in an automated setting.[”®! However, such specialized equipment is relatively expen-
sive.
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Figure 1.15. Microscale thermophoresis detects the flow of molecules in the presence of a temperature
gradient generated by an IR laser. Ligand binding affects the chemical microenvironment around the
protein and thus migratory behavior, which is monitored by fluorescence. Changes in the thermophoretic
profile of a protein at varying ligand concentrations enable measurement of Kg-values. Figure adapted
from reference.[’
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1.2.10. Affinity-based Separation

Techniques based on affinity-based separation are relatively simple and inexpensive but are
generally not widely applied. A few examples of such methods are briefly described here and
includes capillary electrophoresis, weak-affinity chromatography (WAC), and ultrafiltration.

CE involves the application of high voltage across a liquid-filled capillary with analysis of
analyte migration. The method relies on a reporter ligand whose mobility is decreased in the
presence of a protein target in the buffer (Figure 1.16). Screening of fragments can then be
performed and binding is detected as a change in the retention time of the reporter ligand. The
method has a low consumption of unmodified protein and a similar throughput comparable to
many other biophysical techniques.%2

Ultrafiltration is an exceptionally simple approach and relies on centrifugation of screening
mixtures through a membrane that only retains macromolecules (along with bound fragments).
The composition of the filtrate is compared to that of the initial mixture and depletion of any
signals are attributed to target binding. (!
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Figure 1.16. Schematic illustration of fragment screening using capillary electrophoresis. (a, b) In a
capillary exposed to a high voltage gradient, the mobility of a reporter ligand is reduced upon addition
of the protein target in the buffer. (c) Fragment screening is then performed by addition of a fragment to
the buffer. Fragment binding is detected as a change in the retention time of the reporter ligand due to
competitive binding of the protein.
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In WAC, fragments are passed through a chromatography column containing a covalently
immobilized protein (similarly to SPR) and binding is detected as an increase in retention time
compared to a non-derivatized column. WAC can advantageously be performed using high-
performance liquid chromatography (HPLC), which in combination with MS also facilitates
screening of fragment mixtures. The main challenges of using WAC are related to the im-
mobilization, integrity, and stability of the protein on the chromatography column. 4

1.2.11. Other Techniques

In addition to the well-established techniques described so far, a number of other techniques
have also been adapted for fragment-based screening, e.g. fluorescence anisotropy, fluores-
cence correlation spectroscopy, and biolayer interferometry. However, these methods are only
rarely employed for screening of fragment and are for that reason not described herein.[*%

To end with, advances in electron cryogenic electron microscopy (cryo-EM) has now made
this technology competitive with X-ray crystallography and have led to the first examples of
its use in FBDD. Researchers at Astex recently reported high quality cryo-EM maps showing
fragments binding in two different proteins (Figure 1.17). While throughput is still a major
limitation, the technique could potentially open thousands of uncrystallized proteins for
structure-based design.[®
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Figure 1.17. Cryo-EM structure of B-galactosidase with a bound ligand at 2.2-2.3 A resolution. (a)
Tetrameric structure of B-galactosidase with the active site marked with a red ring. (b) Zoom in on the
active site shows clear density of the bound ligand (orange). Adapted with permission from reference.[®%
Copyright (2020) Elsevier.
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1.3. Fragment Elaboration

Due to the issues of false positives (and false negatives), it is recommended to perform frag-
ment screening using orthogonal techniques — at least as a measure to validate hits.**! Once
validated, hits are synthetically elaborated into more potent compounds by iterative cycles.
While more conventional medicinal chemistry can be performed (e.g. by SAR), structural bind-
ing information is typically key for successful fragment elaboration. Thus, many companies
only pursue hits that can be characterized crystallographically.®!

The simpler structures and higher LE of fragment hits can make optimization efforts easier
compared to HTS campaigns. One exceptional example is the development of vemurafenib,
which took only 6 years from project initiation to FDA approval. Unfortunately, this is not
always the case and for conventional targets optimization from HTS hits can be equally fast.
Nonetheless, many fragment screens lead to identification of new chemotypes that may offer
better selectivity and new intellectual property.F! In FBDD, there are three main strategies for
hit-to-lead optimization of fragments: linking, merging, and growing (Figure 1.18).

Fragment
linking
—_—

Fragment
merging

Fragment
growing

Figure 1.18. The three main fragment elaboration strategies: growing, linking, and merging.

Fragment linking is conceptually an attractive approach. Two or more fragments are iden-
tified to bind in adjacent sites and are then linked together to form a high-affinity com-
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pound.88587 |deally, the linker should allow the fragments to adopt their preferred orienta-
tions, make additional binding interactions, and contribute with only little entropic penalty.
However, in practice fragment linking is often challenging. Finding a suitable linker is difficult
and even small deficiencies in geometry or linker length can dramatically reduce affinity.
Furthermore, highly flexible linkers may allow the molecule to undergo ‘hydrophobic collapse’
causing hydrophobic surfaces to be intramolecularly buried. 23941 Thys, while there are
impressive examples of fragment linking, these tend to be the exception. 88821

Fragment merging, on the other hand, has proven more successful and easier to implement.
Similar to linking, fragment merging consists of the combination of fragments but is achieved
through merging of overlapping structural motifs (Figure 1.18). The approach draws on infor-
mation derived from hits, the literature, and known substrates and relies heavily on crystal
structures to identify overlapping structures.[393040]

Finally, fragment growing is the simplest and most popular strategy for hit elaboration.
One fragment hit provides the central scaffold for further optimizations. Typically, similar frag-
ments are initially tested to determine the ideal core scaffold. Then, growing of the fragment
by chemical synthesis is performed. This can be done either through classical SAR by derivati-
zation of possible vectors or more often by structure-guided design. In the latter, the fragment
hit is slowly and iteratively grown to pick up specific binding interactions. 2393040

1.3.1. Case Studies

Fragment growing was used in the development of 1.4, a nanomolar inhibitor of the oncology-
related kinases Aurora A and B (Figure 1.19). Based on a pyrazole-benzimidazole fragment
hit (1.1), crystal structures showed two main growth vectors that were used to grow the frag-
ment and achieving nanomolar potency. Due to poor pharmacokinetic properties of 1.3, a urea-
linked cyclopropyl was incorporated instead of the benzamide to afford the best combination
of potency and pharmacokinetic properties. Interestingly, 1.1 was originally identified as a hit
against cyclin-dependent kinase 2 (CDK?2) during another screening campaign. However, good
selectivity against Aurora A and B was successfully achieved during fragment elaboration.
Unlike many cases, crystal structures showed good overlap between the initial fragment hit 1.1
and the final drug candidate. Compound 1.4 underwent phase Il clinical trials against metastatic
solid tumors and hematological malignancies but was discontinued due to poor clinical re-
sponses.®+%I

22



o N
Fragment _/
growing
N NH —> NGV =
H N _NH
N
SN Q\(N \ N H
\_NH NH F\Q\(N Sw
0 NH
e}
1.1 1.2 1.3
ICsq (Auroa A) = 0.91 pM IC50 (Auroa A) = 6 nM ICs0 (Auroa A) = 10 nM
LE = 0.59 LE = 0.38 LE =0.35

ICs0 (Auroa B) = 6.5 yM ICs0 (Auroa B) = 180 nM ICs0 (Auroa B) = 75 nM

Q
/

— N _NH

N— SN
A=
(¢)

1.4
IC50 (Auroa A) = 3 nM
LE =0.42
IC50 (Auroa B) = 3 nM
ICs50 (CDK2) =510 nM

Figure 1.19. Fragment growing was used in the development of 1.4, an ATP binding site inhibitor of

the Aurora A and B kinases.[®!

Researchers at Vernalis demonstrated the power of fragment merging in the development
of a 3-phosphoinositide-dependent protein kinase-1 (PDK1) inhibitor.®! Fragment hit 1.5 was
initially optimized to compound 1.6 to occupy an adjacent hydrophilic pocket. Based on multi-
ple crystal structures, 1.5 was merged with two other fragment hits, 1.7 and 1.8. Super-
positioning of the three fragment binders afforded a number of combinations, among which
compound 1.9 exhibited the best mix of affinity, kinase selectivity, and in vivo efficacy (Figure

1.20).
L
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Figure 1.20. An example of fragment merging. Fragment hit 1.5 was initially optimized to 1.6, which
was merged with two other fragment hits, 1.7 and 1.8, around a common pyrazole scaffold to form the

nM inhibitor 1.9.1°6]
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An elegant example of fragment linking was performed at Abbott using SAR by NMR. 8
Screening against stromelysin, a zinc-dependent matrix metalloproteinase (MMP) resulted in
two promising fragments hits — the zinc-binding acetohydroxamic acid 1.10 and a simple bi-
phenyl derivative 1.11 occupying a proximal hydrophobic pocket. Using a flexible alkoxy-
linker, the two fragments were combined to form the non-peptidic MMP inhibitor 1.13 with
low nanomolar affinity (Figure 1.21).

CN
CN
O Fragment O O CN
0 linking
Y ) = W,
[o) (o] O, (o]
1.10 HO
Ki= 17,000 uM HO-NH HO-NH

LE = 0.48 1.11 1.12 1.13
Ki=20 uM Ki=25nM Ki=15nM
LE =0.43 LE =0.49 LE = 0.49

Figure 1.21. Fragment linking demonstrated in the development of stromelysin inhibitor 1.13.18
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1.4. Fragment Library Design

Construction of a suitable fragment library is essential for successful FBDD.®! As it is not
synthetically feasible to access all theoretically possible small molecules, libraries should
ideally be as diverse as possible to best sample chemical space. Nonetheless, focused libraries
can in some cases be advantageous to increase hit rates as demonstrated for protein-protein
interactions®"%l and against various kinases.® Library size can vary from less than a hundred
to several thousands of fragments and are thus significantly smaller than typical HTS collec-
tions (~10%-10° compounds).®! Generally, the Ro3 is considered a useful set of guidelines for
fragments but a number of influential papers have also been published on fragment library
design dealing with more complex properties such as diversity and unwanted functionali-
ties.[®100-1031 Recently, researchers at Astex published an updated list of criteria for their frag-
ment libraries including properties such as aqueous solubility, complexity, synthetic feasibility,
and vectors for later elaboration. 204l

1.4.1. Unsuitable Functional Groups and PAINS

Unfortunately, many hits turn out to be false positives due to non-specific interactions between
compound and protein. If these artefacts are not correctly recognized, efforts to optimize
potency are consequently wasted. Thus, to deal with this challenge, many functional groups
have been flagged as undesirable for screening purposes, primarily due to unwanted reactivity
that may lead to false positives (Figure 1.22).[10%.105.106]

In addition to unsuitable functional groups, many compound classes have also been found
to exhibit unspecific activity against a range of targets. Interference in assays may occur
through various mechanisms including covalent modifications, chelation, redox activity,
stability issues, or aggregation. These compounds are termed pan-assay interference com-
pounds (PAINS) and show promising activity but lead to unfruitful hit optimizations. Roughly
480 compound classes have been identified to give rise to PAINS but of these, 15 classes
account for more than half of observed artefacts (Figure 1.23).1101.106.107]
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Figure 1.22. Unstable or reactive functional groups generally considered unsuitable for screening com-
pounds. X = halogen; Het = heteroatom (N, S, O).[105.106]

The apparent activity of PAINS is often seductive and has led to numerous publications
falsely claiming these artefacts as promising inhibitors — something one should be mindful of.
It is estimated that as many as 5 —12% of compounds in academic screening libraries are
PAINS, % and it is therefore important to be aware of these potential ‘bad-actors’. While
learning the most disreputable structures is highly recommended, hits should be crosschecked
in the literature and ideally confirmed by orthogonal methods in order to validate them.
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Figure 1.23. A list of the ‘worst offenders’ among recognized PAINS. Around 15 compound classes
(out of 480 known) have been identified to account for up to 60% of nuisance compounds. Many com-
pounds are covalent modifiers (e.g. a,B-unsaturated systems and catechols) or metal complexers (e.g.
hydroxyphenylhydrazines and phenolic Mannich bases). Others are prone to chemical decomposition
(e.g. aryl pyrroles), can function as redox cyclers (e.g. quinones and catechols), or are simply promis-
cuous/nonspecific (e.g. 2-amino-3-carbonylthiophenes). Het = heteroatom (N, S, O).[106:107]

1.4.2. Library Diversity

Diversity is a somewhat subjective term and may refer to a number of properties such as func-
tional groups, pharmacophores, scaffolds, side chains, stereochemistry, shape, and more. As
nature recognizes molecules as three-dimensional (3D) surfaces of chemical information, the
overall shape of a small molecules is arguably the most fundamental factor controlling its bio-
logical effects.[2%111 [ndeed, extensive ‘shape space’ coverage has been correlated with a
broad biological activity and has been identified as the most important property for overall
functional diversity.[108109111-115] |nterestingly, the main factor for determining the shape of
small molecules is their central scaffolds and thus, shape diversity is ultimately linked to scaf-
fold diversity.?
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In recent years, ‘three-dimensionality’ has received increasing attention as an important
physical property.[*?6-118 The vast majority of small drug-like molecules synthesized to date
are dominated by aromatic moieties and flat topologies.™*8-12°1 However, compounds with
higher fractions of sp3-hybridized carbons (Fsp®) tend to perform better in drug discovery cam-
paigns partly due to higher aqueous solubility and lower off-target binding.[*2:-1241 Additionally,
more 3D hits may offer alternative growth vectors for later optimization whereas aromatic
moieties limits elaboration to the plane of ring systems.['?! Interestingly, natural products tend
to have significantly higher 3D character with greater degrees of carbon saturation.**":1261 Thys,
there has been a push towards exploring more natural product-like and ‘three-dimensional’
structures to improve the shape diversity of current screening collections.

1.4.3. Molecular shape diversity

The simplest approach to estimate ‘three-dimensionality’ is by looking at the Fsp® as saturation
tend to result in higher degrees of complexity and 3D shape.[*?121 However, it is a crude ap-
proach and 3D conformers can also be generated from sp2-rich molecules.[**® Consequently,
more elaborate models have been developed for determining molecular shape.[*12120.128-1311 For
library analysis, the principal moment of inertia (PMI) plot is probably the most widely used
method. Although fairly basic, PMI analysis provide an easy way to visualize and compare the
shape diversity of large numbers of compounds (Figure 1.24).0112

Moment of inertia or rotational inertia (1) is a measurement of how resistant a body is to
changes in rotational motion about an axis.[**? Based on the lowest energy conformer of a
compound, its three PMls (I, Iy, and 1;) around orthogonal axes going through the center of
gravity are calculated. For a molecule, the moment of inertia is defined as the product sum of
atomic mass and atomic distance squared for each heavy atom (eg. 1).

HAC

I = z m;r, (1D
i=1

where m is atomic mass and r is the distance of the atom from the center of gravity in the
molecule.
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The PMIs are then normalized by dividing the two lower values with the highest value to
generate two size independent and normalized PMI ratios, NPR1 and NPR2. The two values
are plotted in a ternary plot with each corner representing a geometrical extreme — a rod, disc,
or sphere, respectively (Figure 1.24).112]

Because PMI is calculated from the distribution of mass rather than volume, the method is
slightly biased towards high-density atoms or functional groups. For instance, while chlorine
and methyl substituents have similar Van der Waals (VdW) volumes,™3334 chlorine has a
larger influence on the calculated PMI due to its larger mass.

NPR2

natural
products
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fragments

: : : : . . : : : : :
0.0 0.2 0.4 @ 0.6 0.8 1.0 0.0 0.2 0.4 @ 0.6 0.8 1.0
NPR1 NPR1

Figure 1.24. Principle moment of inertia (PMI) plot with normalized axes. Each corner of the ternary
plot represents molecular extremes — rod-like [0,1], disk-like [%2,%%], and sphere-like [1,1] geometries,
repsectively. “Flatland” is situated below the dashed line (NPR1 + NPR2 < 1.1).12%8] (a) Examples of
five intermediate geometries including two non-planar molecules with Fsp® = 0. (b) Comparison between
a typical commercial fragment library (red) and a collection of 1356 natural products (green).3%
NPR = normalized PMI ratios. Coordinates were calculated using open-source software. 136

Another interesting method for evaluating structural shape is the plane of best fit (PBF).
The PBF of a molecule is calculated to afford the lowest average distance of each heavy atom
to this plane (Figure 1.25). The method can profitably be used in combination with PMI
analysis for more detailed analysis and has shown to be able to differentiate between closely
clustered molecules in NPR space.!%]

29



P,
®)-50-00-9 \\*\L“&"\f&
N doa ' EO.MA PBF score
1 027A LA
K
¢ auum“ *L by ﬂk
plane of best fit (PBF) | ¥° %
¢ %
¢ \

Figure 1.25. Principle of the plane of best fit (PBF) for characterization of molecular three-dimension-
ality. (a) Example of a PBF for cyclohexane. (b) Molecules are assigned a PBF score equal to the average
atomic distance in A from the PBF. Figure adapted from reference.[12!

1.4.4. Library construction

Generally, small molecules can be obtained from three distinct sources — natural products,
commercial sources, and synthesis. Natural products possess enormous structural diversity and
have been a major source of drugs and lead compounds over the years. However, their use is
associated with multiple challenges including purification, availability, and chemical modifi-
cation. Commercially available libraries comprise millions of compounds and offer an easy
and important source of small molecules. Unfortunately, these collections typically consist of
structurally simple and similar compounds with flat topologies (low Fsp®). While such com-
pounds have proven successful for the discovery of numerous bioactive molecules, this lack of
diversity is a drawback in respect to the identification of novel bioactive chemotypes. Finally,
synthesis of new compound collections can aid in accessing new and diverse structures. Several
synthetic strategies have been developed for this purpose, however, it remains a formidable
challenge to efficiently access large numbers of diverse molecules.[2109.11
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1.5. Diversity-Oriented Synthesis

Traditionally, combinatorial library synthesis has been the dominating approach for construc-
tion of screening collections.™™ This strategy seeks to achieve library diversity through varia-
tion of side chains around a limited number of central scaffolds. In contrast, diversity-oriented
synthesis (DOS) is a newer synthetic philosophy that aims to efficiently access large numbers
of diverse scaffolds and thus achieve better structural diversity (Figure 1.26).138139 Synthetic
planning is performed in forward pathways rather than retrosynthetically and may help to in-
crease coverage of chemical space including unexplored regions that could potentially allow
for the identification of novel binding motifs.[1%

a Combinatorial library synthesis b Diversity-oriented synthesis
Q
O é Compounds more
a—— ﬁg Compounds cluster / Q ;,g;?g;g;;ii
in chemical space D —> > %8
Similar target e, . g
structures e Divers Q Q ‘
target =3
structures Q ‘

Figure 1.26. A comparison between the overall synthetic strategies used in combinatorial library syn-
thesis (a) and diversity-oriented synthesis (DOS) (b), respectively. The branching pathways of DOS
enable synthesis of more diverse compounds as illustrated by the increased coverage of chemical space.
Reprinted with permission from reference.['® Copyright (2010) of Springer Nature.

Overall, there exists two approaches for generating scaffold diversity in DOS —the reagent-
based and the substrate-based approach (Figure 1.27).1% In the reagent-based approach, a
common starting material is subjected to different divergent and complexity-generating reac-
tions in a branching fashion. This is accomplished in one of two ways: 1) by using a densely
functionalized molecule with different functional groups that can be transformed by different
reagentst*? or 2) by exploiting a pluripotent functional group that can participate in a number
of different reactions.[!l In contrast, the substrate-based approach is based on pre-encoded
substrates that are folded into distinct scaffolds under common reaction conditions. 4%
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Figure 1.27. Two overall DOS strategies to create scaffold diversity. (a) The reagent-based approach is
based on common starting materials, which are subjected to different reaction conditions. (b) In the
substrate-based approach, a set of different, pre-encoded substrates are transformed into distinct scaf-
folds under common reaction conditions. Reprinted with permission from reference.*®) Copyright
(2010) of Springer Nature.

A common feature for many DOS campaigns was identified by Nielsen and Schreiber and
termed the build/couple/pair (B/C/P) three-phase strategy (Figure 1.28).14 Central building
blocks are initially synthesized (build phase) and subsequently combined to form one or several
densely functionalized intermediates (couple phase). Finally, scaffold diversity is generated
through a series of folding-type processes in which different parts of an intermediate is con-
nected (pair phase). This B/C/P approach can serve as a useful tool for planning target com-
pounds in a DOS campaign.

Within the DOS philosophy, complementary approaches has since emerged that prioritize
certain areas of chemical space. Biology-oriented synthesis (BIOS) targets compounds based
on natural product-like scaffolds in order to increase the biological relevance of compounds
synthesized.[*41%51 The closely related privileged-substructure-based DOS (pDOS) concentrate
on privileged structures, typically derived from bioactive compounds, that are capable of bind-
ing multiple targets, e.g. the benzopyran scaffold.**®! Another example includes lead-oriented
synthesis (LOS) that focuses on delivering compounds with specific molecular properties
favorable for lead optimization.[14714€]
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Figure 1.28. The build/couple/pair strategy in DOS. A set of building blocks is initially synthesized
(build phase) and is followed by a series of intermolecular coupling reactions (couple phase). Finally,
intramolecular couplings in pairwise combinations (polar-polar, polar-nonpolar etc.) generate scaffold
diversity (pair phase). Adapted with permission from reference.[431 Copyright (2007) of John Wiley and
Sons.

1.5.1. Applications in FBDD

DOS was originally developed for the construction of diverse HTS compounds but over the
past decade the methodology has also been successfully employed for the synthesis of novel
fragment collections.[*4*-2%8 The first example from 2011 was a substrate-based approach using
the B/C/P methodology to synthesize 3D fragments from three proline-based building blocks
(Scheme 1.1). Functionalization of these building blocks followed by intramolecular pairing
using either ring-closing metathesis (RCM) or oxo-Michael reactions afforded a series of fused
and spiro bicyclic fragments.[4%]
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Scheme 1.1. Synthesis of highly shape diverse fragments using the build/couple/pair approach from
three proline-derived building blocks.[4%

A recent example by Spring and co-workers involved the use of a reagent-based strategy
starting from a single a,a-disubstituted propargyl amino ester (Scheme 1.2). By exploiting the
three reactive handles with a broad range of chemistry, the building block was transformed into
a series of highly functionalized intermediates that were subsequently ring closed to afford a
small collection of N-substituted quaternary carbon-containing fragments. 56!

In 2017, Nelson and co-workers applied DOS for the construction of a natural product-
inspired fragment collection (Scheme 1.3).[*%%1 An intramolecular [5+2] cycloaddition strategy
was employed to construct four bridged core scaffolds. Subsequent ring distortion reactions
(expansion, cleavage, annulation, or substitution) afforded a small library of polycyclic frag-
ments with natural product-like substructures. Interestingly, the biological relevance of the li-
brary was demonstrated by identification of novel hits against three epigenetic targets via X-ray
crystallographic screening.

However, in spite of these excellent examples of DOS, the number of reported fragment
library syntheses are relative low, especially given the popularity of FBDD. Thus, continued
effort into the synthesis of diverse fragments is still highly desired. (104
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Scheme 1.2. Synthesis of diverse N-substituted quaternary carbon-containing fragments using a reagent-
based approach from an o,a-disubstituted propargyl amino ester.[25]
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Scheme 1.3. Diversity-oriented synthesis of 52 natural product-like fragments via four bridged core
scaffolds that were based on an intramolecular [5+2] cycloaddition. X-ray crystallographic screening
against three epigenetic proteins afforded hit rates of 4-15%
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1.6. Fluorine

Fluorine is the 9™ element of the periodic table and is the 13" most abundant element in the
Earth’s crust. By itself, the element exists as F, — a pale yellow, poisonous gas with a stinging
odor. However, due to the highly oxidative nature of diatomic fluorine, the element does not
occur freely in nature. The element was first isolated in 1886 by the French chemist Henri
Moissan, an accomplishment that afforded him the Nobel prize in chemistry in 1906.0*%% The
name fluorine originates from the Latin fluere, which means to flow, and is a reference to the
main fluorine-containing ore, fluorite (CaF>), used as a metallurgical flux.[*¢%!

Fluorine has been widely integrated in a number of materials and chemicals including
refrigerants, aerosol propellants, agrochemicals, lubricants, surfactants, and pharmaceuticals.
However, in spite of its high abundance in the Earth’s crust, only about a dozen fluorine-
containing natural products have been identified (Figure 1.29).[164

OH

HOOC, OH
0 o Hooc._3_CooH F\/'\‘/COOH NH,
E z N
F o : L ¢l fk)N
fluoroacetone fluoroacetic acid (2R, 3R)-fluorocitric acid 4-fluorothreonine N \N

(1.14) (1.15) (1.16) (1.18) Q o
H,N—S-0 "1OH
O 3 4

/\/\/\/\/:\/\/\/\/COOH
F

w-fluorooleic acid (1.17) nucleocidin (1.19)

Figure 1.29. Examples of a very limited number of fluorinated natural products. Compounds 1.14-1.17
have been isolated from plants and 1.14, 1.16, and 1.19 from bacteria.

1.6.1. Properties of Fluorine

Fluorine exists 100% as a single isotope, *°F, with the electronic configuration [1s22s22p°]. It
is the most electronegative element of the periodic table with a Pauling electronegativity value
of 3.98 (Figure 1.30).15% Table 1.2 compares a list of key properties of the C—F bond with
similar bonds.
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Trifluoromethyl is an often encountered group in medicinal
chemistry. While it is almost five times heavier than the methyl
group (molecular weights of 69 Da and 15 Da, respectively), the
CFs-group is only about 1.8 times larger (van der Waals volumes
of 39.8 A®and 21.6 A%, respectively). The steric bulk of the
CFs-group has been much debated but is generally accepted to
be similar or slightly larger than the ethyl group, although clearly
of a different shape.l*3*162 However, while the introduction of
Figure 1.30. The element fluorine results in an increase of molecular weight, fluorinated
of fluorine. compounds (< 6 fluorine atoms) generally behave similarly to

their non-fluorinated analogues in a variety of in vitro assays in-
cluding P-glycoprotein (P-gp) recognition, metabolic stability, and membrane permeability.
Thus, it has been suggested that the added molecular weight can typically be ignored in
efficiency metric calculations. 134163l

The strong electron withdrawing effect of fluorine can significantly reduce the pKa of ad-
jacent functional groups such as carboxylic acids, amines, and alcohols by several orders of
magnitude (Table 1.3).126418%1 Thus, fluorine can heavily influence the lipophilicity of a mole-
cule depending on its environment. While the introduction of fluorine is often expected to in-
crease lipophilicity, aliphatic fluorine can in many cases lead to a decrease of logP.[*%6.1671 This
is in particular true when fluorine if positioned adjacent to oxygen or another fluorine atom to
stabilize a more polar conformation (e.g. by the gauche effect).[67-169

Fluorine
[He] 2s22p°®

Table 1.2. Key properties of the C—F and C—CF3; moieties,[133134170-172]

Bond Bond ydW vdwW Elect_rc_)- Dipole BDE
length (A) radius® (A) volume® (A% negativity moment u (D) (kJ/mol)

CH 1.09 1.20 7.24 2.20 -0.4 413
C-F 1.35 1.47 13.3 3.98 141 441
C-ClI 1.77 1.75 22.5 3.16 1.87 328
C=0 1.23 1.52 14.7 3.44 2.33 355
C-OH 1.48 1.52 14.7 3.44 1.66 351
C-Me 1.53 1.73 21.6 2.55 0 -
C-CF; ~1.50 211 39.8 ~3.400 ~2.34 =
C-Et 1.53 - 38.9 2.55 0 -

&l of atom/group (not bond). I variable depending on the method of determination.[31741 vdwW = van
der Waals; BDE: bond dissociation energy.
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Table 1.3. pK, values of selected compounds, 1641651

Compound pKa Compound pKa
CHsCOOH 4.8 CH3CH.0OH 15.9
CH2FCOCH 2.6 CFsCHOH 12.4
CHF,COCH 13 CH3CH2NH3z* 10.7
CFsCOOH 0.5 CH2FCH:NH3* 9.0
CF3;CH.COOH 3.1 CHF,CH:NHz* 7.3
CFsCH.CH,COOH 4.2 CFsCH2NHs" 5.8

Fluorine can in certain cases participate in hydrogen-bonding as a HBA, although such
interactions are rare and the bonding is weak.[*3175-178 Unlike other halogens, fluorine can
generally not participate in halogen bonding due to its near-spherical electron distribution (no
electron-deficient -hole).*”®! However, the CFs-moiety may engage in a weak, but neverthe-
less interesting tetrel bonding (—~CFs:--O/N) through a similar c-hole interaction on the sp®-
carbon (Figure 1.31). Like the halogen bond, this binding interaction is optimal at an angle of
180° to the C-CF3 bond.!*&!

NH Tyr246

Figure 1.31. Key binding interactions between niflumic acid (1.20) and NMRALL in a co-crystal com-
plex illustrates an example of CFs-mediated tetrel bonding.[*84

1.6.2. Fluorine in Medicinal Chemistry

Fluorine has played an significant role in medicinal chemistry since approval of the first fluor-
inated drug, fludrocortisone, in 1955 (Figure 1.32).1821 The electronic properties and relative
small size of fluorine has made it a valuable isostere in drug design and fluorine has been used
to influence numerous properties including potency, conformation, clearance, pK,, and perme-

ability. Today, approximately 25% of all marketed drugs contain fluorine (Figure
1.32).[134168,163-185]
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fludrocortisone (Florinef) ciprofloxacin (Ciprobay) atorvastatin (Lipitor) fluoxetine (Prozac)

Figure 1.32. Structures of selected fluorinated FDA-approved drugs — the first fluorinated drug, fludro-
cortisone, and three fluorine-containing blockbuster drugs.[8

The use of fluorine as a bioisostere in drug molecules has predominantly been achieved
through simple replacement of hydrogen atoms. However, over the years numerous other
fluorine-containing isosteres have been deployed with a few examples shown in Figure 1.34.
Most often, fluorine is introduced as a metabolic blocker to alter the rate or route of metabolism.
Metabolic labile sites, both aromatic and aliphatic, can in many cases be protected through
fluorination partly due to the increased bond strength of the C—F bond. Metabolic deflourina-
tion can, however, also readily occur during biotransformation and release highly toxic meta-
bolites. Thus, thorough metabolic studies should always be carried out.[68186]

Fluorine has also been used to enhance membrane permeability of drugs. One strategy
involves the use of intramolecular hydrogen-bonding to shield a nearby HBD and thus enhance
passive permeability (Figure 1.33). This has typically been performed by introduction of
fluorine in the ortho-position of N-phenylamides or benzamide derivatives.*3 A similar ap-
proach involves the use of fluorine to modulate the basicity of proximal amines and thereby
decreasing the population of protonated species for improved membrane permeability.

)
NH, -

o} )
e} /< N N\;)kN/\R'
NN Ho Lo 2 W
s R “Ph
Y/
O-N

CF,
1.21, R = H, P,p, = 0.13 x 10® cmi/s 1.23, R=H, Py, = 0.82 x 10 cm/s 1.25, R = H, P,p, = <1 x 10® cmi/s
1.22, R=F, Py, = 39 x 108 cm/s 1.24, R=F, Py, = 7.41x 10 cm/s 1.26, R = F, Py, = 13.8 x 10 cm/s

Figure 1.33. Examples of fluorine participating in intramolecular hydrogen-bonding to shield a proximal
hydrogen bond donor and increase cell permeability — BACEL inhibitors 1.21 and 1.22, coagulation
enzyme factor Xa inhibitors 1.23 and 1.24, and human NK2 receptor inhibitors 1.25 and 1.26. The effects
were not due to a decrease of either pK, or hydrophobicity. Pap, refers to Caco-2 permeability. 341681
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Figure 1.34. A few examples of fluorine-containing isosteres. Difluoroalkanes can be used as isosteres
of oxygen with the two fluorine atoms mimicking the lone pairs of oxygen. The CF,-moiety also exhibits
similar electronegativity to that of oxygen. The trifluoroethylamine moiety is comparable to that of an
amide with similar bond angles but increased enzymatic stability. The C—F dipole and electron density
mimics that of the oxygen while significantly reducing the basicity of the amine such that it more resem-
bles an amide. Other examples include fluoroenamines as isosteres of urea due to similar topologies and
the ester isostere a-fluoro ether, which can be used to increase chemical and metabolic stability of
esters,[134]

Finally, fluorine can also be useful as a conformational control element. Due to the highly
polarized C—F bond with a low lying ¢” orbital, there is a strong preference for vicinal func-
tionalities to align gauche with aliphatic fluorine. This phenomenon has been exploited in both
drug design and organocatalysis and an example is shown in Figure 1.35.[167.168]

F H

F. H F\F F
\O"Cwe _ OMe o JYOMe - (OC)N H
N = N — N = H
Me O Me O Me
1.27 C'-exo C'-endo

Figure 1.35. Fluorine can stabilize more sterically demanding conformations due to the gauche effect.
N-Acetyl proline methyl ester normally adopts the CY-exo conformation, however, introduction of
fluorine in the 4-(S) position shifts the equilibrium towards the normally less favorable CY-endo confor-
mation.

1.6.3. °F NMR Spectroscopy

Aside from tH and 3C, 1°F is one the most studied nuclei in NMR spectroscopy (Figure 1.36).
BF is 100% abundant and exhibits a high magnetogyric ratio (y) at 0.94 times that of H.
Fluorine NMR has a comparable intrinsic sensitivity (83%) to that of proton NMR making it
the second most sensitive nucleus for NMR spectroscopy. With a spin quantum number of %%,
fluorine couples to both proton and carbon (*3C) similar to what is observed for *H.[187-189
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Figure 1.36. The first recorded *°F NMR spectra from 1952: 2,3,5-trifluorobenzotrifluoride recorded at
26 MHz field strength. The strong signal is assigned to the CFs-group and the three weak lines, from left
to right, to the 5-, 3- and 2-fluorines. Figure adapted from reference.¢]

In contrast to proton, fluorine is characterized by a large chemical shift anisotropy (CSA)
resulting in a chemical shift range spanning over 350 ppm for organofluorine compounds. The

most relevant C-'°F resonances are found in the range from -50 to -250 ppm (Figure
1,37)_[50,188,1901

CF,-C
I |
CF.-vinylic
vy C-CF,-C
[ 1
CFz-aryl
|
C-CF,H
CF,=C Alkyl-F
— —
Ar-F
Vinylic-F
[ 1
| | | | | | | | | |
5 | | | | | | | | 1 | X
0 -25 -50 -75 -100 -125 -150  —175 -200 -225 -250  —275 ppm

Figure 1.37. An overview of the chemical shift range of the most useful C-°F signals (relative to the
signal of CFCl; at 0 ppm). Figure adapted from reference.88]
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1.6.4. °F NMR-Based Screening

¥F NMR-based screening is predominantly performed using T-relxation based experiments,
often based on a CPMG scheme (see section: Ligand-Observed NMR Spectroscopy, p. 8). The
use of °F NMR for screening of compounds was first reported by Kihlberg and co-workers in
1994, and has since been further improved primarily by Dalvit and co-workers, [0:52:190.192.193]
Compared to *H NMR-based methods, the use of *°F NMR offers a series of key advantages
including increased sensitivity, simplicity, and sample throughput. Because of the prevalence
of protons, overlap of signals from fragments, water, additives, and proteins is a major limita-
tion of using *H NMR. Consequently, screening cocktails for *H NMR-based methods are typi-
cally limited to only a handful of fragments (Figure 1.38).14%1%4

et ¥

N W WﬁdUu‘,“J u”u

84 82 80 78 76 74 72 70 68 86 64 62 ppm

s 1H

Figure 1.38. Partial *H NMR spectrum of a screening cocktail with 11 fragments. Significant overlap
of signals can make it difficult to identify a potential binder. Figure adapted from reference.[*%!

In contrast, the larger CSA of fluorine and the presence of only one fluorine moiety per
screening compound significantly reduces the risk of spectral overlap in **F NMR (Figure
1.39). Furthermore, buffers and additives can be completely ignored due to the absence of
fluorine in these. This facilitate screening of cocktails containing >30 fragments and at both
ligand and protein concentrations significantly lower than for 'H NMR.[*%31%4 Finally, the large
CSA of fluorine makes the nucleus highly sensitivity to changes in its chemical environment
including protein binding. **F NMR-based screening is therefore among the most sensitive
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techniques for detection of binding.**! Indeed, the method has even been used to detect binding

of one enantiomer over the other when screening of racemates.[*%2

§ -60 =70 -80 -90 -100 -110 -120 -130 -140
5 19F

-150 -160

Figure 1.39. Example of a screening cocktail containing 10 fluorinated fragments (*H decoupled °F

NMR). Figure adapted from reference.[*%]

In addition to ligand-observed experiments, protein-observed **F NMR using fluorinated
amino acids has also become increasingly popular. This approach generally make use of
chemical shift perturbations to identify binding sites and determine affinities. While the high
CSA of fluorine is a major concern in regards to peak broadening in large molecules, the

method has shown amenable with a 180 kDa protein.[**"]

1.6.5. Fluorine Moieties for 1F NMR

The main drawback of using °F NMR-based screening is the need of fluorinated molecules.
The most relevant organofluorine moieties include CF, CF,, CF3 and SFs— each with their
inherent advantages. CF is the simplest fluorine moiety and has the largest chemical shift dis-
persion (Figure 1.37). Ar—F represents the vast majority of CF-moieties in screening com-
pounds due to its greater stability compared to C(sp®)-F and its higher prevalence in available

building blocks.[198-204]

The aliphatic CF,-group is more stable and offers higher sensitivity due to the added
fluorine. However, the presence of stereocenters renders the two fluorine atoms diastereotopic

and results in subsequent loss of sensitivity with doubling of signals. 8!
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The CFs-group offers the highest sensitivity and screening can be performed at lower con-
centrations. Even though the CFs-moiety has a smaller *°F chemical shift dispersion (~35 ppm),
screening cocktails of up 40 CFs-containing fragments have been reported, [50.190.195.205]

Finally, the more uncommon pentafluorosulfanyl (SFs) has received increasing attention
for use in medicinal chemistry and 1°F NMR screening.[*3205-2071\jth an octahedral geometry,
the bulky SFs has two °F NMR signals arising from the axial (1F, pentet) and equatorial (4F,
doublet) fluorine, respectively. Interestingly, these chemical shifts appear downfield from the
internal standard CFCl; and generally appear in the range of 55-90 ppm.[eél
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Part Il

The 3F Library: Fluorinated Fsp3-rich Fragments for
Expeditious *°F NMR-based Screening
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2.1. Project Outline

Ligand-based *H NMR methods are among the most widely applied screening techniques used
in FBDD.[ % However, due to the abundance of protons in compounds, solvents, additives, and
biomolecules, overlap of signals is a major challenge. Design of screening cocktails requires
careful planning and such cocktails are typically limited to only a handful of fragments at a
time. Furthermore, these experiments rely on a relatively high protein consumption to obtain
reliable results.[*l In contrast, *°F NMR offers increased sensitivity and simplicity and enables
screening of > 30 fragments simultaneously at lower protein concentrations.*!

Unfortunately, **F NMR screening is currently limited by a low availability and poor diver-
sity of fluorinated fragments. Similar to most drug-like small molecules, available fluorinated
fragment are dominated by rather flat topologies (exemplified by a high degree of sp?-hybrid-
ized carbon atoms) and similar structural features.t%2 In contrast, natural products tend to
have greater saturation (Fsp®) and more chiral centers, which results in more three-dimensional
structures.[*¢-118 Importantly, higher degrees of Fsp® have also been correlated with better out-
comes in drug development due to improved solubility and less off-target binding. 181211221

In an effort to increase the usefulness of *°F NMR in FBDD, a fluorinated Fsp3-rich frag-
ment (3F) library with excellent shape diversity was targeted. To ensure sufficient aqueous
solubility of the fragments, a low average AlogP of the library was also highly desirable.
Finally, as a proof of concept for the application of the 3F library, *°F NMR screening of the
3F library against a range of disease-related targets was conducted followed by subsequent
validation of potential hits using secondary screening assays.
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2.2. Library Design

While organofluorine chemistry has become increasingly versatile,?%-21% it was decided to use
fluorinated starting materials for the construction of the 3F library in order to save synthetic
steps. Among the readily available and practical fluorine moieties, CF, CF,, CFs and SFs, the
CFs-group was selected for its sensitivity and chemical stability. The use of CF, was omitted
to avoid issues with diastereotopic signals. Likewise, the SFs-group was discarded for its two
F NMR signals and in particular for its bulkiness and large molecular weight (127 Da). The
simplest C(sp®)-F moiety was considered, however, its lower chemical stability could be a
concern with certain transformations.[*%¢! Although the Ar—F moiety is typically used instead,
its high molecular weight (95 Da), lipophilicity, and flatness made this moiety less suited for
the 3F library.

Ultimately, it was decided to build the 3F library from a small group of similar and readily
available trifluoromethylated o,p-unsaturated starting materials (2.1-2.6). Exploiting the syn-
thetic versatility of such unsaturated systems would enable easy access to large structural diver-
sity (Figure 2.1). Importantly, having the CFs-group situated directly on the unsaturated system
would also facilitate a larger dispersion of resulting *°F chemical shifts compared to a more

distal CFs-group.
@ i F, CFa FsC g

@ 0
£\ COR j;fo Fy /%
21,R=H F3C
2.2, 23
R = Et -
COzEt COzR
CFs FsC
25 R=H
2.6,R = Me

@ F3C
F3C

Figure 2.1. Diverse ring systems accessed from this (trifluoromethylated) a,B-unsaturated system.
Adapted with permission from reference.[ Copyright (2020) John Wiley and Sons.
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Fragments were generally designed accordingly to a slightly modified Ro3.° While the
Ro3 guidelines suggest molecular weights below 300 Da, the increased mass of fluorine over
hydrogen can typically be ignored for efficiency metric calculations and °F NMR screen-
ing.[*41%1 For this reason, an increased molecular weight limit of 354 Da was chosen to com-
pensate for the presence of the CFs-group. As a strategy to achieve a high degree of
‘three-dimensionality’ and good shape diversity, installation of multiple stereocenters and in-
creasing saturation (Fsp®) were targeted. In order to synthesize the 3F library in an efficient
manner, fragments were to be synthesized using DOS in no more than five steps from the cho-
sen starting materials. Finally, all chiral fragments were prepared as racemates to enable screen-
ing of all enantiomers.
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2.3. Library Synthesis

Starting from the six trifluoromethylated compounds 2.1-2.6, nine core scaffolds were initially
synthesized. Each contained 3-5 synthetic handles that were further functionalized or modified
to afford a novel library of structurally diverse fluorinated fragments in a maximum of five
steps from 2.1-2.6. The following chapters are dedicated to each of these nine core scaffolds
and the sub-libraries synthesized thereof. Chapters are titled accordingly to the chemistry used
to synthesize the respective core scaffolds and begins with a short comparison to similar natural
products or bioactive compounds. Reaction overviews of each sub-library can be found in the
Supporting Information (Schemes S1-S9).

2.3.1. Furan Diels-Alder

The oxabicyclo[2.2.1]heptane scaffold is well-represented among natural products and in
several bioactive molecules (Figure 2.2).[22%214 The small bridged bicyclic scaffold can be
accessed via a Diels-Alder (DA) reaction?*® with furan and contains a high degree of saturation
and a reasonably 3D character.

Et

COOH
Br COOH

palasimide pannosane isomaneonene A endothall

Figure 2.2. Examples of compounds containing an oxabicyclo[2.2.1]heptane moiety - the natural prod-
ucts palasimide,®¥ pannosane,?*? and isomaneonene A,?*3 and the herbicide endothall.[2%4]

In 1956, McBee et al. reported a Diels-Alder reaction between 2.1 and furan in which one
diastereomer crystallized directly from the solution in high yields.[?'6] However, attempts to
reproduce these results failed, affording an inseparable 3:2 mixture of crystalline diastereomers
instead (Scheme 2.1).

0
L @7
Fac” X~ COOH “'COOH

5 days CF
21 dr=2:3 :
2.7, 90%

endo/exo 2:3

Scheme 2.1. Diels-Alder reaction between 2.1 and furan.
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Inspired by the simple procedure reported by McBee et al., a screen with various substi-
tuted furans was set up (Table 2.1). Gratifyingly, the reaction between 2.1 and 2-methylfuran
afforded a diastereomerically pure crystalline product in 90% yield (entry 3). Interestingly,
NMR analysis of the remaining filtrate revealed a similar 3:2 mixture of diastereomers as ob-
served for entry 1, but with the crystallized product as the minor product. Reaction with other
monosubstituted furans proceeded with poor regioselectivity and resulted in mixtures of 4 dia-
stereomers (entries 5-8). Furan with strong electron withdrawing groups (EWGs) did not
undergo Diels-Alder reaction with 2.1, even at elevated temperatures (entries 9 and 10). A
hetero Diels-Alder reaction with oxazole was also attempted but failed to react with 2.1 (entry
11). Finally, subjecting acrylate 2.2 to the same Diels-Alder conditions with either furan or
2-methylfuran afforded mixtures of diastereomers without crystallization (entries 2 and 4).

Based on the encouraging results from the reaction with 2-methylfuran (Table 2.1, entry 3),
it was decided to base this sub-library on 2.8. While the regiochemistry 2.8 was as expected,
in accordance with HOMO/LUMO pairing, the relative stereochemistry could not be accurately
assigned with NMR spectroscopy alone. Thus, an intramolecular iodolactonization was per-
formed to elucidate whether the endo or exo product had been formed. Satisfyingly, this reac-
tion afforded lactone 2.9 in 80% yield and 2.8 was therefore assigned as the endo product
(Scheme 2.2). The stereochemistry of 2.8 was later unequivocally confirmed by X-ray crystal-
lography (Figure 2.3).

WO M
@Me Me I, KI, NaHCO3 ! \\\:eo
~-COOH 4 , Hz0, 16 h
FsC X

3 days COOH
21 CFs CF;
dr> 20:1 2.8, 90% 2.9 80%

Scheme 2.2. A highly regio- and diastereoselective Diels-Alder reaction between 2.1 and neat 2-methyl-
furan to install four consecutive stereocenters. The endo stereochemistry (in respect to the carboxylic
acid) of DA product 2.8 was confirmed by an intramolecular iodolactonization.
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Table 2.1. Diels-Alder reaction of 2.1 and 2.2 with various dienes. The reactions were performed neat.

R /X R'
CO.R conditions (o)
oron s T
21,R=H CF
2.2R = Et ’
Entry Dienophile Diene Temp. (°C) Time (h) Result dr
0 two diastereomers
. 22 120 ) 3:2
1 21 L/ 90% yield
o)
2 2.2 | ) 22 120 two diastereomers 58:42
Me
° 27
3 2.1 [ )—we 22 72 q,COOH >20:1
CF; 2.8,90%
o)
4 2.2 E/)—Me 22 72 two diastereomers 56:44
o NH
5 2.1 E/)—/ ’ 22 72 four diastereomers ND
o OH
6 2.1 D—/ 22 72 four diastereomers ND
(0] OAc
7 2.1 E/)—/ 22 120 four diastereomers ND
o)
8 2.1 J/\/) 22 120 four diastereomers ND
Br
o)
9 2.1 @—COQMe 1400 4 no reaction NA
o)
10 2.1 E/)—CHO 1400 4 no reaction NA
o)
11 2.1 ,\|l|/\/) 22 120 no reaction NA

[l W heating; dr = diastereomeric ratio; NA = not applicable; ND = not determined
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Figure 2.3. X-ray single crystal structure of 2.8.

With core scaffold 2.8 in hand, derivatization of the carboxylic acid was identified as a key
step in achieving further diversity. Amidation with N-allylmethylamine using HATU as coup-
ling reagent proceeded in excellent yield and without any epimerization observed (Scheme

2.3). Next, a tandem ring-opening metathesis (ROM) of the strained endocyclic olefin followed _Ne
by ring-closing metathesis (RCM)?'"1 to form a more thermodynamically stable alkene was ~ ;TN\
envisioned. Satisfyingly, using Hoveyda-Grubbs 2™ generation catalyst?*®l (HG 1I) under an | NG ®I\i\'N Py
ethylene atmosphere afforded the natural product-like bicyclic fragment 2.11 in 60% yield HATf,)e

(Scheme 2.3). In the absence of ethylene gas, only ROM was observed and resulted in a com-

plex mixture. mNﬁ\
liNT
Kel

M HG 1l (10 mol%) oMe Hoveyda-Grubbs II
e Me ethylene, PhMe =
@ MeHN" > @ Me reflux, 16 h Ve
“COOH | noca Y T NMe
HATU, DIPEA \ F.c H
CF3 MeCN, 2 h CF; O & 0
2.8 2.10, 95% 2.11,60%

Scheme 2.3. Amidation of 2.8 with an olefin-containing secondary amine followed by tandem
ROM/RCM afforded a bicyclic scaffold.

Employing the same strategy with different olefin-containing amines (synthesized via re-
ductive amination), a series of cis-fused [5,7], [5,8], and [5,9] bicyclic fragments (2.16-2.18)
were synthesized (Scheme 2.4). Surprisingly, carboxylic acid-containing amide 2.15 did not
undergo ROM/RCM but instead underwent a retro-Diels-Alder reaction to afford 2.19.
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y HG 11 (10 mol%) o &~
ﬁ e(\ ethylene, PhMe M

reflux, 16 h F3C N

. N
L " _—
M) N
CF; O COOH COOH
2.15, 65% 2.19, 75%

Scheme 2.4. Amidation of 2.8 followed by RCM/ROM afforded a series of cis-fused [5,7], [5,8], and
[5,9] bicyclic fragments. Amide 2.15 underwent a retro-Diels-Alder reaction to give 2.19 instead of the
expected ROM/RCM product.

Inspired by the successful iodolactonization of 2.8 (Scheme 2.2), epoxidation followed by
intramolecular N-epoxide-opening with an amide was attempted on the core scaffold. Benzyl
and 'Bu amides 2.20 and 2.21 were synthesized in high yields and then subjected to standard
epoxidation conditions with mCPBA (Scheme 2.5). Subsequent treatment with 'BuOK facili-
tated base-mediated N-epoxide-opening to afford tricyclic fragments 2.22 and 2.23 in good
yields over two steps.

R
NH,R, HATU Me 1) mCPBA HO N Me
, DIPEA, MeCN, 2h ,, NHR CHuCl,. 5h 0
‘COOH " 2) BUOK,
CF; O THF, 18 h CFs
2.20,R =Bn, 88% 2.22,R =Bn, 45%
2.21,R =By, 87% 2.23, R =Bu, 48%

Scheme 2.5. Amidation followed by epoxidation and base-mediated intramolecular N-epoxide-opening
to form tricyclic fragments.
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Aiming to use the same approach for construction of an eight-membered ring, alcohol-
containing amide 2.24 was synthesized in 85% yield (Scheme 2.6). However, the subsequent
epoxidation of 2.24 proceeded slowly and upon increasing the temperature spontaneous amide-
O-epoxide-opening and hydrolysis occurred to afford lactone 2.26. While this fragment was
not initially targeted, it was included in the library.

OH
Me HATU, DIPEA MeH mCPBA, CH,Cl, O, Me
MeCN, 2 h _reflux, 18h \@ NMe =0
‘v . NMe — > € Juwmn N
‘COOH 2
~~_-OH H/
CF3 MeHN CF3 O CFs
2.8 2.24 225 0% 2.26, 41%

Scheme 2.6. Amidation of 2.8 followed by epoxidation and intramolecular epoxide-opening.

In a similar approach to synthesize an eight-membered ring containing tricyclic scaffold,
amidation with 2-(methylamino)phenol was attempted. However, this weaker and bulky amine
failed to undergo amidation using either HATU, PyBroP, or BTFFH as coupling reagents and
the synthesis of this scaffold type was abandoned (Scheme 2.7).

(/) HATU

Me (ii) PyBroP Me

@ (iiNBTFFH @ e OH HO lvte

., —_— , N A - -

‘COOH DIPEA "WN .... \<
CF3 MeCN, 18 h CF3 (o)

2.8 NHMeOH 2.27 2.28

Scheme 2.7. Attempted amidation of 2.8 with 2-(methylamino)phenol failed.

Next, oxidative cleavage of the endocyclic olefin of core scaffold 2.8 was investigated.
Amides 2.20 and 2.29 (the latter was synthesized in 83% yield from 2.8) were subjected to an
Upjohn dihydroxylation (Scheme 2.8).[2'%1 Using catalytic K;OsO4 with NMO as oxidant af-
forded syn-diol fragments 2.30 and 2.31 in a highly diastereoselective manner. Oxidative cleav-
age of 2.30 using NalO, followed by reductive conditions gave ring-opened diol 2.32 in 39%
yield. From diol 2.31, acetal formation was performed to give the tricyclic fragment 2.34 in a
moderate yield. Attempts to perform oxidative cleavage followed by reductive cyclization with
amines failed to afford the desired ring-expanded fragments 2.33 and 2.35.
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NalOy4, MeOH
H,0, 2 h, then o
NaBH,, 18 h

OH
HO Me

~., _NHBn

— i
CF; O

2.30,77%

K20304‘2H20 2) MeNH,, AcOH
Me (5 mol%) 3A MS, MeOH

NMO, THF 2 h, then
«, NHR H20,3h NaBH;CN, 16 h
|
o]

CFs dr > 20:1 e 1€
2.20,R = Bn *0

2.29, R = Me p-TsOH 0 Me
acetone, 30 min

MeO OMe ""‘(
0

OH CFs3

HO Me
L~ 2.34, 56%

., _NHMe
T
CF; O 1) NalO4, MeOH
2.31, 86% H,0,2h
2) BANH,, AcOH
3A MS, MeOH CFs 0
2 h, then 2.35
NaBHsCN, 16 h

Scheme 2.8. Dihydroxylation of amides 2.20 and 2.29 afforded diols 2.30 and 2.31. Oxidative cleavage
of diol 2.30 under reductive conditions formed ring-opened diol 2.33 while acetal formation of 2.31
formed 2.34. Attempts to perform reductive cyclizations failed. Amide 2.29 was synthesized from 2.8 in
83% yield.

1) NalO,, MeOH
H,0, 2 h

NHMe

In a similar approach, dihydroxylation of 2.8 afforded diol 2.36 in 58% yield (Scheme 2.9).
Targeting lactone 2.37, a subsequent oxidative cleavage and reduction by NaBH4 was per-
formed but failed to produce the desired lactone and yielded a complex mixture instead.

OH
Me  Ky05042H,0 (5mol%)  HO Me NalO4, MeOH, H,0, 2 h o Me
ﬁ NMO, THF, H,0, 2 h then NaBH,, 18 h . o
COOH COOH G Ty
CF, CFs FsC
2.8 2.36, 58% 2.37

Scheme 2.9. Dihydroxylation of 2.8 and subsequent attempted oxidative cleavage and reduction.
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To show that other derivatizations than amidation of the carboxylic acid were possible, 2.8
was set up for a Mitsunobu reaction.??®! As the endocyclic olefin proved unstable towards
LiAlH,, catalytic hydrogenation was performed prior to reduction and afforded alcohol 2.38 in
80% vyield over two steps (Scheme 2.10). A Mitsunobu reaction was then performed with
pyridine-3-ol as the nucleophile to give fragment 2.39 in 55% vyield.

Me 1) Hy, Pd/C (10 mol%) Me pyridin-3-ol, DEAD Me
MeOH, 1 h PPhs, THF, 5 h
) ., ~OH u,, O
COOH  2) LiAlH,, THF, 3 h e e | SN

CF, CF, CF, —
2.8 2.38, 80% 2.39, 55%

Scheme 2.10. Catalytic hydrogenation, reduction, and Mitsunobu reaction of 2.8.

Finally, to include additional fragments in the library, a series of amidations of 2.8 were
performed. To increase the stability and Fsp® of the fragments, catalytic hydrogenation was
carried out prior to amidation (Scheme 2.11).

Me Me
o NN o
‘f OMe (‘)f W

CF; O CF,
1) Hp, Pd/C (10 mol%)

@ Me MBOH. 1 h 2.40, 82% 2.41,90%
,'/"COOH 2) amine, HATU Me Me
CFy DIPEA, MeCN, 2 h @/ " @/ ‘
2.8 i @ “r \@
(0] N/ _N

CF, CF; O

2.42,44% 2.43, 94%

Scheme 2.11. Catalytic hydrogenation followed by amidation of core scaffold 2.8 to afford additional
fragments.
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2.3.2. Intramolecular Diels-Alder

Inspired by the successful Diels-Alder reaction, a similar bridged epoxy-isoindole scaffold was
synthesized via amidation and a subsequent intramolecular Diels-Alder (IMDA) reaction of
2.1. Interestingly, no natural products or bioactive molecules contains this exact tricyclic scaf-
fold, although clearly similar to natural products such as palasimide (Figure 2.2).

Initial amidations of 2.1 using HOAt- or HOBt-containing coupling reagents including
HATU, PyBoP, or EDC/HOBL, gave only 50-80% yields due to partial 1,4-addition of HOAt
or HOBt to 2.1. Instead, in situ formation of an acid bromide using PyBroP was found to be
highly effective (>90% yield). Using a series of furfurylamines, amidation with PyBroP fol-
lowed by a highly diastereoselective IMDA reaction was accomplished and afforded epoxy-
isoindole-based fragments 2.44-2.47 in 60-95% yield (Scheme 2.12). Attempts to perform the
IMDA reaction on a secondary amide and form 2.48 failed — likely due to the large free energy
difference between the amide cis and trans forms. 22!

RHN/\© fo
// €y o
1) PyBroP, DIPEA, 3 h 3
X COOH )Py NR
FsC 2) PhMe, reflux, 16 h
2.1 dr> 201 2.44 R = Me, 95%

2.45 R = Bn, 94%
2.46, R = CH,CH,0Me, 60%

2.47,R = allyl, 75%
248, R=H, 0%

Scheme 2.12. Amidation of 2.1 followed by intramolecular Diels-Alder reaction to form a tricyclic scaf-
fold.

Looking to derivatize the epoxy-isoindole scaffold, Upjohn dihydroxylations of the olefin
in 2.44-2.46 were accomplished with excellent diastereoselectivity to afford diols 2.49-2.51
in high yields (Scheme 2.13).

FC y O K,0804+2H,0 (5 mol%) FC o
2 NMO, THF, H,0, 2 h :
g NR NR
dr>20:1 HO
2.44 R =Me OH
2.45,R =Bn 2.49, R = Me, 82%
2.46, R = CH,CH,0Me 2.50, R = Bn, 89%

2.51, R = CH,CH,0OMe, 84%

Scheme 2.13. Upjohn dihydroxylations.
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With the diols in hand, ring expansion by oxidative bond cleavage and reductive cycliza-
tion was performed. While this reaction sequence had been unsuccessful for the furan Diels-
Alder scaffold (Scheme 2.8), diols 2.49-2.51 turned out to be better substrates. Oxidative bond
scissoring with NalO4 followed by addition of various amines and NaBH3CN under anhydrous
conditions afforded ring-expanded fragments 2.52-2.56 in 55-64% yield (Scheme 2.14).
Attempts to improve the yields by addition of either AcOH or using the corresponding HCI
salts did not afford better results. Satisfyingly, this procedure also worked with two examples
of dinucleophiles to afford 2.57 and 2.58 with a new seven- and nine-membered ring, respec-
tively. Reaction with ethylenediamine failed to produce the desired 2.59.

FaC e
2) R'-NHy, 30 min :
then NaBH3;CN 5 NR
3A mol. sieves RN
MeOH, 16 h
2.52, R = Me, R' = Me, 64%
2.53,R = Me, R’ = Bn, 63%
2.54, R = Me, R' = CH,CH,0Me, 55%
2.55, R = CH,CH,OMe, R' = Me, 58%
2.56, R = Bn, R' = Me, 59%
2) MeNHNHMe-2HCI
3A mol. sives
MeOH, 1 h FC 1 P
then NaBH4CN, 16 h . NMe
\ 07
MeN-n~
FC y o 1) NalO,, MeOH Me
: H20,2h | 2.57, 229
NR _ NH, 57, 22%
HO
OH
2.49. R = Me 2) 3A mol. sives FsC H O
2.50, R = Bn MeOH, 1 h NMe
2.51, R = CH,CH,OMe then NaBH5CN, 16 h /02
HN ;
NH
2.58, 15%
FsC
2) ethylenediamine = H P
30 min, then T
NMe
NaBH5CN HN/ © /
3A mol. sieves
NH
MeOH, 16 h ~—
2.59

Scheme 2.14. Oxidative bond scissoring followed by reductive cyclization.

In addition to reductive cyclization, a double reductive amination after oxidative cleavage
of 2.49 was also attempted. However, even with a large excess of methylamine and the use of
a stronger reducing agent only cyclized product 2.52 was isolated (Scheme 2.15). Reduction
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with NaBH, afforded ring-opened diols 2.61 and 2.62 in high yields. Finally, acetal formation
of 2.49 afforded the tetracyclic fragment 2.63 in excellent yield.

FC H O F¢ 4o
MeNH, (20 equiv.) MeHN ~E S
16 h, then NaBH, N NMe o NMe
0°C, 3A MS 07 MeN
MeOH, 1 h “NHMe
2.60, 0% 2.52, 63%
FsC H O

F3C

tH 2 1)NalO,, MeOH  HO 2
: H,0, 2 h N NR
NR 2) NaBH, 07
HO MeOH, 16 h “oH

OH 2.61, R = Me, 83%

2.49, R = Me 2.62, R =Bn, 92%
2.50, R =Bn
p-TsOH FC o
acetone, 2 h S
MeO OMe NMe
M XM 2
e e (0]
€ 2.63,>95%

Scheme 2.15. Additional derivatizations of diol 2.49 and 2.50: oxidative cleavage and acetal formation.

From allyl 2.47, a ROM/RCM cascade reaction was attempted but failed to form the target
fragment 2.64, likely due to the strained nature of the resulting amide (Scheme 2.16).

HG I (10 mol%) o
F:C o ethylene, PhMe FsC 4
= - reflux, 18 h \\ (ﬁN
N e
@ 4\: O "I,J
2.47 2.64

Scheme 2.16. Attempted ROM/RCM of 2.47.

As an approach to easily access new derivatives, debenzylation of 2.45 was attempted.
Disappointingly, the attempted hydrogenolysis only caused olefin reduction while heating in
acid primarily resulted in a complex mixture partly due to cleavage of the ether bridge (Scheme
2.17).
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H,, Pd/C (20 mol%) F3C o FsC

AcOH, EtOH = M = M
reflux, 18 h NH NBn

2.65, 0% 2.66, >95%
FCw o
e —
2.45
TFA, pW FsC o
120 °C, 2 h :
NH
2.65

Scheme 2.17. Attempted debenzylation of 2.45.

Several approaches to ring-open the ether bridge in 2.45 were also attempted (Scheme
2.18). While 2.45 remained stable towards NaBH., LiAIH, yielded a complex mixture where
pyrrole 2.68 was the only product isolated. However, with an AlogP > 3, this fragment was not
kept for screening. Subjecting methylated 2.44 to LiAlH, also produced a complex mixture but
no products were isolated. Attempts to perform the ring-opening with a nucleophile in the
presence of a Lewis acid also failed. Heating in the presence of NaOMe resulted in a complex
mixture while the softer nucleophile NaSEt failed to react with 2.45.

B P
2.45
NaOMe NaSEt
NaBH, LiAlH, BF3-OEt, BF,-OEt,
MeOH, 18 h THF, 18 h THF, pw THF, pyW
120 °C, 30 min 120 °C, 30 min
C CF3 Fs;C Fs;C
H = - H - H
: HO ~ _ HO NS HO ~NS
=
MeO EtS
2.67, 0% 2.68,21% 2.69 2.70

Scheme 2.18. Attempts to ring-open the ether bridge in 2.45.

Using the same IMDA strategy, anhydride 2.3 was reacted with N-methylfurfurylamine to
form a similar core scaffold containing a CFs-substituted quaternary carbon center (Scheme
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2.19). While anhydride-opening by the amine proceeded smoothly at ambient temperature with
excellent regioselectivity at the least sterically hindered carbonyl, the reaction afforded a 1:4
mixture of 2.71 and IMDA product 2.72. Attempts to push the conversion towards the IMDA
product by heating failed. Instead, catalytic hydrogenation of the crude mixture over Pd/C led
to exclusive formation of the tricyclic IMDA product 2.73 in excellent yield and diastereo-
selectivity.

MeHN F C F3C
HOOC ’ 2 Ha : HP
/\E/) HOOC PdIC (10 mol%) HOOC==  H
- FgC MeOH 2h NMe
) PhMe, 24 h
2.72

dr>20:1
2.73, >95%

>95%
1:4 mixture

Scheme 2.19. IMDA reaction between anhydride 2.3 and N-methylfurfurylamine followed by catalytic
hydrogenation to push the equilibrium towards the IMDA form.

Two derivatives based on 2.73 were prepared. Reduction with LiAlH4 afforded amino alco-
hol 2.74 in 30% yield while amidation with dimethylamine gave fragment 2.75 in 70% vyield
(Scheme 2.20).

LiAIH,, CFs,,
THF, 16 h HO 5
——
NMe
FiC 2.74,30%

H O

HoOC
e
o}
2.73 HNMezHCI, 9F3 0
HATU, DIPEA, MeaN i H
MeCN, 2 h 2 z
e NMe

2.75, 70%

Scheme 2.20. Two derivatives of 2.73 were prepared by reduction and amidation, respectively.
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2.3.3. Pyrrole Diels-Alder

In a similar effort, it was envisioned that the electron-deficient starting materials could undergo
a Diels-Alder reaction with pyrrole to form a bridged azabicycle and thus gaining an extra
handle for derivatization. Such nitrogen-bridged scaffolds are commonly found among natural
products and bioactive compounds (Figure 2.4).[222-225]

H
H H N Me
N N Me N COOH
Cl 2 \ f \
— N‘O OH
epibatidine epiboxidine furafylline ecgonine

NC

Figure 2.4: Examples of bioactive compounds containing a bridged nitrogen — the potent non-opioid
analgesic epibatidine®® isolated from an Ecuadoran poison frog and its less toxic analogue
epiboxidine.??®! Furafylline is a selective cytochrome P4501AL inhibitor used in the treatment of
asthmal?>4! while the tropane ecgonine is found in coca leaves.[??

While pyrrole has a higher degree of aromaticity than furan and thus less easily undergoes
Diels-Alder reactions,??®! several examples of Diels-Alder reactions using electron-deficient
pyrroles can be found in the literature.??"2281 Thus, commercially available N-Boc-pyrrole was
subjected to different conditions in order to facilitate a Diels-Alder reaction (Table 2.2). Re-
peating the same conditions used for the furan-based Diels-Alder with 2.1 did not result in any
product formation (entry 1). Switching to acrylate 2.2 and using microwave (LW) heating at
120 °C in neat N-Boc-pyrrole also failed to undergo a Diels-Alder reaction and increasing the
temperature further only resulted in Boc-deprotection (entry 2). Gratifyingly, when using
alkyne 2.4 instead the desired Diels-Alder reaction proceeded with quantitative yield at 120 °C
(entry 3). Not surprisingly, reacting alkyne 2.3 with unprotected pyrrole at 160 °C did not yield
any Diels-Alder product (entry 4).

Table 2.2. Diels-Alder reaction with pyrrole. Reactions were performed neat.

N
R' E/) R"
o oA COR N
3

CO,R
Rn = H, BOC / //
. S ——
21,R= g Conditions CF3

R=H
22,R=Et R =H R
24, R=EtR'=
Entry  Dienophile Diene Temp. (°C) Time (h) Yield (%)
1 2.1 N-Boc-pyrrole 22 120 0
2 2.2 N-Boc-pyrrole 1200 8 otl
3 2.4 N-Boc-pyrrole 1208 2 >95 (2.76)
4 2.4 Pyrrole 1608 2 0

(& W heating. [’ temperatures above 120 °C caused Boc-deprotection.
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Aiming to synthesize a small sub-library based on the pyrrole Diels-Alder core scaffold
2.76 with different amine and carbonyl substituents, olefin reduction by catalytic hydrogena-
tion was performed next (Scheme 2.21). Unfortunately, using 10% Pd/C in EtOH resulted in
an inseparable 1:1 mixture of endo/exo diastereomers.

Boc

Eoc H, Eoc
0, 0,
CoLEt E/) COLEt ;0/0 Pd/C (10 mol%) CoLEt
= 71 tOH, 1 h
/ CF,4
F3C pW, 120 °C, 2 h oF
2.4 3 2.77, >95%
2.76, >95% endo/exo 1:1

Scheme 2.21. Diels-Alder reaction between alkyne 2.4 and N-Boc-pyrrole followed by hydrogenation.

To improve the stereoselectivity of the catalytic hydrogenation, a small screen of different
conditions was set up (Table 2.3). Performing the hydrogenation in an H-Cube flow reactor in
MeOH only slightly improved the endo/exo-stereoselectivity to 1:1.4 (entry 2). Changing the
catalyst to Pd(OH)- in the H-Cube reactor further improved the stereoselectivity to 1:4 (entry
3). Interestingly, addition of 2-methylpyridine, which is known to affect the properties of
palladium, 22 effectively reversed the stereoselectivity to favor exo-face attack and afforded a
3:1 mixture of endo/exo diastereomers (entry 4). Repeating the initial conditions from entry 1
with the aprotic solvent THF gave an excellent dr of 1:19 (entry 5). However, full stereocontrol
was finally achieved (dr = 1:100) when simply reducing the palladium on carbon loading from
10% to 5% in EtOH (entry 6).

Table 2.3. Catalytic hydrogenation of 2.76.

Boc
Boc EJOC N
H,, catalyst (10 mol%)
CO,Et " CO,Et
ﬁb\/(/ 2 solvent, 22 °C, 1 h AjCng LJ?COZB
CF
276" exo-2.77 endo2.77
Entry Catalyst Additive Solvent dr (endo/exo)™
1 10% Pd/C - EtOH 1:1
201 10% Pd/C - MeOH 1:1.4
30l 10% Pd(OH). - MeOH 1:4
4001 10% Pd/C 2-methylpyridine MeOH 31
5 10% Pd/C - THF 1:19
6 5% Pd/C - EtOH 1:100

el determined by crude NMR. ! performed in H-Cube flow hydrogenation reactor. dr = diastereomeric
ratio.
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With exo-2.77 produced in excellent stereoselectivity, hydrolysis of the ester was accom-
plished with LiOH in 85% yield (Scheme 2.22). Subsequent HATU-mediated amidation and
Boc-deprotection with TFA afforded amides 2.79, 2.80, and 2.81 in 56-73% yield.

Boc Boc Boc
N Hy, 5% Pd/C N LiOH, EtOH N
COEt (10 mol%), EtOH, 1 h Lb/COzEf H,0, 12 h Lb/COOH
A CF, ——— CF,
dr=100:1
2_76CF3 ex0-2.77, >95% 2.78, 85%

H
1) RH, HATU N O A o
N \
DIPEA, MeCN, 2-8 h - N
S N SR
2) TFA, CH,Cl, 1h 3 H

2.79, 56% 2.80, 73% 2.81,60%

Scheme 2.22. Stereoselective catalytic hydrogenation of 2.76 afforded exo-2.77. Subsequent hydrolysis,
amidation, and Boc-deprotection gave three amide-containing fragments.

From methylamide 2.79, three additional fragments were synthesized via N-derivatizations
(Scheme 2.23). Reductive alkylation with 3-hydroxybenzaldehyde afforded 2.82 in 43% yield,
sulfonylation with MsCl gave 2.83 in 79% yield, and urea formation with cyclopentyl isocya-
nate produced fragment 2.84 in 87% yield (Scheme 2.23).

AcOH, MeOH
50 °C, 24 h
then NaBH;CN

__o°cth
%NHMe
[Ho__~__cHO
\©/ 2.82, 43%

H Ms
N o MsCI, Et;N N 0
CH,Cl, 24 h M
M NHMe cF, NHMe
2.79 2.83, 79%

\/\\/ )

Q*NCO N)LN o
EtN. CH.CL. 6 h " M

EtsN, CH,Cly, 6 h CcF, NHMe

2.84,87%

Scheme 2.23. N-Derivatizations of 2.79.

Acylation of amides 2.80 and 2.81 afforded another two fragments for the 3F library
(Scheme 2.24).
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SWe
XN
Mu

2.81

AcCl, EtzN
CH,Cl, 2h

Mﬂ

2.85, 84%

AcCl, EtzN
CH,Cl, 2 h
_— >

20
XN
ﬁi\/céu

2.86, 62%

Scheme 2.24. Acylation of amide-containing fragments 2.80 and 2.81.

To access additional derivatives of the pyrrole Diels-Alder core scaffold, a Michael addi-
tion to 2.76 was accomplished using methylamine in good diastereoselectivity (Scheme 2.25).
In contrast to the hydrogenation, Michael addition occurred primarily from the exo-face. From
2.87, catalytic hydrogenation and Boc-deprotection afforded 2.88 in 80% yield. Finally N-
derivatization with ethyl isocyanate was performed in 74% vyield to afford 2.89.

Boc Boc
N COLE MeNH,-HCl N 1) Hp, Pd/C (10 mol%)
Ai\/(/ 2 EtsN, EtOH, 2 h ; NHMe EtOH, 2 h
CO,Et 2) TFA, CH,Cly, 3 h
CF
276 ° CFs
2.87, 53%
o)
EtHN
: | <
N ethyl isocyante N
NHMe EtsN, CH,Cly 22 h LJ?NHMGJ
| |
CO,Et CO,Et
CF4 CF,
2.88, 80% 2.89, 74%

Scheme 2.25. Michael addition on 2.76 followed by hydrogenation, Boc-deprotection, and N-derivati-

zation.

A Michael addition using allylamine was also performed to afford 2.90 with the same
stereochemistry (Scheme 2.26). A subsequent tandem ROM/RCM was attempted in order to
synthesize trans-fused [5,6] bicyclic 2.91. However, no ring-closed products were isolated.

Eoc
CO,Et allylamine, Et;N
71/ __EtOH, 4h
CF
276 °

HG 1l (10 mol%) H /—
Lb ethylene, PhMe BocN
reflux, 18 h —NH
CO,Et | CO,Et
CF3 ‘ CF3
2.90, 62% 291

Scheme 2.26. Michael additions followed by an attempted ROM/RCM.
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In a different approach, a chemoselective azomethine ylide-mediated [3+2] cycloaddition
on the activated alkene of 2.76 was performed. Using azomethine ylide precursor 2.92 with .
catalytic TFA afforded 2.93 in 53% via exo-face attack (Scheme 2.27). Subsequent reduction TMSVZ_“;ZVOME
and global deprotection gave tricyclic fragment 2.94 in excellent yield.

®
H l\> TMSOMe

Boc 1) H

B 2 H N
°° TFA (10 mol%) N Pd/C (10 mol%) SRS

N
N
CO,Et CHyClz, 2 h EtOH, 2 h 1,3-dipole
7l 7 e 7 NBn —_—— NH
Bn i 2) TFA, i
CFs T™MS._N__OMe CO,Et CH,Cly, 3 h CO,Et

276 2 92 CF, CF,
: 2.93, 53% 2.94, 90%

Scheme 2.27. [3+2] Cycloaddition with 2.76 followed by global deprotection afforded tricyclic 2.93.

Finally, oxidative bond scissoring and reductive cyclization was also attempted on this
Diels-Alder scaffold. While K,OsO. reacts more readily with electron-rich alkenes, the previ-
ously described conditions (Scheme 2.8 and Scheme 2.13) resulted in a complex mixture that
included doubly dihydroxylated products. Changing the solvent system from THF/H.O to
acetone/n-BuOH/H,0 and reducing the catalyst loading to 2 mol% enabled more selective
mono-dihydroxylation. Subsequent hydrogenation to stop the reaction afforded crude 2.95 as
a mixture of endo/exo syn-diols (Scheme 2.28).

,E\‘IOC 1) K,080,4-2H,0 (2 mol%) ,Ejloc ﬁoc
NMO, acetone, H,O 2) NalOy4, EtOH
CO,Et ) » Ha 4
7 2 n-BuOH, 2 h Hcizb/coza H,0. 2 h CO,Et
then Hy, 5% Pd/C HO CFs CFs
en Hy, 5% 3) RNH
CF 2 RN
276 (10 mot). T =9 3A mol. sieves 2.96, R = Me, 0%
’ MeOH, 2 h, then 2.97 R = Bn. 5%

NaBH3CN, 16 h

Scheme 2.28. Oxidative bond scissoring and reductive cyclization of core scaffold 2.76.

Attempts to work-up or purify the diol resulted in partial degradation and instead crude
2.95 was subjected directly to oxidative cleavage with NalO4 and then reductive amination
conditions using either methyl- or benzylamine. Both amines resulted in complex mixtures but
with benzylamine the reductive cyclized product 2.97 was isolated in 5% yield over three steps
(Scheme 2.28). Attempts to improve the yield were unsuccessful and the scaffold was ulti-
mately abandoned as deprotection still had to be performed in order to reduce the molecular
weight below 354 Da.
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2.3.4. [5+2] Cycloaddition

In a continued effort to exploit the complexity generating-powers of cycloadditions, attention
was directed towards [5+2] cycloaddition. This cycloaddition would allow for the construction
of larger bridged bicyclic scaffolds such as the natural product-like oxabicyclo[3.2.1]octane
scaffold (Figure 2.5).1230-2%

OH o
Me \Me
M COOH
e
‘\\\/\
Me"
toxicodenane A ambrosic acid confertol norperovskatone

Figure 2.5: Examples of natural products containing an oxabicyclo[3.2.1]octane moiety — toxicodenane
A% ambrosic acid,!?34 confertol,?*21 and norperovskatone. 2%l

While [5+2] cycloadditions are typically encountered in intramolecular pathways,?%
several examples of intermolecular reactions have been reported.?*5-23"1 The majority of the
intermolecular cycloadditions rely on the oxidopyrylium ylide salt 2.100 — a reactive inter-
mediate that is synthesized in three steps from commercially available kojic acid (Scheme
2.29).12381

o o H,, Pd/C (10 mol%) o
OH SOCl,, CHCI3 OH NaOAc, MeOH OH
\rﬁ/ reflux, 1 h \rﬁ/ H,0,1h fﬁ/
HO cl
o 0 Me” SO
kojic acid 2.98, 80% 2.99, 77%
OMe CO,Me MeQ o
MeOTf, CH,Cly _\_OH =z
4 h, reflux ‘ MeO,C
—_—_— - \@
Me™ "0 Me,NPh Me co,Me
TFO® CH,Cly, 12 h MeO,C
2.100, 33% 2.101, 73%

Scheme 2.29. Synthesis of a-deoxykojic acid (2.99)2 and its subsequent conversion into oxopyrrylium
ylide 2.100 for use in intermolecular [5+2] cycloadditions.[2%]

In a more straight-forward approach, it was envisioned that commercially available maltol,
a structural isomer of a-deoxykojic acid (2.99),24% would undergo the same reaction sequence.
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Pleasingly, repeating the oxidopyrylium ylide formation with MeOTf, maltol was easily con-
verted into the corresponding oxopyrrylium ylide 2.102 in excellent yield — significantly higher
than reported for a-deoxykojic acid (Scheme 2.30)."

0 OMe

MeOTf, CH,Cl, OH
OH 4 h, reflux /‘
|| - oA
©) e
0" Me TiO
maltol 2.102, 95%

Scheme 2.30. Oxopyrrylium ylide formation from commercially available maltol.

Inspired by a microwave assisted [5+2] cycloaddition,?*! oxopyrrylium ylide 2.102 was
activated by base and reacted with an excess of alkyne 2.4 to afford bridged bicyclic core scaf-
fold 2.103 in 77% yield (Scheme 2.31). The use of a weak and sterically hindered base, 'Pr.NPh,
ensured slow deprotonation of 2.102 to minimize dimerization of the reactive ylide species.
The reaction proceeded highly regioselectively with 2.103 as the only observed product in
addition to some dimerization of 2.102.

OMe
p ‘ OH
@
NS
00~ "Me MeGO o
TfO
__-COaEt 2.102 Me
FaC/ 'Pr,NPh, CHCl,, CO,Et
2.4 MW, 100 °C, 10 min. CFy -
2.103, 77%

Scheme 2.31. Synthesis of core scaffold 2.103 using a [5+2] cycloaddition.

To access fragments without a,-unsaturation, 2.103 was subjected to a diastereoselective
catalytic hydrogenation to provide saturated 2.104 in 84% yield (Scheme 2.32). Subsequent
global reduction with LiAIH,4 successfully afforded diol 2.105 in excellent yield. Attempts to
perform reductive amination of 2.104 failed as no imine formation occurred. Ester hydrolysis
was also attempted but resulted in complex mixtures (Scheme 2.32).

v During preparation of the manuscript based on this work, a similar approach was also demonstrated
by Murelli and co-workers.[53]
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MeQ  OH

LiAIH,, THF, 4 h @Me
~",_OH

CF,4
2.105, >95%
MeO o H, MeO o AcOH, EtOH ~ MeQ an—"
Pd/C (10 mol%) 7 reflux, 2h, then
@ Me EtOH, 2 h Me NaBH,CN, 18 h Me
CO,Et dr=92:8:0:0 : I'COZEt éF CO,Et
CF, . 5
2.103 2.104, 83% 2106
MeO o)
LiOH, EtOH, 16 h Me
“
T “COOH
CF,
2.107

Scheme 2.32. Derivatization of 2.103.

Core scaffold 2.103 was also subjected to two Michael additions (Scheme 2.33).
1,4-Addition by amine nucleophiles proceeded with excellent regio- and diastereoselectivity
with only exo-face attack of the most electron deficient o,f-unsaturated system observed. How-
ever, the reactions yielded two diastereomers as at the stereochemistry of the a-position could
not be controlled. In order to remove the other a,B-unsaturated alkene, the Michael addition
adducts were subsequently diastereoselectively reduced with NaBH4. Using methylamine,
fragments 2.108 and 2.109 were obtained in 56% and 30% vyield, respectively. Interestingly, a
lactone had spontaneously formed in 2.109 where the ethyl ester had ended up in the endo
position.

Using but-3-en-1-amine, the reaction cascade gave an inseparable mixture of 2.110 and
lactone 2.111 in 80% vyield (Scheme 2.33). A subsequent attempt to perform a tandem
ROM/RCM reaction failed to ring open the enol ether and instead afforded dealkylated frag-
ments 2.112 and 2.113 in 53% and 15% yield, respectively.
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NH,Me-HCI MeQ  OH
EtsN, EtOH, 4 h N
then NaBHy4, 1 h

fhenNabHs 1N

MeO o dr=65:35 MeHN :CF3 CO,Et MeHN 2'CF3
Me 2.108, 56% 2.109, 30%
CO,Et
CFs HG Il (10 mol%)
S E i e

Et3N, EtOH, 4 h

\\L
then NaBHy, 1 h =~ CO,Et

dr=66:34

80%
inseparable mixture -
H2N CF3

2113, 15%

Scheme 2.33. Michael additions to 2.103.

In order to access examples of tropolone-based fragments, cleavage of the ether bridge was
carried out using a Lewis acid. While reaction with BBr; yielded a complex mixture, the use
of BCl; facilitated a slightly more controlled ring opening and allowed for the isolation of two
ring-opening products, tropolones 2.114 and 2.115 in 32% and 14% yield, respectively
(Scheme 2.34).

MeO o HO o MeQ
BClz, CH,Cl,
Me 30 min, 0 °C Me Me
HO HO
CO,Et CO,Et CO,Et
CF, FsC 2 FsC 2
2.103 2.114, 32% 2.115, 14%

Scheme 2.34. Ether bridge cleavage of 2.103 using BCla.

Although tropolones are highly unsaturated and structurally flat, the moiety is often en-
countered in nature and in bioactive molecules for which reason the fragments were included
in the library (Figure 2.6).1241

AcHN
° ’ | T
HO OH
OH OH © o] MeO O O
, HO 7 " Me MeO
'Pr HOOC Medh OMe
B-thujaplicin stipitatic acid nemanolone B colchicine

Figure 2.6: Examples of tropolone-containing natural products — pB-thujaplicin, stipitatic acid,
nemanolone B, and colchicine. 241

71



Finally, 2.103 was subjected to the previously described azomethine ylide [3+2] cyclo-
addition. However, poor chemoselectivity was observed and resulted in a mixture of products
(Scheme 2.35).

OMe
MeO o MeQ g BnN— OMe BnN 5
TFA (10 mol%) 0
Me 0 °C, CH2C|2, 2h @ Me Me
Bn CO,Et Me CO,Et
CO,E TMS._N._OMe FsC CO,Et FsC
CF; N FsC N

2.92 Bn s Bn

2.103 2.116 2.117 2.118

Scheme 2.35. Attempted azomethine ylide-mediated [3+2] cycloaddition of 2.103 resulted in a mixture
of products.

Because of the poor chemoselectivity of the [3+2] cycloaddition, it was decided to repeat
the [5+2] cycloaddition with acrylate 2.2. Again, this reaction proceeded with excellent regio-
stereoselectivity but also good diastereoselectivity to afford 2.119 in 57% yield (Scheme 2.36).

OMe
__OH
@/

00 Me MeO o

TiO
CO.Et 2.102 @ Me
XC02 -
FaC 22 iProNPh, CHCl,
: 0 - CO,Et
W, 100 °C, 10 min. oFs
dr = 83:17 2119, 57%

Scheme 2.36. [5+2] Cycloaddition with 2.2 afforded 2.119 as the major product. The other diastereomer
was not isolated as a pure compound.

An azomethine ylide-mediated [3+2] cycloaddition of scaffold 2.119 could now be per-
formed diastereoselectively at the only alkene present. Subsequent debenzylation by catalytic
hydrogenolysis afforded fragment 2.120 in 88% yield over two steps (Scheme 2.37).

Scaffold 2.119 was also subjected to a ketone reduction with NaBH, to afford lactone 2.121
in 46% yield. Looking to further modify lactone 2.121 via the enol ether, a $-lactam formation
using ethyl isocyanate was attempted. Unfortunately, no conversion of 2.121 was observed
even at elevated temperatures (Scheme 2.37). Oxidative cleavage of the enol ether was also
attempted. However, both a two-step Upjohn dihydroxylation and then NalO4-mediated cleav-
age cascade as well as ozonolysis under reductive conditions resulted in complex mixtures
(Scheme 2.37). Finally, 2.119 was subjected to a Grignard reaction®? with allylmagnesium
bromide but also yielded a complex mixture (Scheme 2.37).
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T™MS OMe

1) TFA (10 mol%)
CH,Cly, 2 h

2) H,, Pd/C
(10 mol%)
EtOH, reflux
4 h

NaBH,4, EtOH, 1 h

AllMgBr, THF
-78°C,2h

“CO,Et

FaC
2.120, 88%

MeO

CH2C|2, [
130°C, 30 min

1) K,0s0,4(H,0),
NMO, THF
H,0, 2 h

o)
“No
CF,4
2.121, 46%

2) NalOy4, MeOH
H,0, 2 h, then
NaBH,4 18 h

O3, MeOH
-78 °C, 15 min

then Me,S, -78 °C
15 min, then NaBH,
22°C,4h

Scheme 2.37. Derivatization of 2.119.
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2.3.5. [2+2] Cycloaddition

Another cycloaddition that was investigated was the [2+2] cycloaddition. While thermal [2+2]
cycloadditions are disallowed, unsaturated systems are known to undergo stepwise
Michael-aldol-like [2+2] cycloadditions.?*3] Examples of structures that can be accessed by
this approach include cis-fused [5,4] bicycles which are commonly encountered in nature
(Figure 2.7).1244-247]

HO, Ho M© y Ae
H, / A
Me_ > Me,,,
Memori Hom
HMEO H Me
fascicularone F repraesentin F 13,17-spatadien-10-ol PD-217014

Figure 2.7: Examples of bioactive compounds containing a cis-fused [5,4] bicyclic moiety — the natural
products fascicularone F,?*] repraesentin F,[?*4 and 13,17-spatadien-10-0l?*61 and the GABA analogue
PD-217014 that underwent clinical trials for treatment of visceral hypersensitivity. 247

Inspired by the work of Franck-Neumann et al.,[?*®! an initial [2+2] cycloaddition was per-
formed between alkyne 2.4 and silyl enol ether 2.125 promoted by ZrCl,. Satisfyingly, the
reaction proceeded smoothly with excellent regio- and stereoselectivity to form the cis-fused
[5,4] bicyclic fragment 2.126 in 93% yield (Scheme 2.38).

OTMS
Ho COoEt
/COZEt 2125
_—
FsC ~ ZrCly, CH,Cl, CF3
2.4 THF, 2h H
2.126, 93%

Scheme 2.38. [2+2] Cycloaddition.

Encouraged by the excellent result, the cycloaddition was repeated with oxopiperidine silyl
enol ether 2.128 in an attempt to install another handle in the scaffold (Table 2.4). However,
using the same conditions no reaction was observed (entry 1) and applying heat resulted in a
complex mixture (entry 2). Changing the promoter to either BFs-OEt; or catalytic amounts of
Tf,NH did not work either (entries 3 and 4). Finally, the reaction was repeated using the
fluoride-based initiators TBAF and AgF. While the use of TBAF resulted in a complex mixture
(entry 5), AgF showed partial conversion of 2.4 to a new product. Unfortunately, this turned
out to be the Michael addition product 2.130 (entry 6).
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Table 2.4. Attempted conditions to facilitate a [2+2] cycloaddition between 2.4 and silyl enol ether
2.128.

o TBSCI, Et3N
DMF, 90 °C, 20 h
BOC'\C[/ 1
2.127 | oTMS
BocN HOo COEt
CO,Et 2.128, >95%
/ N — CF;
FsC 0 54 Conditions BocN H
2.129
Entry Promoter Solvent Temp. Time (h) Product
1 ZrCly CH2CI/THF 22°C 24 NR
2 ZrCly CH.CL/THF reflux 18 complex mixture
3 BF3-OEt; THF 22°C 24 NR
4 Tf,NH CHCl; 22°C 16 NR
5 TBAF THF 0°C 1 complex mixture
HN

6 AgF THF 22°C 24 °

g - CO,Et

FsC
2.130, 39%

NR: no reaction

In an attempt to find another suitable silyl enol ether for the [2+2] cycloaddition, a screen
of different silyl enol ethers was set up (Table 2.5). Switching the N-protecting group from Boc
to benzyl did not change the outcome neither did a 2-methyl substituent (entries 2 and 3). Sur-
prisingly, repeating the initial cycloaddition (entry 1) with the corresponding six-membered
silyl enol ether 2.133 gave no conversion of 2.4 either (entry 4). Thus, issues related to this
reaction could be originating from ring size rather than the presence of a nitrogen atom. Like
observed for 2.128, using AgF instead of ZrCl, with 2.133 gave only partial conversion to the
Michael addition product (entry 5). Regrettably, attempting the [2+2] cycloaddition with other
five-membered silyl enol ethers did not yield any products (entries 6 and 7). Finally, a four-
membered silyl enol ether was synthesized but also failed to react with alkyne 2.4 (entry 8).

Table 2.5. Screen of silyl enol ethers for [2+2] cycloaddition with alkyne 2.4.
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: Ho COMEt
CO,Et e n=0,1,2
Z AN n} cp.  X=Chz CH,NBn,
FC L4 Conditions AN T NBoc
’ L R =H, Me
-
Entry Silyl enol ether Promoter Solvent Temp. (°C) Time (h) Result
OTMS
1 ZrCly CH.CI,/THF 22 2 2.126, 93%
2125
OTMS
28 BN ZrCly  CHyCLITHF 22 24 NR
2131
OTMS
30l BnN lMe ZrCly CH,CI/THF 22 24 NR
2132
OTMS
4 @ ZrCly CH.CI,/THF 22 24 NR
2133
OoTMS partial
5 AgF THF 22 24 Michael
2.133 addition
OTMS
BlehIf ZrCly;  CH.CLITHF 22 24 NR
BocN
2.134
H OTMS
76l BocN Y ZrCly CH.CI,/THF 22 24 NR
2.135
OTBS
gt Boc,\’j ZrCly CH.CI,/THF 22 4 NR
2.136

&l Silyl enol ether synthesized from ketone using TBSCI, EtsN, DMF, 21 h (>95%). [l Synthesized from
ketone using TBSCI, Et;N, DMF, 21 h (>95%). [ Mixture of silyl enol ether isomers and ketone used.
[ Synthesized from ketone using TBSCI, EtsN, DMF, 21 h (70%). [ Silyl enol ether synthesized from
ketone using TBSCI, EtsN, DMF, 21 h (57%). "l Synthesized from ketone using TBSOTf, LiHMDS,
THF, -78 °C, 1 h (22%). NR: no reaction
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As a final approach to synthesize a cyclobutene-containing scaffold with an additional
handle, a [2+2] photocycloaddition with a non-activated alkene was attempted. Unfortunately,
alkyne 2.4 failed to react with N-Boc-3-pyrroline under UV light irradiation around 350 nm in
the presence of acetophenone as sensitizer (Scheme 2.39).

r%oc
Q g CO.Et
CO,Et =
Z CF
FsC acetophenone BocN 3
2.4 MeCN, hv, 18 h H

2.137

Scheme 2.39. Attempted [2+2] photocycloaddition under UV light irradiation at 350 nm.

With only one [2+2] cycloaddition working, it was decided to continue with 2.126 as the
core scaffold for this sub-library. In an attempt to derivatize 2.126, a Michael addition with
methylamine was attempted. However, degradation of 2.126 was observed instead of 1,4-
addition (Scheme 2.40). Serendipitously, the degradation turned out to be a remarkably
efficient base-mediated rearrangement that proceeded with excellent stereoselectivity to form
the a,fB-unsaturated ketone 2.138 in quantitative yield.

Ho COsEt o

& MeNH,, EtOH, 4 h é_(coza
2.126 2.138, >95%

Scheme 2.40. Attempted Michael addition resulted in a ring-rearrangement.

Exploiting this newly formed a,B-unsaturated system, 2.138 was subjected to a [3+2]
cycloaddition with azomethine ylide precursor 2.92 to afford spirocyclic 2.139 (Scheme 2.41).
Without purification, 2.139 was further modified to reduce the molecular weight below 354 Da
— hydrogenolysis afforded fragment 2.142 in 78% yield over three steps, reduction with LiBH4
gave diol 2.141 in 76% yields over three steps, and finally hydrogenolysis followed by NaBH,-
mediated reduction formed tricyclic lactone 2.140 in 44% yield over four steps.
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CO,Et 74
He z 1) EtN, EtOH o 2) TFA (10 mol%) % ~NBn
CF3 - F,C”:
H CF3 Bn 3 /*
T™MS N OMe EtO,C
NN 2
2.126 2138 2.92 2139
3) Hp, Pd/C (20 mol%) LiBH 3) Hy, Pd/C
EtOH, 2 h 3)T'HF “en (20 mol%)
4) NaBH,, EtOH, 1 h : EtOH, 2 h
OH 0
3 /
QQNBn = NH
FaC” N
~
2.140, 44% K2-141, 76% EtO,C
OH 2.142, 78%

Scheme 2.41. Base-mediated ring-rearrangement of 2.126 followed by [3+2] cycloaddition and further
modifications to reach spirocyclic fragments 2.140, 2.141, and 2.142.

From 2.138 a few additional reactions were attempted but both a [3+2] cycloaddition with
ethyl diazoacetate and a Diels-Alder reaction failed (Scheme 2.42). Likewise, Michael addition
with an amine was unsuccessful.

0 v
2 N.
EtOJK?N2 X N
MeCN, W FiC”:  CO,Et
160 °C, 1 h
60°C, Et0C" 3 143
00
0 4
& B \/_COZEt Ho,N" > CO,Me ;
/ »—NH
CF3 EtsN, MeCN F3C z
o -
2.138 MW, 140°C,1h Et0,C” 5 144
O OMe
_ /
A S0oMe
THF, uW FsC™3
140°C, 1h —
E0:C™ 5 145

Scheme 2.42. Other attempted reactions with o,-unsaturated ketone 2.138.
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To access more scaffold diversity, an acid-mediated ring-expansion was envisioned. How-
ever, while 2.126 proved to be highly base-sensitive the scaffold remained surprisingly stable

towards acidic conditions and survived being subjected to W heating at 120 °C in neat TFA
(Scheme 2.43).

0]
Ho COsEt CO,Et
TFA, yW, 140 °C, 1 h
@CF:),
CF3

H
2126 2.146

Scheme 2.43. Attempted acid-mediated ring-expansion of 2.126.

To include an example of a [5,4] bicyclic scaffold in the library without the a,f3-unsaturated
system, catalytic hydrogenation of 2.126 afforded fragment 2.147 in 93% yield (Scheme 2.44).
The hydrogenation occurred exclusively from the convex face and was performed under acidic
conditions to avoid degradation of 2.126. Reduction of 2.126 with LiBH4 was also attempted
but resulted in a complex mixture. Instead, performing the reduction after hydrogenation
allowed for the isolation of one product, ring-opened diol 2.148 in 28% yield (Scheme 2.44).
Finally, 2.126 was subjected to another [3+2] cycloaddition with 2.92 to give tricyclic 2.149.
Disappointingly, subsequent hydrogenolysis or LiBHs-reduction failed to afford desired frag-
ments 2.150 and 2.151, respectively (Scheme 2.44).

CO,Et
Hy, Pd/C (5 mol%) H] 8
ACOH, EtOH, 1 h ,
"CFy
dr>20:1 H
2.147, 93%
2) Hy, AcOH CO,Et
CO,Et 1) Hp, PAIC (5 mol%) oH Pd/C (5 mol%)  HO_ %™~y
HO ACOH, EtOH, 1 h %OH EtOH, 1 h y
CFs 2) LiBH,, THF, 16 h c \ CF,
H 3 2.150
0,
2.126 2.148, 28%
/OH
CO,Et : /
1) TFA (10 mol%) HO 2 2 2) LiBH,4 HO. % \Bn
CH2C|2 2h 2 NBn THF, 4 h
i ¢ R
T™MS._N._OMe b CFs b CFs
2.92 2.149 2.151

Scheme 2.44. Derivatizations performed on core scaffold 2.126.
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2.3.6. Double [3+2] cycloaddition — Pyrrolidine

Relying on the ease of the azomethine ylide-mediated [3+2] cycloaddition, a highly three-
dimensional double-pyrrolidine core scaffold was targeted next. While multiple nitrogen-
containing cis-fused [5,5] bicyclic scaffolds exists among natural products and bioactive com-

pounds, only a few and complex natural products contain a double pyrrolidine moiety (Figure
2.8).[249*252]

H
N NH
0
MeO SN
N—/H
0 Me— NS( )
OH \(\\fN Hc_ o N
COOH  OMe \ _
MeN—/7,

HO OH

bisavenanthramide B1 nitrosporeusine A seltorexant tesevatinib

Figure 2.8: Examples of compounds containing a nitrogen-containing [5,5] cis-fused scaffold — the
natural products bisavenanthramide B1%*% and nitrosporeusine A%, the drug candidate seltorexant!25
for treatment of insomnia, and the multi-kinase inhibitor tesevatinib.[252

Reaction between alkyne 2.4 and azomethine ylide precursor 2.92 proceeded smoothly to
afford a new core scaffold 2.152 in 89% yield (Scheme 2.45).

Bn Bn

T™MS._N._OMe N
/COzEt 2.92 FaC
3
FsC 24 TFA (10 mol%) \ CO,Et
. CHyCly, 2 h N
2.152, 89%

Scheme 2.45. A double [3+2] cycloaddition to form core scaffold 2.152.

Bicycle 2.152 was subjected to a series of N-derivatizations to create a small sub-library
based on the pyrrolidine scaffold (Scheme 2.46). To reduce the molecular weight, the ester was
first reduced to the corresponding alcohol using LiAIH4. Then, debenzylation was achieved
using catalytic hydrogenolysis to afford 2.153 in quantitative yield. Alternatively, addition of
formaldehyde during the hydrogenolysis formed the dimethylated fragment 2.154 in 48% yield
over two steps. From 2.153, subsequent acylation with propanoyl chloride afforded fragment
2.155 in 88% while desymmetrization was achieved by performing mono reductive alkylation
followed by acylation to afford fragment 2.156 in 35% yield.
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N

2) Hy ¥
Pd/C (10 mol%) propanoyl chloride FsC
EtOH, 60 °C, 2 h FsC Et;N, MeOH, 1 h
N™ OH
Bn N
N 1) LIALH Hoon o=\
4 o Et
FsC THF, 16 h 2153, >95% 2.155, 88%
CO,Et " TR
N 2) H, e
Bn Pd/C (10 mol%) N benzaldehyde, ﬁc
2.152 EtOH,60°C,2h  FsC AcOH, NaBH,CN FiC
then, 37% aq. N MeOH, 16 h then
formaldehyde, 1 h Me OH AcCl, Et;N, 0°C, 1 h N OH
2.154, 48% ) 22 259
. , (]

Scheme 2.46. N-Derivatizations of core scaffold 2.152.

Another small fragment (2.156) was obtained by direct debenzylation of 2.152 in quanti-
tative yield (Scheme 2.47). Finally, one example of an ester derivatization was achieved by
hydrolysis followed by HATU-mediated amidation of the corresponding carboxylic acid. Sub-
sequent debenzylation by catalytic hydrogenolysis provided fragment 2.158 in 54% vyield over
three steps (Scheme 2.47).

H
N
Ha, Pd/C (10 mol%) F.C
EtOH, 60 °C, 2 h 3
CO,Et
N
N H
FC 2.157, >95%
COEt  — |

N- 1) LIOH, EtOH, 48 h H
2) BnNHj, HATU N
2152 DIPEA, MeCN, 18 h FsC
3) Hy, P/C (10 mol%) 0
EtOH, reflux, 18 h N
N~ NHBn
2158, 54%

Scheme 2.47. Additional fragments synthesized from 2.152.
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2.3.7. [3+2] Cycloaddition — Dihydropyrazole

The final cycloaddition-based core scaffold to be synthesized was a dihydropyrazole scaffold
accessed via a [3+2] cycloaddition. Dihydropyrazole moieties are rare in nature and among
drugs but a few examples do exist (Figure 2.9).1253.254]

Ph Me
h/% N-N N
PAN-N /—ph N-
N~ /O\/\ cl 3
N NH
Ph o O)\)\ 2

newbouldine 1,5-diphenyl-3-styryl-pyrazoline muzolimine

Figure 2.9: Examples of compounds containing a dihydropyrazole moiety or similar — the natural prod-
ucts newbouldine and 1,5-diphenyl-3-styryl-pyrazolinef?>3 and the saluretic compound muzolimine. 254

Highly activated alkenes are known to undergo catalyst-free cyclopropanation with diazo-
acetates.[?>] In the hope that acrylate 2.2 would be sufficiently electron deficient, the starting
material was reacted with ethyl diazoacetate. However, instead of cyclopropanation acrylate
2.2 underwent an efficient [3+2] cycloaddition to form dihydropyrazole 2.159 in quantitative
yield (Scheme 2.48).

0 CF3
N, EtO,C A
£\ COEt Et0 Y>——C02Et
3 MeCN, reflux, 18 h HN-N

2.2
2.159, >95%

Scheme 2.48. Attempted cyclopropanation of 2.2 afforded dihydropyrazole 2.159.

Because of the excellent yield and highly substituted nature of the formed dihydropyrazole,
it was decided to investigate this scaffold further. However, due to potential difficulties of dif-
ferentiating the two ethyl esters, the reaction was repeated using carboxylic acid 2.1. Dis-
appointingly, this reaction led to decarboxylation and yielded a mixture of compounds (Scheme
2.49). As an alternative approach, amidation of the carboxylic acid was performed prior to the
diazoacetate-mediated [3+2] cycloaddition. Because of the lower electrophilic nature of the
resulting unsaturated amide, the cycloaddition required microwave heating at 140 °C. Surpris-
ingly, this reaction sequence afforded two regioisomers, 2.161 and 2.162, in 43% and 15%
yield, respectively (Scheme 2.49).
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Scheme 2.49. Subjecting carboxylic acid 2.1 to a [3+2] cycloaddition with ethyl diazoacetate resulted in
decarboxylation and a mixture of diastereomers. Instead, amidation of 2.1 was performed prior to the
cycloaddition.

Aiming to form a bicyclic system by cyclization between the olefin and dihydropyrazole
ring, N-derivatization of 2.161 followed by RCM was attempted (Scheme 2.50). Regrettably,
all attempts to ring close with Hoveyda-Grubbs 2™ generation catalyst failed to form the
targeted eight-membered rings.

N~N
2) HG Il (10 mol%)
ethylene, PhMe 0
reflux, 16 h

X
HG Il (10 mol%) o
NMe CF, ethylene, PhMe CF;
Et;N, MeCN, 18 h M reflux, 16 h MeN S
O COEt — # = CO,Et
2 /4 2
QL O, /N‘N/ N\ NN
AN 0=38 SN
Cl ) 6 O
2.163, 36%
7 ° 2.164
h 0]
CF
1) AlBr, K,CO MeN CFs
NM 2003 e 3
¢ CFs MeCN, 40 h
OM N ,)—CO,Et
i CO4Et 2) HG I (10 mol%) NN
~N ethylene, PhMe 2.165
2.161 reflux, 16 h ’
i 0 CF3
1) Acroyl chloride MeN 3
Et;N, MeCN, 2 h [\ N cOo,Et

2.166

Scheme 2.50. N-derivatization with olefin-containing electrophiles of 2.161 followed by attempted
RCM.

Inspired by the efficient decarboxylation observed with carboxylic acid 2.1, the [3+2]
cycloaddition was repeated with carboxylic acid 2.5 as an approach to access additional
dihydropyrazole derivatives. Theoretically, this approach would afford a single product with a
lower molecular weight and thus allow for greater possibilities of derivatizing the scaffold.
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Satisfyingly, carboxylic acid 2.5 underwent the expected [3+2] cycloaddition and decarboxy-
lation cascade to afford dihydropyrazole 2.168 in quantitative yield (Scheme 2.51).

(e}

FsC
N FsC
\(COOH E‘O—M, HOOCA\/»’COzEt \m—'CozEt
CF, MeCN, reflux, 4 h N=N - N~NH

2.167 2.168, >95%
25

Scheme 2.51. [3+2] Cycloaddition and decarboxylation of 2.5.

A few derivatives of 2.168 were synthesized via N-derivatization (Scheme 2.52). Sulfonyl-
ation was accomplished in 76% yield to give 2.169 while acylation afforded 2.170 in 53%
yield. Surprisingly, PyBroP-mediated coupling with 2-hydroxyacetic failed to produce the
desired acylated product. Instead, partial isomerization of the dihydropyrazole double bond
occurred to give the more stable 2.171.

FsC
WCOZEt

N~-NH
2.168
o)
o}
HO
MsCl, Et;N EtsN, MeCN \)kOH
MeCN, 16 h 7 Clreflux, 16 h PyBroP, DIPEA
S MeCN, 24 h

FsC FsC FsC
CO,Et | CO,Et F,C CO,Et
\ / 2 N
=S—-Me o HN-N )\\
O~
o = 2171, 17% O  OH
2.169, 76% S\A 2.172, 0%

2.170, 53%

Scheme 2.52. N-Derivatization of 2.168.

As an alternative approach, the targeted 2.172 was synthesized by acylation with
2-(benzyloxy)acetyl chloride followed by catalytic hydrogenolysis (Scheme 2.53). Unfortu-
nately, attempts to perform a subsequent lactonization between the unprotected alcohol and the
ethyl ester were unsuccessful.
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0
B”O\)J\m F.C p-TSOH, PhMe

F\C s FsC o
\m,cozgt 1) DIPEA, MeCN, 14 h WcozEt reflux, 18 h W
- -

- N N-
N~NH 2) Hy, Pd/C (10 mol%) N N O
2.168 EtOH, 12 h O)\\OH O>/

2.172, 39% 2.173

Scheme 2.53. Acylation of 2.168 followed debenzylation to afford 2.172. Subsequent attempts to per-
form lactonization failed.

In an effort to further decorate the dihydropyrazole scaffold and install a CFs-substituted
quaternary carbon center, carboxylic acid 2.5 was subjected to amidation prior to cycloaddition.
Amidation of 2.5 proved more challenging than with 2.1 and afforded morpholine amide 2.174
in only moderate yield. The subsequent [3+2] cycloaddition also proceeded sluggishly to form
quaternary center-containing 2.175 in a poor yield of 33%. Unfortunately, purification of 2.175
was difficult and a purity higher than 80% could not be achieved.

(—O
holine, PyBroP 2 o NJ
morpholine, PyBro N
ﬁ/ooo"' DIPEA, CH,Cl,, 2 h %N/\ EtoJ\? 2 0
FsC" —Co,Et

CF, CF, 0 MeCN, pyW
s 140°C, 4 h HN-N
0,
2.174, 56% 2.175, 33%

80% purity

Scheme 2.54. Amidation and diazoacetate-mediated [3+2] cycloaddition of carboxylic acid 2.5 afforded
2.175 with a CFs-substituted quaternary carbon center.

As an alternative strategy to install a quaternary center, the reaction was repeated using
t-butyl ester 2.176 as starting material. Gratifyingly, this reaction afforded dihydropyrazole
2.177 in 78% yield (Scheme 2.55). With two distinguishable esters, 2.177 would likely be a
better starting point for a potential SAR study in the event of a potential hit.

(0]

O'Bu
CO,Bu o N2 o
3 CO,Et
CF; MeCN, reflux,14 h HN\N/
2.176
2.177,78%

Scheme 2.55. Synthesis of 2.178 with a CFs-substituted quaternary carbon center.
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2.3.8. Dinucleophile Cyclization

In addition to the array of cycloadditions employed to create structural diversity, a series of
small- to medium-sized rings were synthesized via a Michael addition and intramolecular
amidation sequence. Numerous examples of such heterocyclic ring systems are found through-
out nature and in various drugs (Figure 2.10).1256-2%81

Me O Me O @[ NHCHO O

N N Jﬁ;NHz
CI” : :N ’

Ph O

MeZN

clobazam diazepam diltiazem streptomyceamide B

Figure 2.10: Examples of heteroatom-containing medium-sized rings — the central nervous system drugs
clobazam and diazepam,[?*®l the calcium-channel blocker diltiazem used against high blood pressure, 257
and the natural product streptomyceamide B.[2%€]

To test the feasibility of the proposed Michael addition and intramolecular amidation
sequence, two dinucleophiles, o-phenylenediamine and 2-aminobenzylamine, were initially
selected for reaction with carboxylic acid 2.1. Michael addition was accomplished upon heating
while intramolecular amidation was facilitated by HATU. This afforded seven-membered
2.178 in 65% yield using a one-pot sequence while eight-membered 2.180 was synthesized
over two steps via 2.179 (Scheme 2.56).

©:NH2
NH, H O
MeCN, reflux, 40 h
then HATU, DIPEA N
H CF

MeCN, 8 h

2.178,65%
.o\ COOH _|
3
2.1
o

©/\/ HATU, DIPEA ¥
__MeCN,16h q

MeCN, reflux, 4 h CF,

N
FsC COOH H

2.179, 85% 2.180, 88%

Scheme 2.56. A Michael addition and intramolecular amidation sequence to form seven- and eight-
membered rings.
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With two examples of medium-sized rings successfully synthesized, carboxylic acid 2.1
was reacted with a series of other dinucleophiles in an attempt to access additional scaffolds
(Table 2.6). Similar to the initial cyclizations, reaction with 4,5-dimethoxybenzene-1,2-di-
amine and 2-amino-5-chlorobenzylamine afforded new derivatives of the original scaffolds,
2.181 (entry 1) and 2.184 (entry 4), respectively. Michael addition with ethylenediamine
yielded the highly polar 2.182 that was insoluble in organic solvents (entry 2). Attempting to
perform the intramolecular amidation in the presence of water (MeCN/H20 4:1) with either
HATU or using microwave heating at 140 °C failed to produce the desired cyclized product.
The same microwave procedure was also attempted with the acrylate 2.2 but also failed to
produce the ring-closed product. Similarly, reacting N-acyl ethylenediamine with carboxylic
acid 2.1 only resulted in Michael addition (entry 3). Interestingly, reacting 2.1 with thiophene-
3,4-diamine using only heating afforded the six-membered 2.185 in 20% yield (entry 5). Reac-
tion with dinucleophiles of lower nucleophilicity failed to produce any useful products (entries
6-8). Attempts to form nine-membered rings using the two step sequence failed due to lack of
intramolecular amidation (entries 9 and 10).

To add a few derivatives to the library, a handful of derivatizations were performed on two
of the products — the seven-membered 2.179 and the eight-membered 2.180. From 2.179,
reduction of the amide was accomplished with LiAlH, to afford 2.188 in 85% yield (Scheme
2.57). Subsequent sulfonylation and amidation yielded fragments 2.189 and 2.190, respec-
tively.

NP
-0
EtsN, CHoCly
reflux, 72 h
\\//
H O H
N LiAIH,, THF N 7 “ci 2. 189, 46%
@[ reflux, 4 h ©[ } _ |
N N butyric acid
H o CFs H  CFs HATU, DIPEA
2179 2.188, 85% MeCN 48 h :: : 1
2.190, 63%

Scheme 2.57. Reduction of 2.179 followed two examples of N-derivatization.
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Table 2.6. Attempted Michael addition and intramolecular amidations on 2.1.

1) dinucleophile
(base), MeCN

0O

R
~_ N
temp., time P R=H, Ac
\_COOH  _ temp.time ; z
FoC” 2) HATU, DIPEA .. &Jﬁ\ X_‘(')\":' B
2.1 MeCN, 2 h TN CFy n=0.1,
Entry Dinucleophile Temp.  Time (h) Product Yield (%)
H o]
MeO NH, MeO
10 j@[ reflux 48 33
MeO NH, B8 SN
2.181 3
20! NN reflux 3 F,c~~-COOH 63
2.182
ACHN. -~
3 HzN/\/NHAC reflux 3 o COOH 70
8
2.183
b 0
4 /@ reflux 4 54
cl NH, cl N~ CF3
H
2.184
H2N H
H,N y N_O
NH
5ld] 8/\/”/ 2 140 °Clel 4 | 21
*2 HCI S
S
2185 Cf,
_~_NH;, _
6 o 140 °Cldl 4 no reaction 0
N NH,
N NH
7Md] | 2 140 °Cle] 4 complex mixture 0
Y
“HCI
NH,
7 | .
8 S NH, 140 °CH 4 no reaction 0
o}
NH, Nz cr,
9 @(/\ reflux 3 N)\/COOH 34
NH 2.186 "
NH H
[d] 2
10 @(:NHZQ HCI reflux 3 N\|/\COOH ND
2187 CF,

[l HATU was not added. 1 Amidation was attempted in MeCN/H,0 4:1 using either HATU or pwW
heating at 160 °C. [l Same result with PyBroP. [ Et;N was added to neutralize HCI. I uW heating.
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From the eight-membered 2.180, three examples of N-derivatizations were performed
(Scheme 2.58). Acylation of the amide was achieved with acetic anhydride to afford 2.191 in
40% vyield while alkylations afforded 2.192 and 2.193 in high yields.

Ac
XA N
Me (6] Me
Et;N, DMAP N CF3
CH,Cl,, 6 h H
2.191, 40%
MesN
fe) 2
[¢]
H o]
B
N MezN)K/ r O)\\N
q o K,CO3, MeCN Q
H 3 reflux, 21 h N CF,
H
2.180 2.192, 79%
// 9
B
MeO/\/ r MeO N
K2003’ Kl, MeCN q
reflux, 40 h N CF3
H
2.193, 94%

Scheme 2.58. N-Derivatizations of eight-membered 2.180.

Surprisingly, no alkylation nor acylation was observed on the nitrogen atom adjacent to
the CFs-group on either scaffold. Thus, in an attempt to selectively derivatize this position in
2.180, alkylation of 2-aminobenzylamine was performed prior to Michael addition (Scheme
2.59). Unfortunately, this alkylated amine failed to undergo a Michael addition with carboxylic
acid 2.1.

COOH 0

F3c/\/ H

2.1 N

o 0 NH,
NH, H 1) MeCN, reflux, 24 h
g N N CFs
NH, AcOH, NaBH,CN 2) HATU, DIPEA
MeOH, 18 h 0 MeCN, 16 h
2194, >95%

2.195

Scheme 2.59. Attempted Michael addition and intramolecular amidation with alkylated diamine 2.194.
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2.3.9. Hydrazine Cyclization — Pyrazolidinone

Employing the same Michael addition and intramolecular amidation strategy as described in
the previous chapter, a set of five-membered rings were targeted via reaction with different
hydrazines. Figure 2.11 shows examples of natural products and bioactive compounds contain-
ing nitrogen-nitrogen single bonds.[253259-2611

M Me,yN
e H Ph =N
6 N (@)
N, “NH N, Oy N
Nﬂs H NPh ‘N
Me Me HOY 1, O Me P
8 OH @) Z 0 Me
garceine azafagomine phenylbutazone azapropazone

Figure 2.11: Examples of small rings with a nitrogen-nitrogen single bond — the natural product
garceine,? the o-/B-glucosidase inhibitor azafagomine,?¥ and the NSAIDs phenylbutazonel?®®! and
azapropazone. 261

Starting from acrylate 2.2, cyclization was accomplished with hydrazine hydrate in reflux-
ing EtOH to afford B-CF3 pyrazolidinone 2.196 in quantitative yield (Scheme 2.60).

NH,;NH,+H,O HN

EtOH, reflux, 18 h I

Fsc/\/C02Et HN
2.2 CFy
2.196, >95%

Scheme 2.60. Synthesis of pyrazolidinone 2.196 from acrylate 2.2 and hydrazine hydrate.

While synthesis of the pyrazolidinone scaffold proceeded smoothly, attempts to derivatize
2.196 proved more challenging. Most reaction conditions caused oxidation of the ring to form
an aromatic pyrazole scaffold. Out of several reaction conditions tested, only two reactions
were found to produce non-aromatic products (Scheme 2.61). Dialkylation with allyl bromide
afforded 2.197 in 68% yield and cyclization with acroyl chloride gave 2.198 in only 6% yield.
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AlIBr, KO'Bu o)
THF, 16 h \/\N
——— )
N
/\/
o) CF,
2.197, 68%
HN |
HN
CF;4 . o o
2.196 acroyl chloride
Et;N, MeCN, 16 h N
_— N
CF,4
2.198, 6%

Scheme 2.61. Derivatization of B-CF; pyrazolidinone 2.196.

In the light of the poor reactivity of 2.196, derivatives of the pyrazolidinone fragment was
instead targeted by the use of differently substituted hydrazines (Scheme 2.62). Unfortunately,
only Michael addition adducts were observed in refluxing EtOH and increasing the temperature
in a microwave reactor resulted in complex mixtures.

CO,Et
Fac 002
2.2
o <2 HCI ™) «2 HCI
MeCN, uW Et;N, MeCN Et;N, MeCN \
160 °C, 1 h -NH; pW, 160 °C, 1 h -NHy uW, 160 °C, 1 h T N~ -NH2
N N N
H H H
0
[e) =
o L 2
N N N
2100 CF, HN HN
' 2.200 ©Fs 2.201 CFs

Scheme 2.62. Attempted syntheses of substituted -CFs pyrazolidinones.

As an alternative, the reactions were repeated using the starting material 2.6. Gratifyingly,
two of the three reaction successfully formed the desired a-CFz pyrazolidinone products
(Scheme 2.63). Using microwave heating, reaction with phenylhydrazine afforded the expected
regioisomer 2.202 in 75% yield. Reaction with 4-tetrahydropyran hydrazine resulted in for-
mation of several products from which pyrazolidinone 2.203 was isolated in 17% yield. 3-

Pyridinehydrazine failed to react with 2.6. Surprisingly, the use of hydrazine afforded a com-
plex mixture
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CF4
2.6
©\ 0" 7 -2Hal N 2 Hel
n-VH2 n-NH2 N A NH2
" H H NH,NH,+H,0
MeCN, pW
140 °C_uz h Et;N, MeCN EtzN, MeCN EtOH, reflux, 18 h
HW, 140 °C HW, 140 °C
30 min 30 min
O 0 =
O g i
PhN <
\ CF; N N HN&CF
i HN CFs HN CFs HN 3
2.202, 75%
’ 2.203,17% 2.204 2.205

Scheme 2.63. Syntheses of a-CF; pyrazolidinone derivatives from 2.6.

As an alternative approach, a-CFs pyrazolidinone 2.205 was synthesized from carboxylic
acid 2.5 instead, which proceeded smoothly (Scheme 2.64).

0]

NHQN H2'H20
yCOOH EtOH, reflux, 18 h HN
_— | CF3
CFs HN
2.5 2.205, 90%

Scheme 2.64. Synthesis of a-CF3 pyrazolidinone 2.205 from carboxylic acid 2.5.

With the trifluoromethyl group now situated farther away from the nitrogen atoms, deri-
vatization of a-CF3 pyrazolidinone 2.205 was predicted to be more facile. However, in addition
to continued issues of aromatization, 2.205 was also found be base sensitive. Thus, attempts to
N-alkylate or N-sulfonylate were unsuccessful. Interestingly, crude *F NMR indicated release
of fluoride (8 *°F = -125 ppm) to form the difluoromethylene species 2.206 (Scheme 2.65).

0 0
HN base HN
2.205 £ 2.206

Scheme 2.65. Suspected loss of fluoride from a-CF3 pyrazolidinone 2.205 under basic conditions.
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As an alternative approach, N-alkylation was accomplished by reductive alkylation to
afford benzylated 2.207, albeit in poor yield (Scheme 2.66). The successful imine formation
was also exploited to perform a subsequent azomethine ylide-mediated [3+3] cycloaddition to
form a 1,2,4-triazinane scaffold. Following N-debenzylation by catalytic hydrogenolysis, tri-
azinane diastereomers 2.209 and 2.210 were isolated in 11% and 5% vyield, respectively, over
three steps (Scheme 2.66).

e}

benzaldehyde
MeOH, 4 h HN
> ! CF;
then NaBHy, 2 h BnN
0 2.207, 13%
HN
| Bn
HN§CF3 TMS._N._ OMe
2.205 o 2.92 o o
1) benzaldehyde 2) TFA (10 mol%) o~ A~
MeOH, 4 h HN CH,Cly, 2 h HN™ °N HN™ °N
L > ) CF | CF | CF
3 LN 8 N s
N 3) Hy g
® Pd/C (20 mol%) : L
Ph EtOH, 16 h
2.208 2.209, 11% 2.210, 5%

Scheme 2.66. Derivatization of pyrazolidinone 2.205.
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R
7
N N\N

pyrazolo[1,5-a]pyridine

2.3.10. Other Scaffolds
[3+2] Cycloadditions

In addition to the two successful [3+2] cycloadditions used in the construction of the 3F library,
two additional [3+2] cycloadditions had also been attempted. Targeting scaffold 2.211, acrylate
2.2 was reacted with commercially available 1-aminopyridinium iodide under basic conditions
(Scheme 2.67). Unfortunately, the reaction yielded a mixture compounds that were difficult to
purify. However, it became apparent that the major product was a diastereomer of 2.212. Thus,
2.211 had underwent a subsequent Diels-Alder with another molecule of 2.2 reaction to form
a bridged tricyclic scaffold.

Xy O
\ N ' CO,Et CO,Et
~ ~ < F C <
@® NH Z 3
X COzEt 2 CF,4 ‘ CF,
FsC DIPEA, CH,Cl,, 16 h o N-p Ny
N EtO,C N

2.2

221 2.212

Scheme 2.67. A tandem [3+2] cycloaddition and Diels-Alder reaction afforded 2.212 (stereochemistry
unknown).

The rate of the Diels-Alder reaction was found to be significantly faster than the initial
[3+2] reaction and even in a large excess of 1-aminopyridinium iodide, 2.212 was the pre-
dominant product. Due to a high molecular weight of 430 Da, this compound was not included
in the library. A possible approach to prevent the subsequent Diels-Alder reaction and avoid
diastereomers could be to use alkyne 2.4 instead to form a more stable pyrazolo[1,5-a]pyridine
scaffold. However, due to the flat structure of this scaffold it was not pursued.

In a similar approach, a pyridazinium ylide-mediated [3+2] cycloaddition was attempted
(Scheme 2.68). Acrylate 2.2 was reacted with cycloimmonium salt 2.213, which was easily
prepared from pyridazine and 2-bromoacetamide, to afford the desired bicyclic 2.214 as an
inseparable 1:1 mixture of diastereomers and in poor yield. Attempts to optimize the diastereo-
selectivity including the use of methyl ester 2.6 as dipolarophile were unsuccessful and this
route was also abandoned.
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[N §
N
Z \)kNHZ CONH,
2.213 SN
xCO,Et C w CF4
FoC” Y Et;N, MeCN NN~
2.2 HW, 120 °C, 1 h COo,Et
dr =1:1

2.214, 25%

Scheme 2.68. [3+2] Cycloaddition between 2.2 and 2.213 afforded a mixture of diastereomers in a poor
yield.

B-(Thio)lactam formation

Synthesis of a B-lactam or B-thiolactam scaffold for the 3F library was attempted by a reaction
between acrylate 2.2 and a (thio)cyanate salt. Although this reaction had no precedence in the
literature, it was hypothesized that 2.2 could be electrophilic enough to facilitate N-attack from
a cyanate salt. Using KNCO in the presence of 18-crown-6 to bind potassium and thus increase
the nucleophicity of the cyanate ion, the reaction was carried out using microwave heating
(Scheme 2.69). However, in spite of temperatures at 180 °C, no conjugate addition was ob-
served. Similarly, attempts using the potentially more nucleophilic KNCS were also unsuc-
cessful.

KNCX, 18-crown-6

uW, 180 °C, 1 h HN
F C/\/COZEt —_— >
3 FsC CO,Et
22 2.215,X=0
2.216, X =S

Scheme 2.69. Attempted B-(thio)lactam formation with potassium (thio)cyanate.

Cyclopropanation

A few attempts to perform cyclopropanation was also undertaken. As previously described,
ethyl diazoacetate has been used as a cyclopropanation reagent of highly activated alkenes.
Thus, it was hypothesized that the most electron deficient starting material, anhydride 2.3,
would be able to undergo cyclopropanation. However, the reaction only yielded a complex
mixture and this route was not pursued further (Scheme 2.70).
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o) EtO,C,

Oiof —H—»EtO)K?NZ o
O FsC‘ [

= MeCN, 24 h 3
F3C o

23 2.217

Scheme 2.70. Attempted cyclopropanation of anhydride 2.3 with ethyl diazoacetate.

Inspired by Zhang and coworkers,[?21 a PhlI(OAc).-mediated cyclopropanation of acrylate
2.2 was also investigated. While this reaction has successfully been employed in the cyclo-
propanation of activated alkenes in the literature using malononitrile as nucleophile, these
conditions failed to afford the target cyclopropane 2.218 (Scheme 2.71).

NC._CN ne SN
FoNCOE . CO,Et
Ph'(OAC)Z' K2003
2.2 CH,Cly, reflux, 2 h FsC
2.218

Scheme 2.71. Attempted Phl(OAc).-mediated cyclopropanation.

Finally, a base-mediated cyclocondensation between diethyl 2-chloromalonate and ethyl
ester 2.2 was attempted (Scheme 2.72). Unfortunately, no cyclized products were observed in
this reaction either.

O O
EtOMOEt £o.c COZE!
cl 2
Fsc/\/COZEt 'CO,Et
THF, K,CO4
2.2 18-crown-6 FsC
reflux, 18 h 2.219

Scheme 2.72. Attempted cyclocondensation of acrylate 2.2.

Intramolecular Epoxide-Opening

A six-membered scaffold (2.221) was targeted via an intramolecular epoxide-opening (Scheme
2.73). An initial PyBroP-mediated amidation with N-methyl-N'-Boc-ethylenediamine afforded
2.220 in 66% yield.

o} OH O

~_-NHBoc o
«_CooH  _MeHN A A NHBog  Nepoxidation e
E C/\/ F,C N : ; 3
3 PyBroP, DIPEA Me 2) epoxide-opening BocN\)
21 CHyCl, 18 h 2.220, 66%
2.221

Scheme 2.73. Aiming to perform an intramolecular epoxide-opening, amidation of 2.1 was carried out
first.
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Subsequent attempts to perform a nucleophilic epoxidation on 2.220 proved more difficult
(Table 2.7). Reaction with either mCPBA or mCPBA/KOH failed to epoxidize the a,B-unsatu-
rated system (entries 1 and 2). Instead, epoxidation was achieved with H,O./LiOH at ambient
temperature (entry 3). Unfortunately, several other products were also formed which hampered
purification and increasing the temperature only yielded a more complex mixture (entry 4).
Finally, epoxidation was attempted with 'BuOOH and Sm(QO'Pr)s but this combination also
failed to produce the desired epoxide (entry 5).

Table 2.7. Attempted conditions for nucleophilic epoxidation of 2.220.

o) o}
F3C/\)LN/\/NHBOC Conditions F3C/<?)LN/\/NHBOC
Me Me
2.221 2.222
Epoxidation .
Entry P agent Catalyst/base  Solvent Temp. Time (h) Result
1 mCPBA - CHClI, reflux 24 no reaction
2 mCPBA KOH CHClI, reflux 18 no reaction
3 H20- LiOH THF/H,0 22 °C 72 impure epoxide
4 H20, LiOH THF/H,0 reflux 16 complex mixture
5 tBuOOH Sm(O'Pr)s THF reflux 4 complex mixture

With the impure epoxide at hand (from entry 3), an intramolecular epoxide-opening was
attempted under basic conditions (Scheme 2.74). Unsatisfyingly, no ring-closed products were
observed and the synthesis of 2.221 was abandoned. Attempts to perform the reaction under
acidic conditions to facilitate both Boc-deprotection and epoxide-opening were not carried out.

o KOBU, THF HO O

H
o
F3C/<I)LN/\/NHBOC reflux, 16 h F3CJ\VKNM6
Me BocN
2.222 2.921

Scheme 2.74. Attempted intramolecular base-mediated epoxide-opening.
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2.4. Chemoinformatic Library Analysis

A total of 115 fluorinated fragments based on 67 distinct atomic frameworks?%3 were success-
fully synthesized during this campaign. A summary of the synthetic pathways used in the con-
struction of the 3F library is provided in Figure 2.13.

2.4.1. Physicochemical Properties

An overview of calculated physicochemical properties of the 3F library and two commercial
fluorinated fragment libraries, Key Organics (461 fragments) and Maybridge (5295 fragments),
is given in Table 2.8. Comparative plots of molecular weight vs. AlogP and distribution of Fsp®
are shown in Figure 2.12 and Figure 2.14, respectively. In the latter, the Fsp3 distribution of
natural products and FDA-approved drugs showed practically identical with a close-to uniform
distribution across all bins. Interestingly, the 3F library exhibited a similar trend, although with
a slightly higher degree of Fsp®.

Table 2.8. Average physicochemical properties of the 3F, Key Organics, and Maybridge fluorinated
fragment libraries. Adapted with permission from reference.l Copyright (2020) John Wiley and Sons.

Ideal range 3F library Kg)llz(l)itl;?’z?;/cs 'l\gé)llﬁ;;:gj

MW <3008 284 £41 187 +29 285+55
AlogP 0-3 0.8+0.9 1906 [SZERZN

HBA <30 2712 14+09 22+13

HBD <30 0.8+0.8 0.6+0.6 0.8+0.8

PSA <60 A2 52+ 16 3712 58 + 24

Chiral centers - 33+18 0.1+0.3 0.2+0.5
Fp? 204720 [o7£02 R R

NP-likeness scorel®! >(QI264] 0.0+0.5

el Based on the R03.1%°1 [Pl compared to a score of 1.1 + 0.6 for a collection of 2712 natural products (vide
infra). MW = molecular weight; AlogP = atomic partition coefficient; HBA = hydrogen bond acceptors,
HBD = hydrogen bond donors; PSA = polar surface area; Fsp® = fraction sp3-hybridized carbon; NP =
natural product; green: inside ideal range; yellow: extreme of ideal range; red: outside ideal range.
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Prominently, the 3F library exhibited a low average AlogP, which was considerably lower
than the commercial collection. As most fragment-based screening is performed in aqueous
media and with relative high fragment concentrations, aqueous solubility is an important para-
meter. Furthermore, the 3F library was significantly more complex with more stereocenters
and a high Fsp® of 0.7 compared to 0.2 for both Key Organics and Maybridge libraries (drug
candidates have an average value of 0.47[?1), Finally, the 3F library also showed a higher
degree of natural product-likeness (vide infra).

MW vs. ALogP

A 3F library
3-
n

Key Organics =

ALogP

* Maybridge 19

100 150 200 250 300 350 400 450
MW

Figure 2.12. Comparison of MW vs. AlogP distributions of the 3F, Key Organics, and Maybridge fluori-
nated libraries. The green dashed line represents CFs-fragment space. Compared to Key Organics, the
3F library is distributed over a larger area in the plot with an average higher MW but lower AlogP.
Interestingly, over half of the fluorinated fragments from Maybridge violate the ‘Rule of Three’ para-
meter AlogP < 3. Reprinted with permission from reference.*! Copyright (2020) John Wiley and Sons.
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[5+2] cycloaddition
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Figure 2.13. Synthesis of the 3F library containing 115 fluorinated fragments based on 67 distinct atomic
frameworks (not all shown). Starting from six similar and readily available fluorinated compounds 2.1-
2.6, nine core scaffolds were synthesized (color-coding indicates starting material used). The main reac-
tion types used to form each of the core scaffolds are listed in the top left hand corner of each box.
Adapted with permission from reference.[Y! Copyright (2020) John Wiley and Sons.
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Figure 2.14. Distribution of Fsp® shows a significantly higher proportion of Fsp® among the 3F library
compared to the two fluorinated commercial collections (Key Organics and Maybridge). Both natural
products and FDA-approved drugs show a more equal distribution across Fsp® bins. Values are binned
in sections of 0.1. X-axis show mean value of each bin. Adapted with permission from reference.[*!
Copyright (2020) John Wiley and Sons.

2.4.2. PMI Analysis

To evaluate the shape diversity of the 3F library, PMI analysis of the library was carried out
and compared to the Key Organics fluorinated fragments and a collection of natural products
(Figure 2.15). The 3F library (average Fsp® = 0.7) exhibited a close-to uniform distribution in
the PMI plot indicating a high degree of shape diversity. Compared to the library from Key
Organics (average Fsp® = 0.2), the 3F library demonstrated a significantly higher degree of both
shape diversity and three-dimensionality. While the commercial fragments were largely two-
dimensional and predominantly situated in the so-called “flatland”, 812! only 5% of the 3F
library was found here. Interestingly, when compared to the collection of natural products
(average Fsp® = 0.5), a more similar distribution were observed further pointing towards good
natural product-likeness of the 3F library.
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Figure 2.15. Principal moment of inertia (PMI) analysis of the 3F library (blue), a commercial fluori-
nated fragment library (Key Organics, red), and a collection of 1356 natural products (NuBBE data-
base,[**™ green). “Flatland” is situated below the dashed line (NPR1 + NPR2 < 1.1).[1'81 The three corners
of the plot represent three geometrical extremes - rod-like, disc-like, and spherical shapes, respectively.
NPR: normalized PMI ratios.[*38] Adopted with permission from reference.[!l Copyright (2020) John
Wiley and Sons.

To show the shape diversity of each of the nine sub-libraries that constitute the 3F library,
separate PMI analyses are provided in Figure 2.16. Interestingly, the three Diels-Alder-based
scaffolds all show good distributions around the center of the PMI plot (top row). Although
fewer fragments were synthesized from the [5+2] and [2+2] cycloadditions, they seem to ex-
hibit slightly higher shape diversity but are still distributed around the center of the plot (middle
row). The most three-dimensional fragments are found among the cis-fused [5,5] pyrrolidine
fragments from the double [3+2] cycloaddition (middle row, right). Not surprisingly, the small
monocyclic fragments and fragments based on the dinucleophile cyclization show the lowest
degree of three-dimensionality (bottom row).

2.4.3. Natural Product-Likeness

The natural product-likeness (NP-likeness) of the 3F library was analyzed using a “Natural-
Product-Likeness Scorer”.?642651 The analysis is performed by dividing each compound into
smaller substructures and then comparing them to two reference sets — synthetic molecules
from the ZINC database!?®®! and a collection of representative natural products. On a logarith-
mic scale, each compound is assigned a score, typically in the range of -3 to 3, based on its
resemblance to either reference set. Positive values indicate higher resemblance to natural
products and negative values indicate a more synthetic character.
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Figure 2.16. PMI analyses of the individual sub-libraries of the 3F library. Reprinted with permission
from reference. Copyright (2020) John Wiley and Sons.

Using this algorithm, the NP-likeness score was calculated for 3F, Key Organics and
Maybridge fluorinated fragment libraries, and compared to a collection of 2712 natural prod-
ucts (Figure 2.17). Not surprisingly, the collection of natural products scored the highest. In-
terestingly, the 3F library showed significantly more natural product-like than the two com-
mercial libraries. With an average score of 0.0, the 3F library did, however, still show an equal
resemblance (or dissemblance) to synthetic compounds and natural products. Compared to
FDA-approved drugs, the 3F library showed a similar average score although the score distri-
bution of the drugs was wider.
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Figure 2.17. Natural product-likeness analysis?®! of the 3F library, two commercial fluorinated librar-
ies, and a collection of 2712 natural products (NuBBE database™®]). Logarithmic scale. Statistics were
calculated using a one-tailed nonparametric Mann-Whitney test. ****p < 0.0001. Adapted with permis-
sion from reference.[ Copyright (2020) John Wiley and Sons.

When comparing the NP-likeness score of fluorinated compounds to drugs and natural
products, it should be noted that the presence of fluorine effectively decreases the NP-likeness
score as fluorine is practically nonexistent in nature.l®Y For example, calculating the NP-
likeness of the 3F library without fluorine (substituted with H), the average NP-likeness score
increased from 0.0 to 0.3.
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2.5. NMR-Based Screening

To demonstrate the utility of the synthesized 3F library, NMR-based screening of multiple
disease-relevant protein targets was performed. Fragments were screened using a primary °F
NMR assay and hits were subsequently validated using secondary NMR experiments.

2.5.1. Quality Control

Prior to screening, NMR-based quality control of the 115 synthesized fragments was carried
out by individual fragment analyses in phosphate buffered saline (PBS).[?¢7] In total, 13 frag-
ments were removed from the library due to either °F NMR peak broadening (possible aggre-
gation), unwanted functionalities, or chemical instability (Figure 2.18). Tropone 2.115 passed
the quality control but was later found to be unstable during screening.

In addition to quality control, this exercise also provided 8*°F of each fragment in PBS for
later design of screening cocktails.

CF W I CFy \f ;L MeN- N LbCFS COEt
3 CO,Et CO,Et CF

3

2.12 214 2 57 2.76 exo-2.77 2.103
unstable unstable broad peak Michael acceptor / broad peak Michael acceptor
broad peak
AP
Fsc ,O
CO,Et CO Et o
HO ? / | @[ HN§
| F
CFs BnN CFs
H CF3
2.126 2172 2.180,R = H 2.185 2.189 2.207
Michael acceptor unstable 2.184 R=ClI broad peak unstable broad peak
broad peak

Figure 2.18. Fragments that failed quality control. “Broad peak™ refers to a significant broadening or
disappearance of °F NMR signals in the aqueous buffer making hit identification difficult.

During quality control, it also became apparent that approximately 20% of the fragments
exhibited a significant or complete loss of their °F signal intensities (fast To-relaxation rate)
during the CPMG experiment (Figure 2.19). Thus, disappearance of signal intensity for these
fragments did not correspond to protein binding. While such behavior is normally attributed to
aggregation, the majority of these ‘CPMG-sensitive’ compounds were reasonably polar with
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most containing a basic nitrogen atom. However, this effect has been reported for molecules
existing in different states with large differences in 6*°F caused by either tautomerization, pro-
tonation, conformational exchange (e.qg. cis/trans of an amide bond), and/or transient hydrogen
bonding.[** Thus, amine protonation and amide bond rotation were plausible explanations for
these observations and screening of these compounds was still possible if applying a shorter
CPMG scheme (e.g. 20 ms relaxation delay instead of 200 ms).
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Figure 2.19. Structures of ‘CPMG-sensitive’ fragments exhibiting a significant or complete loss of °F
NMR signal intensities upon application of a 200 ms CPMG scheme.

The 102 fragments, including ‘CPMG-sensitive’ fragments, that passed quality control
were pooled in cocktails containing 17-25 fragments based on the distribution of chemical
shifts (see the Supporting Information for cocktail compositions, Tables S2-S10). This also
ensured excellent structural diversity with each cocktail containing fragments from at least six
of the nine core scaffold groups.
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2.5.2. Protein Targets

For set-up and optimization of the ®F NMR assay, readily available human serum albumin
(HSA) was selected as a test target. HSA is the most abundant blood plasma protein and pri-
marily functions as a transport protein for both endo- and exogenous molecules.®®! Protein
binding generally increases plasma solubility, reduces toxicity, and protects against oxidation
of the bound molecules. Thus, HSA binding is of interest in drug discovery as it may signifi-
cantly impact pharmacokinetic properties of bioactive molecules. In addition, HSA holds enzy-
matic properties, most notably esterase activity.[?68]

For additional screening of the 3F library, four disease-relevant targets were selected — the
two oncology-related kinases p70S6K1 and p38y, the Alzheimer’s disease target BACEI, and
C-type lectin receptor DC-SIGN, which is associated with viral infections and autoimmunity.

The serine/threonine kinase ribosomal protein S6 kinase beta-1 (p70S6K1) is involved in
signaling pathways regulating cell proliferation and survival.?6%27% Deregulation or over-
expression of p70S6K 1 has been associated with several types of aggressive cancers including
lung and ovarian cancers.?"2:2"2 Evidence also indicates that p70S6K1 is involved in chemo-
therapy resistance for various tumors.?”Y Targeting this enzyme may serve as a novel thera-
peutic strategy or as a strategy to enhance the efficacy of other anti-cancer drugs. To date, no
inhibitors have been approved for clinical use.[?2-274

p38y is also a serine/threonine kinase and has been associated with various inflammation-
related diseases including diabetes, neurodegeneration, and cancer.?”® The kinase is part of the
p38 mitogen-activated protein kinase (MAPK) family, which comprise the four isoforms p38a,
p38PB, p38y, and p385. These isoforms are further divided into two subsets (p38a/B and p38y/d)
based on sequence homology and substrate specificity. Thus, to evaluate the selectivity of hits,
screening against p38a and p38d was also performed.

B-secretase 1 or B-site amyloid precursor protein cleaving enzyme 1 (BACEL) has been
linked to Alzheimer’s disease (AD) — a progressive neurodegenerative disorder that is the most
common cause of dementia.l?’62""1 The disease is characterized by extracellular accumulation
of amyloid 3 (AP) peptide plaques in cerebral tissues and BACE1 has been identified as a major
driver of AB production and deposition by cleaving of the A precursor protein.!?’l The aspartic
protease has therefore been proposed as a promising therapeutic target for treatment of AD and
numerous developed inhibitors are undergoing clinical trials.?!

Finally, the dendritic cell-specific intercellular adhesion molecules-3-grabbing non-
integrin (DC-SIGN) is a Ca?*-dependent dendritic cell surface receptor responsible for medi-
ating transient adhesion to T-cells.?® Dendritic cells are antigen-presenting cells that are
responsible for activating the adaptive immune system (B- and T-cells). Thus, DC-SIGN help
facilitate important immunological roles and has been linked to both autoimmunity,?61.22]
transplantation tolerance,?® and viral infections including HIV trans-infection of T-cells.34
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2.5.3. Primary °*F NMR-Based Screening

¥F NMR screening was performed using a CPMG scheme (both 20 ms and 200 ms relaxation
delays) and binding was determined as a significant reduction (>50%) of 1°F signal intensities
upon addition of the protein (Figure 2.20). Screening was performed on a 600 MHz spectro-
meter with an acquisitions time of 2 h per cocktail, which enabled screening of the entire library
(five cocktails) against one target per day.

A total of seven protein targets were screened and screening results are shown in Table 2.9
(see the Supporting Information for NMR data, Figures S10-S50). For screening against
p70S6K1 and DC-SIGN a known ligand was subsequently added to determine if binding was
associated with a known binding site. For p70S6K1, the inhibitor PF-470867112" was selected,
while Ca?" was used for DC-SIGN. Hits that were successfully displaced are highlighted with
a black frame in Table 2.9. Fragments highlighted with a blue background were subsequently
validated by a secondary NMR assay while an asterix (*) indicates in vitro activity. K;- and
Kq-values were measured using °F NMR (vide infra).

19F-NMR screening
B - protein

|

B + protein

-54 -56 -58 -60 -62 -64 -66 -68 -70 -72 -74 <76 ppm

5 1°F

Figure 2.20. Example of F NMR screening results against BACE1 that shows two binders. Both spec-
tra were recorded using a CPMG scheme (200 ms). Reprinted with permission from reference.[ Copy-
right (2020) John Wiley and Sons.
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Table 2.9. NMR screening results. Fragments highlighted with a blue background were validated with
a secondary assay (*H or F NMR). A black frame indicates specific binding as determined by displace-
ment with a known ligand. An asterix indicates >25% in vitro enzyme inhibition at 10 mM. LE
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2.5.4. Validation by 'H NMR

In an effort to validate the identified hits against p70S6K1, p38y, and BACE]1, binding was
subsequently evaluated by WaterLOGSY and STD *H NMR experiments (Figure 2.21). Based
on dispersion of 'H signals, hits against each target were pooled into small cocktails of up to
four compounds each. The *H NMR experiments were performed on an 800 MHz spectrometer
and hits validated by at least one of the experiments are highlighted with a blue background in
Table 2.9.

As an illustration of the efficiency of screening by °F NMR, the screening conditions ap-
plied for the primary **F NMR assay and the subsequent *H NMR validation assay are com-
pared in Table 2.10. Noticeably, the *H NMR assay required extended acquisition time (even
at a higher field strength) with increased concentrations of both ligands and protein. Moreover,
due to tH signal overlap screening was only performed with up to four fragments at a time.

HO HO
H ° H 0
CH,
CH3 CH3 CH; H CHj
ot ° HO o N HO
( £d COLCH,CHy I £d COCH,CHy
e H o CF; O N o
o N X a3 [ 214 |
CFs O COQCHZCHS ) ‘

2.114
2.43
2.43
243 \ z 114 \

' l
IH ref ‘ | uv-_,;‘“

ﬂ f i ll oo\ /
. L. Jul, M iyl ”wﬁ Y o \ A
+ 1 .
+ ‘.‘\ —+ ‘l I‘ |
\ \
| M 1 + + I ‘ "T
.‘ | \ \
WaterLOGSY n \ I J AN ! )
o A A A . " Aan ,"\. ) N 4 po
il ,~1vw\~,m, s P“v‘““\q*' “'“"‘““’"‘*‘u” el i "lu\‘w* W |] ¥ . Ww\\‘lf w‘""’*“" ey o — “lil Pt
‘ \ ‘ ‘ | ‘ ‘
| I
+ 4
TR
| 1
+ ‘ | ‘
i |
+ | + | |/ \ [ ‘
| + ,“"’ 1 ] ‘.A
STD NMR ‘w,l | I I | A
| | i s N BRI}
SN Y a,,‘“"-‘ﬁm‘m',u‘vl ‘p':r.y.x,l\ifn‘a"m"w.'\lr.” LA Ly Wyt 1'“# e ‘4 w,—wwf\,.,.‘ W ‘ e,
T T T T T T T T T T T T T ] T T ]
8.6 85 ppm 7.8 77 7.6 ppm 3.0 2.9 ppm 22 21 ppm 1.6 ppm 1.2 ppm
8'H

Figure 2.21. Example of *H NMR validation results from STD and WaterLOGSY experiments. These
results show validation of p38y hits 2.43 and 2.114 while 2.49 and 2.191 were not validated in this
cocktail. Positive signals in the WaterLOGSY and STD spectra indicate protein binding. STD spectrum
was recorded using protein irradiation at 0.339 ppm.

Table 2.10. Conditions used for the primary *°F NMR screening assay and the secondary *H NMR vali-
dation assay (both STD and WaterLOGSY experiments) against p38y.
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N Time Field strength  [Ligands]  [p38y] Background
(MHz) (LM) (LM) nuisance
F NMR
CPMG screen <25 2h 600 25 5.7 no
'HNMR
(STD & <4 14 h0 800 200 11.4 yest]
WaterLOGSY)

[l performing irradiation of three protein-associated signals in the STD experiment. ! Water, buffer
(e.g. HEPES or Tris-HCI), and additives (e.g. glycerol or DTT). N = number of fragments pr. cocktail.

2.5.5. Further Studies

Hits against p38y were further evaluated using an enzymatic assay that measures phosphoryla-
tion of a peptide substrate (Figure 2.22).Y At 10 mM, fragments 2.42, 2.43, 2.114 and 2.191
demonstrated >25% inhibition of the kinase. Notably, tropolone 2.114 exhibited almost com-
plete inhibition of p38y, similar to the pan-p38 kinase inhibitor BIRB-796.12851 Only minor inhi-
bition was observed for the remaining hits.

Continuing with the four hits exhibiting the highest in vitro activity, binding affinities were
measured using °F NMR-based differential chemical shift perturbation (dCSP).[?¢°1 This
ligand-observed **F NMR experiment provides a quick estimation of K4 (<1 mM) by comparing
ASYF at different protein—ligand ratios. Alternatively, if only subtle changes in chemical shift
are observed, determination can instead be based on changes in peak width at half height max-
imum (Avip).

Using this approach, Kg-values for 2.43 and 2.114 were estimated from A38'F to be 750
UM and 400 uM, respectively. Due to smaller changes in A§'°F for 2.191, the Kq¢-value for this
hit was based on Avi, and estimated at 250 uM. Unfortunately, data measured for 2.42 was
inconclusive although both peak broadening and changes in chemical shift were observed
(Table 2.9). These results indicate that 2.191 is the strongest binder although it exhibited the
lowest in vitro activity of the four hits. However, this Kg-value is likely less accurate as it is
based on far smaller changes in vy, rather than larger chemical shift perturbations.

Hits against DC-SIGNY were subsequently validated using a FAXS-type reporter assay by
displacement of a known fluorinated reporter molecule, N-acetylmannosamine-based
2.224.1281 Six of the nine hits were validated using this approach. Based on changes in observed
relaxation rates of 2.224, Ki-values could also be determined (Table 2.9). All hits exhibited low
millimolar Ki-values similar to the Ki-value determined for mannose (2.34 mM).

¥ Enzymatic studies with p38y were performed by the Cuenda group at CNB/CSIC
VI Screening against DC-SIGN was performed by the Rademacher group at MPI
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Figure 2.22. Radioactive p38y assay with myelin basic protein (MBP)'! as substrate. Shown results are
at 10 mM compound concentrations. BIRB-796[2%1 (pan-p38 kinase inhibitor) was used as a positive

control.

For the most potent hit, tropolone 2.114, further binding studies were performed by *H—
®N HSQC NMR using **N-labeled DC-SIGN (Figure 2.23). Titration with 2.114 resulted in
significant chemical shift perturbations and reduced resonance intensities of several amino
acids. These amino acids consisted of four non-associated allosteric residues and three residues
(270Met, 310Ser, and 374Phe) situated in binding site 11l of DC SIGN (Figure 2.24).[28
Quantification of chemical shift perturbations from these three residues resulted in a calculated

Kq-value of 150 + 50 pM.

Vil MBP: Ala-Pro-Arg-Thr-Pro-Gly-Gly-Arg-Arg

112



1000uM

Ss_ 0um

. .
*\ Ligand conc®ntration

I 7 /
s 4
z 1
. %
s .
e B R
ECRN
\
\
\
\

Ei 344Asn
) v270Met ,
)

INARRN)

Figure 2.23. 'H-*N-HSQC NMR of DC-SIGN showing titration data with 2.114. Based on chemical

shift perturbations a Kg-value of 150 + 50 pM was calculated.

- = - - - -

f ;ﬂ"nding pocket)|ll
. \\
\

\

\

) °
e \
< \
\

Allostericamino acids:
266Asn, 330Val, 344Asn and
Direct binding amino acids:
374Phe, 310Ser and 270Met

276Asn
Figure 2.24. Binding site hypothesis for 2.114 based on site 111 amino acids 270Met, 310Ser, and 374Phe
(highlighted in purple). Chemical shifts of four allosteric amino acids were also affected by binding of

2.114 (orange).

113



2.5.6. Analysis and Discussion

Generally, the °F NMR-based screening of the 3F library afforded relative high hit rates
between 3-15%. Although hit rates in the 5-10% range is commonly encountered in fragment
screens, 122881 3 [ower hit rate was expected for these complex and three-dimensional fragments
in the 3F library.1?®! Nevertheless, it has been argued that hit rates for three-dimensional struc-
tures are not necessarily lower than for more two-dimensional structures, in spite of what may
be intuitively reasoned.[**®! Indeed, similar reports of high hit rates (>10%) for complex frag-
ments have previously been reported (see for example Scheme 1.3).15U However, a high hit
rate against HSA was expected as the transport protein is known to accommodate a broad range
of small molecules and drugs (typical Kq = 1-100 puM).[2681

The high hit rate may also be a result of the higher sensitivity of °F NMR compared to
other methods such as *H NMR and SPR, leading to detection of otherwise overlooked hits.
Moreover, the use of ligand-observed NMR methods are also more prone to false positives than
for instance protein-observed NMR spectroscopy or X-ray crystallography.™®

To analyze the fragment hits, PMI analysis and natural product-likeness scoring were per-
formed (Figure 2.25). Overall, hits showed a fairly broad distribution in the PMI plot with
BACEL1 hits exhibiting the highest degree of three-dimensionality and DC-SIGN hits the
lowest. Looking at the natural product-likeness of the hits, a wide distribution across the NP-
likeness range of the 3F library was observed. While average scores were positive for hits
against p70S6K1 and BACEL and negative for hits against p38y/6 and DC-SIGN, there is no
evidence to support the advantage of natural product-like fragments. However, these datasets
are small and no statistically significant conclusions can be drawn from these analyses. For
this, screening of larger fragment collections against additional targets should be performed for
a more accurate chemoinformatic evaluation.
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Figure 2.25. PMI and natural product-likeness analyses of the fragment hits. Natural product-likeness
scores are binned sections of 0.5.
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Looking at the hits against p38y, no selectivity towards this isoform was observed (Table
2.9). All p38y hits were also identified against the closely related isoform p386 with an identical
'H NMR validation rate. Similarly, 10 of the 11 hits were also identified as binders of p38a. in
the F NMR assay. While 2.120 was not identified as a p38a binder, this fragment could not
be validated against p38y and showed only little-to-no activity at 10 mM in vitro. This lack of
selectivity across the isoforms was later further validated by enzymatic studies of all p38y hits
against the four isoforms (see the Supporting Information Figure S30). Furthermore, the hits
2.114, 2.120, and 2.191 were also identified as binders to p70S6K 1.

It was envisioned that some selectivity could be achieved at this early stage for such rela-
tively complex fragments. However, kinases are structurally similar and selectivity is often
achieved during hit-to-lead optimization. This has also been demonstrated against other kinases
where selective inhibitors have been developed from non-selective hits.*®! In regards to the
relatively hit rates of 11-12% against the p38 kinases, this not unusual. Indeed, hit rates as high
as 34% with non-focused libraries have been reported against p38a using SPR-based screen-
ing.[20]

Interestingly, while most of the hits identified contained an aromatic moiety, all hits against
BACE1 were non-aromatic and generally more three-dimensional. This trend fits well with
many BACEL inhibitors containing a quaternary carbon center and thus higher 3D character
(Figure 2.26).[2°22%21 However, with a hit rate of 7% this is surprisingly high compared to the
~1% hit rate typically reported from other screens. 128!
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Figure 2.26. Developed BACEL1 inhibitors containing a quaternary center.2%

Finally, screening against DC-SIGN afforded a 9% hit rate, which is similar to previous
reports of 5-16% fragment hit rates against this target.[?832%1 Actually, two of the screens had
also utilized ligand-observed *°F NMR, which resulted in the highest hit rates of 14% and 16%,
respectively. While most of the 3F library hits contained new chemotypes compared to previ-
ously reported hits, a few structural similarities was observed for two of the hits (Figure 2.27).

115



RO

Me
HO

F,0 COEt
2.114,R=H

2.115,R=Me
HN— OMe

Fo  CO:Et
2.120

FsC
H H 3 \r/§}7
Me
@Nz N Me N F o N CO,Et
7 s s
H CcF ° H ‘o H H 0 \= 0 \=

2.188 2.229 2.230 2.231 2.170 2.232
Ki=3.2mM Kg=1.0mM Ky=0.3mM Ky=2.1mM Ki=12.9 mM Kyg=4.0mM
LE=0.23 LE = 0.26 LE =0.34 LE = 0.30 LE=0.12 LE=0.22

("°F NMR) ("°F NMR / SPR) ("°F NMR) ("°F NMR) ("°F NMR) (SPR)

Figure 2.27. Similar DC-SIGN hits obtained from the 3F library (2.188 and 2.170) and previously re-
ported screens (similarities highlighted in blue and red). Screening methods applied are listed under each
structure. Kg-values were determined using SPR.[?88]

Of the 30 hits obtained against the four central targets, five hits were identified against two
targets (2.42, 2.43, 2.170, 2.191, and 2.198) and two hits were found to bind three of the targets
(2.114 and 2.120). Thus, some caution should be taken with these potentially promiscuous
binders. In particularly, tropolone 2.114 could be potentially reactive, e.g. as a Michael
acceptor, and does not seem unlikely given the observed instability of 2.115 during screening.
However, displacement of 2.114 was achieved during screening against p70S6K1 and many
examples of stable tropolones exist.?!]

While ligand-observed *°F NMR does not provide any binding information (unless dis-
placement with a known binder is performed), it is a fast, simple, and sensitive assay ideally
suited as a primary screening method. The major limitation is the need for labeled fragments,
but once such a library has been assembled, screening is easily performed. Binding affinities
can be determined using *°F NMR but it is not the most accurate approach. Therefore, F
NMR screening should ideally be combined with other screening methods such as X-ray
crystallography, SPR, or ITC to obtain information on binding mode and affinity. However, it
is a particularly useful method for screening targets that are either difficult to crystallize or
immobilize.

Overall, these screening results demonstrate the applicability of the 3F library. Hits were
obtained against all seven protein targets screened with hit rates of 3-15%. Screening of a
relatively small fragment library may therefore be sufficient in obtaining useful hits. Im-
portantly, hits originated from eight of the nine central scaffold groups, which underlines the
importance of library and scaffold diversity. However, whether the 3F library will be able to
produce truly high impact hits that can be optimized into promising lead compounds, only time
will tell.
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2.6. Conclusion

To address the need of more diverse fragments and easier screening workflows, a novel library
of three-dimensional fluorinated fragments was synthesized in an efficient manner (Figure
2.28). Starting from six readily available and fluorinated starting materials, 115 structurally
diverse fluorinated Fsp®-rich fragments (3F) were synthesized using diversity-oriented syn-
thesis. The fragments exhibited highly desirable physicochemical properties, most noteworthy
a low average AlogP of 0.8 and a high Fsp® of 0.7, which are significant improvements over
typical commercial fragment collections. Importantly, the 3F library showed an excellent shape
diversity as demonstrated by principal moment of inertia analysis.

To demonstrate the utility of the 3F library, ®F NMR-based screening of the fluorinated
fragments was performed. Following quality control, 102 of the synthesized fragments were
screening against seven protein targets resulting in hit rates ranging from 3-15% (Figure 2.28).
Hits against four disease-relevant proteins (p70S6K 1, p38y, BACE1, and DC-SIGN) were sub-
sequently validated by secondary NMR assays resulting in a validation rate of 2/3.

The diverse 3F library presents the first example of a synthetic fragment library tailor-
made for F-NMR screening. Combined with the ease of performing °*F NMR-based screen-
ing, our results underscore that this approach should find broad application within fragment-
based drug discovery.
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Figure 2.28. Synthesis of the fluorinated Fsp-rich fragment (3F) library (from inside out, representative
structures shown). Biological evaluation using *°F NMR against seven protein targets afforded a range
of different hits in 3—15% hit rates. Adapted with permission from reference.[ Copyright (2020) John
Wiley and Sons.
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2.7. Future Perspectives

Having demonstrated the usefulness of the 3F library in obtaining new hit compounds, con-
tinued screening is currently ongoing. After publication of the herein described results, a series
of additional protein targets have been screened and more are planned in the near future. While
the 3F library can be used on its own, it would be advantageous to combine it with additional
fluorinated fragments, e.g. from commercial sources, to expand the number and diversity of
one’s library. Furthermore, it would be highly interesting to compare properties and hit rates
of hits obtained from different fragment collections under identical screening conditions.

Another interesting approach involves the use of fluorinated hits as spy molecules in sub-
sequent FAXS experiments. These spy screens enable screening of non-labeled molecules in
search of additional hits (see Figure 1.7). At the time of writing, this approach has been suc-
cessfully adopted to p38y using 2.170 as spy molecule. The screening is currently ongoing but
almost 100 non-fluorinated fragments have been screened with new fragment hits already iden-
tified.

Hit-to-lead progression of the fragment hits is a natural next step in this project and efforts
towards obtaining crystal structures for some of the proteins is currently ongoing. Such infor-
mation will enable structure-guided design of new ligands and will be a tremendous aid for
future medicinal chemistry.

The most important and labor intensive part of hit-to-lead optimization is often synthesis
of new analogues. Thus, while waiting for crystal structures it may be advantageous to begin
exploring further synthesis of new analogues — either by exploiting available handles or via
synthesis using other starting materials or building blocks. In particular, synthesis of
non-fluorinated analogues are desirable in order to evaluate whether or not fluorine participates
in any binding interactions or simply behaves as a reporter tag. If the latter is the case, this
position can then be used as a point for further derivatization. However, due to the strong elec-
tron withdrawing effect of the CFs-group, synthesis of non-fluorinated analogues is expected
to be more difficult as the starting materials will be less electrophilic.

At the time of writing, initial steps towards synthesis of non-fluorinated analogues of p38y
hits have been initiated (Scheme 2.75). Starting from crotonic acid (2.233), Michael addition
with 2-aminobenzylamine followed by a HATU-mediated intramolecular amidation and Boc-
protection afforded the eight-membered 2.234 in 76% yield over two steps. The [5+2] cyclo-
addition-based core scaffold has also been synthesized without fluorine. Reacting alkyne 2.236
with oxopyrrylium ylide 2.102 as previously described afforded 2.237 in 29% yield. As ex-
pected, a lower yield was observed when using a less activated alkyne. Finally, attempts to
synthesize the furan-based Diels-Alder scaffold has been done with both acid 2.233 and acry-
late 2.239. Regrettably, even in the presence of different Lewis acids at elevated temperatures
no reaction between 2-methylfuran and either starting material was observed. However, other
Lewis acids such as AICI; or SnCl, are still to be tested.
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Finally, as part of future hit-to-lead campaigns, enantioselective synthesis of the fragment
hits should also be investigated so individual enantiomers may be tested. Although much pro-
gress in asymmetric reactions has been accomplished including Diels-Alder reactions,2%42%I
various cycloadditions including [5+2] and [3+2],[2%2°"1 and aza-Michael additions,%! this
will likely be a challenging task that will require significant optimization. The use of chiral
HPLC may be used as an alternative approach for the separation of enantiomers.
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Part Il

Fsp3-rich and Diverse Fragments Inspired by
Natural Products as a Collection to Enhance
Fragment-Based Drug Discovery
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3.1. Project Outline

The experimental work carried out for Part 111 of this thesis was conducted at the University of
Cambridge under supervision of Professor David R. Spring. The project was part of an ongoing
campaign to synthesize structurally diverse, Fsp3-rich, and natural product-like fragments for
FBDD.

An efficient strategy to install complexity and three-dimensionality into small molecules
is the incorporation of quaternary centers. In particular all-carbon quaternary stereocenters are
of significant interest for their metabolic stability?*3%! and ubiquitous presence in natural
products (Figure 3.1).E% Unfortunately, such entities are heavily underrepresented in most
screening collections and their synthesis remains a challenge due to their conformational
restrictions and congested nature. 20230l
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Figure 3.1. A selection of natural products with all-carbon quaternary stereocenters,[30

Relying on the incorporation of an all-carbon quaternary stereocenter to enhance three-
dimensionality and natural product-likeness of fragments, a DOS strategy was designed around
the building block 3.1. (Figure 3.2). The stereochemical-rich and densely functionalized nature
of this building block would serve as an excellent starting point for a divergent synthetic
scheme. Furthermore, the synthetic importance of such 3-hydroxy-2,2-disubstituted-cyclo-
pentan-1-ones has previously been demonstrated in the total synthesis of several natural prod-
ucts including many terpenoids (Figure 3.2).[504-30]
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3.1 ! 3-hydroxy-2,2-disubstituted-
! cyclopentan-1-ones

dolabellane V dictyoxetane

Figure 3.2. The densely functionalized 3.1 was selected as the central building block for this DOS cam-
paign. Numerous natural products have been synthesized from such 3-hydroxy-2,2-disubstituted-cyclo-
pentan-1-one building blocks.[304-306]

Initial work on this project had focused on the synthesis of building block 3.1 as its two
diastereomers, syn-3.1 and anti-3.1,"" and had been accomplished in two steps from 3.2
(Scheme 3.1). A diastereomeric ratio of 62:38 in favor of syn had been observed during reduc-
tive desymmetrization of 3.3.

Me, o /\ Me 5  NaBH, DME Me 4 Me
Br X o O
;U A 4/% -60 °C, 24 h / 5 /
0 NaOH, H,0 0 — Ao HO"™ HO
65 °C. 18 1 dr=62:38
3.2 3.3,68% syn-3.1, 35% anti-3.1, 23%

Scheme 3.1. Synthesis of the central building blocks.

Based on syn-3.1 and anti-3.1, early progress had afforded a number of new fragments
(Scheme 3.2). Work had primarily been centered around the alcohol and alkyne handles of the
syn building block aiming to perform various cyclizations. Investigation into several promising
fragment intermediates had also been undertaken with synthesis of o,p-unsaturated 3.4 and
amide 3.19. Unfortunately, attempts to perform Diels-Alder reactions on 3.4 had failed. Amide
3.19 had been transformed into bicyclic 3.20 but its subsequent deprotection had proven diffi-
cult.

To exemplify the versatility of the targeted approach, six-membered versions of the build-
ing blocks, syn- and anti-3.23, had also been prepared in a similar fashion (Scheme 3.2). Build-
ing block syn-3.23 had then been subjected to a series of similar reactions to demonstrate its

vili syn/anti refers to the stereochemical relationship between the alkyne and hydroxyl groups
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compatibility with the library methodology. This afforded fragments 3.24, 3.25, and 3.26 in
similar yields to what had been observed for the corresponding five-membered derivatives.
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Scheme 3.2. Library overview at the beginning of this project. Final fragments highlighted with blue.
Reagents and conditions: (a) TBSCI, DMF, 16 h, 95-98%; (b) IBX, PhF, DMSO, 65 °C, 24 h, 45%; (c)
a-chlorobenzaldoxime, EtsN, DCE, 80 °C, 24 h, 77%; (d) TBAF, AcOH, THF, 5 days, 76-80%; (e)
ethyl azidoacetate, [Cp*RuCl]s4, PhMe, 18 h, 86%; (f) MsCI, pyridine, 24 h, then KCN, DMSO, 5 days,
60%; (g) CpCo(CO)., ethyl propiolate, PhMe, reflux, 18 h, 10%; (h) ethyl propiolate, NMM, CHCly,
2 h, 93%; (i) BusSnH, AIBN, PhMe, 80 °C, 12 h, then p-TsOH, CHxCl,, 2 h, 59%; (j) RCOOH, DCC,
DMAP, CHCly, 16 h, 3.11 (91%), 3.12 (84%); (k) Grubbs Il, ethylene, PhMe, reflux, 16 h, 83%; (1)
Cp*RuCl(cod), PhMe, reflux, 24 h, 88%; (m) NHS, ‘BusNPFs, NaHCOs, PPhs, CpRu(PPhs),Cl, DMF,
80 °C, 56 h, 65%; (n) [Ir(cod)Cl]2, MeOH, 4 h, 3.16 (18%), 3.17 (58%); (0) i. MsCl, pyridine, 2 h ii.
NaNs;, DMSO, 85 °C, 24 h, 63%; (p) o-(mesitylenesulfonyl)hydroxylamine, CH.Cl,, 18 h, then
BF3-OEty, 1 h, 66%; (q) i. InCls, DIBALH, EtsB, I, THF, -78 °C, 5 h ii. Cs,COs, Cul, N,N’-di-
methylethyl-1,2-diamine, PhMe, 85 °C, 3 h, 64%. Adapted from referencel®*’] with permission from The
Royal Society of Chemistry.
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Scheme 3.3. To demonstrate the utility of the synthetic approach, the six-membered building blocks syn-
and anti-3.23 had been synthesized. The former had been subjected to a series of reactions to show its
compatibility with the chemistry used on the five-membered building block.

The aim of this project was to finish the initiated library through investigation of the re-
maining building block handles. In particular, modification of the ketone and the non-
substituted ‘right-hand side’ of the building blocks was targeted (Figure 3.3). Further work on
both the a,B-unsaturated 3.4 and amide 3.19 was also to be carried out. Ideally, the synthesized
fragments should contain multiple handles for potential hit optimization, exhibit high degrees
of Fspand 3D character, and be of high natural product-likeness. Introduction of additional
nitrogen atoms was also desired to further increase the diversity of the library. To further under-
line the versatility of the methodology, building blocks carrying a different substituent than a
methyl group were to be synthesized. Finally, all fragments should be synthesized in a maxi-
mum of five steps from the building blocks and generally cohere to the Ro3 guidelines.

7

Me (o)

z 15
HO ISN

\

3.1

Figure 3.3. Library expansion was planned primarily via manipulation of three main handles (blue
arrows).
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3.2. Library Synthesis

The following chapter has been divided into four sub-chapters dealing with the building block
synthesis, synthesis of fragments from the syn-3.1 and from anti-3.1, respectively, and finally
synthesis of a new set of building block derivatives.

3.2.1. Building Block Synthesis

Following the developed procedure, syn-3.1 and anti-3.1 were synthesized in two steps from
commercially available cyclopentanedione 3.3 (Scheme 3.4). Alkylation of 3.3 with propargyl
bromide proceeded smoothly to give 3.3 in an improved yield of 88%. Reductive desymmetri-
zation was then accomplished with subequimolar amounts of NaBH. (0.6 equiv.) at -60 °C to
minimize diol formation. Not surprisingly, hydride attack proceeded predominantly from the
least sterically hindered face (dr = 62:38) to afford syn-3.1 and anti-3.1 in 38% and 27% vyield,
respectively. To enable a wider range of reactions, TBS protection of the two building block
hydroxyl groups was accomplished with TBSCI in quantitative yields (Scheme 3.4).

Me Me
. o) TBSCI e 0
/// y imidazole /// y
HO' DMF, 24 h TBSO'
. -3.1, 38% 3.27, >95%
Me 0 Me o NaBH, (0.6 equiv.) ™1 :
BN = DME, -60 °C, 24 b (brsm =48%)
DME, B0 ©, 24h, +
o} NaOH, H,0 O dr=62:38
65 °C, 18 h Me o TBSCH Me
3.2 0, ) ‘14,
3.3,88% /// imidazole ///
HO DMF, 24 h TBSO
anti-3.1, 27% 3.28, >95%

(brsm = 34%)

Scheme 3.4. Synthesis of the syn and anti building blocks in slightly improved yields.
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3.2.2. Anti Building Block Chemistry

Fragments based on the anti building block were all synthesized from the TBS protected build-
ing block 3.28 as the alcohol was not used for cyclizations.

Grignard Reaction

With little chemistry performed on the ketone, a Grignard reaction?*?l was initially investi-
gated. Gratifyingly, reacting 3.28 with allylmagnesium bromide afforded the desired diastereo-
mer 3.29 as the major product in 62% yield (Scheme 3.5).

J

Me Me
Me o AlMgBr, THF :
s ) _Z.0H “)_[..OH
T;/S/O 0°C,2h = =
o= 7426 TBSO TBSO
3.28 3.29, 62% 3.30, 21%

Scheme 3.5. Diastereoselective Grignard reaction with allylmagnesium bromide.

With 3.29 in hand, two ring-closing reactions were carried out (Scheme 3.6). Ring-closing
enyne metathesis (RCEYM) using Grubbs 1l catalyst under an ethylene atmosphere success-
fully formed a [5,6]-bicyclic scaffold. Subsequent TBS deprotection with TBAF afforded 3.31
in 66% yield over two steps. Alternatively, performing an intramolecular Pauson-Khand reac-
tion3%8:3%1 with NMO as a promoter led to formation of a tricyclic scaffold. Following TBS
deprotection, the tricyclic diastereomers 3.32 and 3.33 were isolated in 42% and 17% yield,
respectively, over two steps. Direct TBS deprotection of 3.29 afforded diol 3.34 in 87% yield.
In an effort to access spirocyclic fragments, derivatization of the tertiary alcohol of 3.29 was
also attempted. However, both acylation and alkylation reactions failed due to lack of conver-
sion (Scheme 3.6).
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1) Grubbs 1l (10 mol%)
CH,Cl,, ethylene, 4 h
2~z ehylene Me OH
2) TBAF, THF, 2 h HO
3

.31, 66%
o) o)
1) Coy(CO)g, CH,Cl,
2 h, then NMO, 16 h vH H
2) TBAF, THF, 2 h Me OH Me OH
dr=171:29 HO HO
3.32, 42% 3.33, 17%
Me J TBAF, THF, 2 h e :J
) _S.OH LY "}—5~OH
= =z
TBSO HO
3.29 3.34,87%

All-Br, NaH J
TBAI, DMF Me - M,
pW, 160 °C, 1 h “w)_3.0
/ \/\ ,,BQM,, / o)
3.35 3.36

\).i N J
N Me , Me__/l
(¢]] / A 077/\ RCM» /’bo (0]

EtN, DMAP, DMF 1250 o TBSO
uwW, 160 °C, 1 h 3.37 3.38

Scheme 3.6. Reactions carried out on Grignard reaction product 3.29.

In an attempt to synthesize larger bi- and tricyclic ring systems, the Grignard reaction was
repeated using 3-butenylmagnesium bromide (Scheme 3.7). However, even in the presence of
the Lewis acid CeCls the reaction turned into a complex mixture — likely a result of various
side reactions arising from the significantly lower reactivity of this non-allylic Grignard rea-
gent.310]

Me
O Z"MgBr
/// —HL.
TBSO THF, CeCl3
0°C,2h
3.28 3.39

Scheme 3.7. Attempted Grignard reaction using 3-butenylmagnesium bromide.
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/Oe

—N®
(e

Me

5,5-dimethyl-1-
pyrroline N-oxide
(DMPO)

a,f—Unsaturation

Looking to functionalize the ‘right-hand side’ of the building block, approaches to afford an
a,B-unsaturated system were investigated. a-Methylenation was successfully performed via a
microwave-assisted one-pot Mannich reaction—-deamination cascade.®*%2 Reacting 3.28 with
excess Et;NH (12 equiv.) and CH:2Br (6 equiv.) using microwave heating afforded a,f3-unsatu-
rated 3.40 in 68% yield (Scheme 3.8).

Me Me
", (@] Et2NH, CHzBrz ., O
=z uW, 125 °C, 20 min =z
TBSO TBSO
3.28 3.40, 68%

Scheme 3.8. a-Methylenation of the ketone using a microwave-assisted one-pot Mannich reaction—
deamination cascade.

Exploiting the reactivity of the formed a,B-unsaturated system, several [3+2] cyclo-
additions were carried out to form spirocyclic compounds (Scheme 3.9). Reacting 3.40 with
chloro-oxime 3.41 afforded 3.42 in 70% yield with excellent diastereo-, chemo-, and regio-
selectivity. Similar to the Grignard reaction, the reaction occurred primarily on the ‘bottom-
face’ of the ring to give the stereochemistry shown. No cycloaddition with the alkyne or for-
mation of regioisomers were observed. Removal of the TBS ether with TBAF gave 3.43 in a
modest 44% yield and was attributed to degradation of the dihydroisoxazole moiety.

In a similar fashion, the commercially available nitrone DMPO was reacted with 3.40 to
afford 3.44 as the major product (unknown stereochemistry) in 53% yield (Scheme 3.9). How-
ever, as TBS deprotection with TBAF yielded an impure product, this route was abandoned.

Instead, 3.40 was set up to undergo another [3+2] cycloaddition with azomethine ylide
precursor 2.92. This reaction proceeded with lower diastereoselectivity than observed for the
chloro-oxime reaction but allowed for the isolation of both diastereomers in 61% and 32%
yield, respectively (3.46 and 3.47). Subsequent TBS deprotection afforded 3.48 and 3.49 in
high yields. Aiming to increase the Fsp® of the library, debenzylation and alkyne reduction was
then accomplished by catalytic hydrogenation to give 3.50 and 3.51, both in quantitative yields
(Scheme 3.9).
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~OH

N
A
Me Me
EtO,C~ ~Cl wl R TBAF w0
3.41 =z THE b 2 _b///\
e
¥ H _
CH,Cly, EtsN, 1 h TBSO - 0 ° > ©
J=N N
dr=85:15 EtO,C EtO,C
3.42,70% 3.43, 44%
Me o TBAF
THF, 1h
= DMPO, THF, 1h THF 1h_
TBSO dr=6:2:1:1
3.40
3.44,53% /o
T™MS_ N oM
~ N OMe Me o Me
2.92
=z =z
TFA (10 mol%) TBSO 7 TBSO Z "NBn
CH20|2, 1h —NBn -/
dr=66:34 3.46,61% 3.47,32%
TBAF, THF, 2h TBAF, THF, 2 h
H, M
e
Me\/ Pd/C (20 mol%) / Pd/C (20 mol%) Me<_~-,|_ ©
_EtOH,40°C,4h & EtOH, 40 °C, 4 h
g HO NBn ~ HO 7 'NH
—NBn iy —/
3.50, >95% 3.48, 93% 3.49, 79% 3.51, >95%

Scheme 3.9. Synthesis of spirocyclic fragments.

Three other cycloadditions were also attempted on 3.40 (Scheme 3.10). Reaction with ethyl
diazoacetate resulted in a complex mixture, while 3.40 failed to undergo Diels-Alder reactions
with either Danishefsky's diene™! or furan.
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M o

TBSO

3.4

LN Me o
Et0” N 2 /

CH,Cly, yW
160 °C, 30 min HN-N

OTMS

Me “

/ MeO

TBSO CH,Cly, JW
3.40 160 °C, 30 min

TiCly, 16 h

3.54

Scheme 3.10. Failed cycloadditions.

In addition to the described cycloadditions, a series of Michael addition—condensation cas-
cade reactions were attempted (Scheme 3.11). While the reaction between 3.40 and hydrazine
afforded a complex mixture, reactions with thiourea or benzene-1,2-diamine both led to
cyclized products (3.56 and 3.58, respectively) in moderate yields, albeit as ~1:1 diastereomeric
mixtures. Unfortunately, TBS deprotection of both 3.56 and 3.58 failed to produce any isolat-
able products, possibly due to instability of the C=N bonds. Finally, a Michael addition with
sodium azide was attempted with the intention of performing a subsequent intramolecular
ruthenium-catalyzed azide alkyne cycloaddition (RUAAC).E**! However, no Michael addition
products were observed and instead intermolecular cycloaddition with the alkyne occurred at
elevated temperatures (Scheme 3.11).

Another approach to obtain derivatization of the ‘right-hand side’ of the building block
involved the introduction of an endo-cyclic a,B-unsaturated alkene. This approach had previ-
ously been investigated by synthesis of 3.4 (Scheme 3.2). However, this intermediate had failed
to undergo subsequent Diels-Alder reactions.
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NH,NH,, EtOH ) Me N
reflux, 1h / Z “NH

TBSO
3.55
i Me S Me S
g N TBAF e N
HoN™ NH;, / o THF, 2h / A
> NH —— NH
KOtBu, MeCN, pyW TBSO HO
M o 149°C, 15 min 3.56, 45% 3.57
/// r= :

TBSO -]

3.40 NH;
Me N TBAF Me N
1, THF, 2 h ")
NH, / 5/ / 5/
NH
"

AcOH, EtOH, pW TBSO HO NH
140 °C, 15 min \
dr=11:9 3.58, 38% 3.59
/ N
EtOH, NaN3 Me Me KJ
W, 120 ° -
W, 120°C = Ruarc N
TBSO Ng TBSO 5
3.60 3.61

Scheme 3.11. Michael addition—cyclization reactions.

Thus, in an effort to synthesize fragments from 3.4, this intermediate was resynthesized
using IBX in a two solvent system (Scheme 3.12).%1 Similar to previous experience, only
partial conversion of 3.28 was achieved even with a large excess of IBX. Increasing the
temperature further than 70 °C led to formation of several byproducts. Furthermore, as separa-
tion of 3.4 from unreacted 3.28 was challenging, crude 3.4 was reacted directly with azo-
methine ylide precursor 2.92. Gratifyingly, the two resulting diastereomers were easily separa-
ble and afforded 3.62 and 3.63 in 12% and 10% yield, respectively, over two steps. Subsequent
TBS deprotections with TBAF afforded 3.64 and 3.65 in high yields. One attempt to hydro-
genate each of the two bicyclic fragments was performed but both resulted in formation of
impure products.
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Me o Me 0
=" TBAF 7
// H THFE 2h // H

e Ho

TBSO
H H
NBn NBn
M 1) IBX, PhF 3.62, 12% 3.64, 90%
Ne o “pmso Me o 2)TFA(10mol%)  (brsm =30%)
TBSO TBSO OMe
Me Me
3.28 3.4 BN , 0 , o]
TBAF
202 / «H THF, 2h /// «H
™S TBSO \ % . HO \
-1 HY HY
dr=11:9 NBn NBn
3.63, 10% 3.65, 83%
(brsm = 25%)
Scheme 3.12. IBX-mediated a,p-unsaturation followed by a [3+2] cycloaddition.
a-Allylation

Next, a bridged bicyclic fragment was targeted via oa-allylation of 3.28 and subsequent
RCEYM. Unexpectedly, alkylation using LDA and allyl bromide occurred primarily on the
‘top-face’ of 3.28 and afforded the undesired ‘anti’ diastereomer as the major product in an
inseparable mixture of diastereomers (Table 3.1, entry 1). Furthermore, full conversion of 3.28
was not achieved as diallylated product was also formed. Thus, different bases and conditions
were screened to improve the yield and selectivity. While the use of NaH, NaHMDS, and
KHMDS predominantly led to formation of dialkylated 3.67 (Table 3.1, entries 2, 4, and 5),
LiHMDS successfully produced the desired syn-3.66 as the major product in a decent yield
(Table 3.1, entry 3).

Table 3.1. a-Allylation of 3.28.

, Me 0 base (1.1 equiv.) u,!v'e o ',,!\Ae o u,!v'e o
=z THF, -78 0r 0 °C, 1 h =z = = =
TBSO then All-Br (1.1 equiv.) TBSO v,  TBSO X~ TBSO
0°C,1h , A\
3.28 syn-3.66 anti-3.66 3.67
(desired) (undesired) (undesired)
Entry Base Temp. (°C) Major product dr (syn/anti)@ Yield (%)
1 LDA -78 anti-3.66 33:67 30
2 NaH 0 3.670 ND 38
3 LiIHMDS -78 syn-3.66 72:28 62
4 NaHMDS -78 3.67M ND ND
5 KHMDS -78 3.67M ND ND

el alkyne—alkene stereochemical relationship; ! diastereomers were inseparable; [ estimation by TLC/
LC-MS
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In a final attempt to improve the synthesis of syn-3.66, a-methylene 3.40 was subjected to
conjugate addition conditions using organocopper chemistry. The organocopper reagent was
generated in situ from vinylmagnesium bromide and Cul and then reacted with 3.40 to form
3.66 in 89% vyield (Scheme 3.13). However, with a dr of 3:1 in favor of the undesired anti
diastereomer, this route was abandoned.

Me o 7 MgBr, Cul, THF Me o
=z -78°C > 22°C,1h =
TBSO TBSO =
=13 3.66, 89%
3.40 66, 89%
1:3 syn/anti

Scheme 3.13. Organocopper-mediated conjugate addition to 3.40.

Continuing with the LIHMDS procedure (Table 3.1, entry 3), subsequent RCEYM suc-
cessfully ring-closed syn-3.66 to form a bridged bicyclic scaffold. Following TBS deprotection,
fragment 3.68 was isolated from the non-cyclized byproducts in 33% yield over two steps
(Scheme 3.14). The low yield was in part due to incomplete conversion of the ethylene-enyne
cross metathesis intermediate 3.69, however, attempts to remove excess ethylene gas and push
the reaction to completion led to formation of several byproducts.

Me Me o 1) HG Il (10 mol%) A k]/
i thylene, PhM
/ ) LIHMDS, THF / ) ethylene e Me I“Me o

-78°C,1h reflux, 3 h .
TBSO then AlIBr TBSO /\ 2) TBAF — HO o
3.28 0°C,1h 3.66, 62% THF, 2h o oS
dr=72:28 7:3 syn/anti 3.68, 33% 3.69

Scheme 3.14. Synthesis of bridged bicyclic fragment 3.68 via a-allylation and RCEYM of 3.28. While
full conversion of syn/anti-3.66 to the corresponding intermediate syn/anti-3.69 was achieved, syn-3.69
did not fully ring-close to 3.68.

With diallylated product 3.67 synthesized, spirocycle formation via RCM was attempted
(Scheme 3.15). However, no conversion of 3.67 was observed with Hoveyda-Grubbs I1 in
either refluxing CH>Cl, or PhMe. The reaction was not attempted with ethylene gas.
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HG Il (10 mol%)

Me o Me o
=z = PhMe, reflux, 16 h =
TBSO g > TBSO

N\

3.67 3.70

Scheme 3.15. Attempted spirocycle formation by RCM of 3.67.

Other Reactions

In an effort to access a cis-fused [5,4] ring system, a [2+2] cycloaddition was also attempted.
TBS-protected 3.28 was transformed into the corresponding silyl enol ether 3.71 with TBSOTf
and then reacted with methyl propiolate and a Lewis acid. Unfortunately, neither use of ZrCl,
or TiCl, facilitated the [2+2] cycloaddition (Scheme 3.16). While ZrCl, simply returned 3.28,
TiCl, caused deprotection of both TBS groups.

(6]
OTBS
Ne Me Me
Ne o 1) TBSOT, EtsN N oTBS  2) /ﬁ ) COMe
/ y MeCN, reflux, 2 h / " ~ OMe /// )
—
TBSO TBSO ZrCl,, CH,Cl, TBSO y
3.28 3.71, >95% THF, 72 h 372
or
TiCly, CH,Cl,
-78 °C,2h

Scheme 3.16. Attempted route to a cis-fused [5,4] ring system.
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3.2.3. Syn Building Block Chemistry

Ring-expansions

Beckmann rearrangement®6:3171 and Baeyer-Villiger oxidation8! (BVO) were envisioned as
tools to perform ring-expansions of the building block. Following a previously developed pro-
cedure for the Beckmann rearrangement, the bulky aminating reagent o-mesitylsulfonyl-
hydroxylamine (3.74)B%1 was synthesized in 27% yield over two steps from 2-mesitylene-
sulfonyl chloride. Then, 3.27 underwent a Lewis acid-promoted Beckmann rearrangement with
3.74 to afford lactam 3.19 in 84% yield as an inseparable 4:1 mixture of regioisomers (Scheme
3.17). Fortunately, the isomers were easily separable at later stages.

HO.
I
1) Et3N, DMF Me/‘\OEt
0 °C, 30 min
Me 0 O  2)HCIO,, dioxane
S\CI 10 min

JL T

3.73 Me 0 O
'S _NH
0,
Ve Ve 374 27%
T o HN P ? NH
=z 5 CH,Cl, 18 h \\\Med \\\Me\zi)
TBSO" then BF3Et,0, 1 h

3.27 TBSO TBSO
3.19 3.75

84%
4:1 mixture of isomers

Scheme 3.17. One-pot Beckmann rearrangement.

In a similar fashion, subjecting 3.27 to standard BVO conditions with mCPBA afforded
the expected lactone 3.76 in 29% yield after TBS deprotection (Scheme 3.18). Only one isomer
was observed in agreement with the superior migratory aptitude of a tertiary substituted carbon
atom. The low yield of this reaction was the result of incomplete conversion of 3.27, however,
increasing the temperature by microwave heating resulted in formation of multiple byproducts.
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/

Me o 1) mCPBA, KHCO,4 0
/// CH,Cly, reflux, 40 h \\N|e\<0:/§
TBSO"'Z j 2) TBAF, THF, 2h

HO
3.76, 29%

3.27

Scheme 3.18. Baeyer-Villiger oxidation.

Looking to exploit the lactam nitrogen for cyclization reactions, two approaches were
undertaken. First, a previously performed intramolecular N-alkylation was repeated using a
two-step procedure via a vinyl iodide intermediate.*?°! Hydroindiation of the alkyne by in situ
generated HINnCl, followed by iodine quenching afforded vinyl iodide 3.77, which was used
directly in the next step without purification.*?! Conditions described by Buchwald and co-
workers were then employed to facilitate intramolecular vinylation of the lactam to form
indolizidinone 3.20 in 73% yield over two steps (Scheme 3.19).5?%1 Subsequent TBS deprotec-
tion afforded fragment 3.78 in excellent yield.

0
o} 0
1)InCly, DIBAL-H \  HN 2) Cul, Cs,CO3 N TBAF “N
THF, -65°C,1h PhMe, 75 °C THF, 1h
— N —_— _—
then Et3B : Me 2 Me 2
HO

: ~_NHMe
70°C, 4 h % oTBs MeHN TBSO
t7hoe?(_‘!21 . ] 3.77 3.20, 73% 3.78, >95%

A
o o

0
HN allyl bromide N 1) HG II, CH,Cly \_/ "\,
\\\Me \ NaH, DMF, 2 h \\\Me ethylene, 2 h
T 3 2) TBAF, THF, 2 h md \
TBSO TBSO HO
3.19 3.79, 76% 3.80, 84%
o H
1) Coy(CO)g s o
o CH,Cl,, 2h "
N then NMO, 16 h
TBAF, THF, 2 h \\\MGG 2) TBAF, THF, 2h VER
L W S
dr>20:1 HO
HO 3.81, 86%
3.82, 94%

Scheme 3.19. Reactions with lactam 3.19.

In the second approach, 3.19 was allylated and set up for pairing with the alkyne as previ-
ously performed on the Grignard product 3.29. Allylation with NaH and allyl bromide afforded
3.79in 76% yield (Scheme 3.19). Then, RCEYM and TBS deprotection formed [6,6]-bicyclic
fragment 3.80 in 84% vyield over two steps. Compound 3.79 was also subjected to a highly
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diastereoselective intramolecular Pauson-Khand reaction which afforded tricyclic fragment
3.81 after TBS deprotection in 86% yield. Finally, to include the simple lactam scaffold in the
fragment library as well, TBS deprotection was performed directly on 3.19 to give fragment
3.82 in excellent yield. Regrettably, other attempts to functionalize (via acylation or alkylation)
the lactam nitrogen of 3.19 failed due to lack of conversion (Scheme 3.20).

o)
s RCM N l N
—,L/—> \Meg -------- -
NaH, TBAI e
DMF, pW
0 140 °C, 20 min T8SO 1850
HN 3.83 3.84
S ORE
TBSO N; O o
% 0 N-
uAAC _ N
B \\\Me ........ >
DCC, DMAP "
CH,Cl, 18 h S e
22 TBSO TBSO
3.85 3.86

Scheme 3.20. Unsuccessful attempts to functionalize amide 3.19.

Ketone Chemistry

With one Grignard reaction and different ring-expanding reactions successfully performed on
the ketone, additional transformations of the carbonyl were investigated. Reductive amination
was considered a natural next step for further derivatization but proved a significant challenge.
Using allylamine, imine formation of the sterically hindered ketone was only achieved with
microwave heating at 140 °C (Scheme 3.21). Disappointingly, subjecting the imine to reductive
conditions resulted in complex mixtures. Several reducing agents were attempted including
NaBH., NaBHs;CN, NaBH(OAC)s, and MeMgBr, with the latter two performed in aprotic sol-
vents. Using NaBH4, one byproduct was successfully isolated — bicyclic 3.89 in 15% yield.
Thus, side reactions involving the alkyne seemed a likely culprit for the failed approach.

JMe 0 AcOH, EtOH, pw Me % | then NH
/ / 140 °C, 20 min = = NaBHj, 16 h
TBSO™ Ny TBSO TBSO™

TBSO'
3.27 3.87 3.88, 0% 3.89, 15%

Scheme 3.21. Attempted reductive amination of 3.27.
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Aiming to synthesize additional spirocyclic fragments, 3.27 was subjected to a series of
other ketone transforming reactions (Scheme 3.22). Acid-catalyzed acetal formation with
ethylene glycol failed without any signs of product formation. Likewise, the ketone remained
unreactive towards both Wittig®*-3%1 and Horner-Wadsworth-Emmons326-3281 reactions even
at elevated temperatures. Finally, a reductive cross-coupling with methyl acrylate under Sml—
'BUOH conditionst®?! was attempted but also failed to achieve any conversion.

Me O
OH
HO™ > P
= (0]
p-TsOH (1 mol%) TBSO
PhMe, ywW
160 °C, 30 min 3.90
o)
PhsP
P e
PhMe, pW
Me o 160 °C, 30 min Me Me
/// y /// /" COMe cycloaddition /
TBSO™ ] ™ 1ol ) T - =
veo. 2 © TBSO'™" CO,Me
321 S A 3.91
MeO OMe . 3.92
NaH, THF
pW, 160 °C, 30 min
o)
/\CO M Me O
2lvle
=z
Sml,, tBUOH TBSO'
THF, reflux, 16 h 3.93

Scheme 3.22. Attempted chemistry to transform the ketone of the syn building block.

Alcohol Functionalization

Attention was then directed to the alcohol of unprotected syn-3.1. While most of the previously
synthesized fragments had been prepared via derivatization of the alcohol (Scheme 3.2), a few
additional experiments were performed. A palladium-catalyzed 5-exo-dig cyclization was
accomplished under a CO atmosphere to give -alkoxyacrylate 3.94 in 33% yield (Scheme
3.23). The used procedure was designed to minimize formation of acetal byproducts,% how-
ever, the products 3.94, 3.16, and 3.17 were formed in a roughly 1:1:1 ratio. As acetals 3.16
and 3.17 had been previously synthesize they were not isolated. In an attempt to synthesize
another spirocyclic fragment, 3.94 was subjected to an azomethine ylide-mediated [3+2] cyclo-
addition. However, even at elevated temperatures the p-alkoxyacrylate moiety failed to react
with the normally very reactive azomethine ylide species.
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Pd(CH3;CN),CI MeO,C
Me (CH3CN),Cl, 2 Me Me

. 0 (5 mol%) ~ Me o MeQ Me o o
/// p-benzoquinone Me' MeQO''
HoO™ CO, MeOH OH 0;‘ K O;| S
syn-3.1 -45°C, 16 h

3.94, 33% 3.16 3.17
(36:34:30 product ratio)

Bn CO,Me
TMS.__N.__OMe 72
~ N [ Me o
2.92 BnN\/-%
o)

TFA (10 mol%)

CH,Cly, pW H
140 °C, 20 min 3.95

Scheme 3.23. Palladium-catalyzed 5-exo-dig cyclization.

Alkylation of the alcohol had previously proven challenging and derivatizations had in-
stead been performed by acylation. Thus, three additional acylations of syn-3.1 were performed
using DCC/DMAP coupling conditions (Scheme 3.24). Coupling with acrylic acid afforded
3.96 in 51% while coupling with azide-containing carboxylic acids afforded 3.98 and 3.12 in
excellent yields. From 3.96, RCEYM was envisioned to provide an eight-membered derivative
of the previously synthesized 11-membered RCEYM product 3.13. Unexpectedly, 3.96 under-
went a highly diastereoselective tandem enyne cross-metathesis (EYCM)-IMDA reaction to
form bridged tricyclic 3.97 in 87% vyield. At first glance, the structure of this strained anti-
Bredt®3:332 molecule looked unlikely. However, bridgehead double bonds are possible in
larger ring systems and are indeed found in many natural products.3 Furthermore, syntheses
of similar bicyclo[5.3.1]Jundec-7-ene scaffolds via EYCM-IMDA sequences have previously
been reported. 33433

Azide 3.12 had previously been synthesized and subjected to a RUAAC to form the 10-
membered ring in 3.14. Using the same conditions with Cp"RuCl(cod) as catalyst, 3.98 also
underwent RUAAC to afford the eight-membered derivative 3.99 in 88% yield (Scheme 3.24).
Attempts to form more strained bridged nine- and 11-membered rings (3.100 and 3.101, re-
spectively) via a copper(l)-catalyzed alkyne azide cycloaddition[*3¢3¥71 (CUAAC) failed.
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o )
g =z
OH o
—_—
DCC, DMAP //§
CH,Cl,, 18 h /O
Me 3.96,51%

o
Noy i
n OH

O\
DCC, DMAP N3M/§
CH,Cl,, 18 h n 0O
3.98,n=1,>95%
3.12,n = 3, 84%

Scheme 3.24. Acylation of syn-3.1 followed by cyclization. Compounds 3.12 and 3.14 were synthesized

previously and only shown here for comparison.

Alcohol Substitution

As reductive amination of the ketone had failed, substitution of the alcohol oxygen for a
nitrogen-atom was investigated. Previous work on the project had successfully substituted the
hydroxyl group with an azide group to form 3.18 via a mesylate intermediate (Scheme 3.25).
Interestingly, this sequence had proceeded with an overall retention of configuration, which
was attributed to a bridged oxetane intermediate (3.102) formed via reversible azide addition

to the ketone.[33]

Me 1) MsClI
., 0 ) MsCI N3
/// 5 pyridine, 24 h Me
HO™ 2) NaN;, DMSO
syn-3.1 80°C.24h Z
3.102

Scheme 3.25. Previous work. Substitution had occurred via the proposed oxetane intermediate 3.102

resulting in overall retention of configuration. 5%
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With this in mind, mesylation of syn-3.1 was accomplished with MsCI and pyridine fol-
lowed by attempted substitution with allylamine. Unfortunately, the substitution failed to pro-
duce the desired amine 3.103 and instead imine 3.104 (stereochemistry unknown) was formed
in 59% yield over two steps (Scheme 3.26). Based on the poor results from earlier attempts to
perform reductive amination, this pathway was abandoned. As an alternative approach, re-
synthesis of 3.18 with NaNsz was performed in 63% yield. In addition to the substitution reac-
tions, an elimination reaction with DBU was also attempted but resulted in demesylation and
an inversion of stereochemistry (Scheme 3.26).

D

2) allylamine Me o Me N
DMSO, 85 °C
16 h z =z ¢
HN HO
/  3.103,0% 3.104, 59%
Me Me
. o 1) MsCl 2) NaN3, DMSO ) o
=z pyridine, 2 h 85 °C, 24 h ="
HO'' Ng""
syn-3.1 3.18, 63%
2) DBU, DMSO
! Me Me
uW, 120 °C 0 o}
30 min / / / /
> HO
3.105, 0% anti-3.1, >95%

Scheme 3.26. Introduction of an azide via mesylation and substitution.

Azide 3.18 was then transformed into the corresponding amine by a Staudinger reaction
and then Boc-protected to afford 3.106 in 59% yield (Scheme 3.27). Aiming to create nitrogen-
containing ring systems, alkylation of the Boc-protected amine was attempted. Unfortunately,
alkylation using NaH failed to produce the desired 3.107 and instead alkylation occurred exclu-
sively alpha to the ketone forming 3.108. Instead, a gold-catalyzed intramolecular hydro-
amination was carried out. Inspired by the work of Catalan and co-workers,** a 6-exo-dig
cyclization was accomplished using the rather exotic gold catalyst SPhosAu(MeCN)SbFs to
give 3.109, although in poor yield. The major product was the hydration product 3.110 (Scheme
3.27).

143



MeO

NaH, AlIBr
DMF, 0°C, 1 h / U / y
BocN™ BocHN'™"
Me o PPh; THF, 2 h Me o K%
then H,0, 16 h 0 0
= thenH,0,16h ] 3.107, 0% 3.108, 87%
{.-5 then Boc,O //‘,.5 SPhosAu(MeCN)SbFg
’ EtN, 1h  ocHN (5 mol%)
3.18 3.106, 59% EtOH, DCE Me Me o
40°C,2h / Me\ﬂ/’u,
N o .
B’OC H BOCHN\
3.109, 15% 3.110, 71%

Scheme 3.27. Synthesis of Boc-protected amine 3.106 via a Staudinger reaction.

In an attempt to cyclize 3.110, the amine was Boc deprotected with TFA and subjected to
reductive conditions to facilitate intramolecular reductive alkylation (Scheme 3.27). However,
no cyclized products were observed.

Me Me
Me " 0 1) TFA, CH,Cly, 1 h Me.,, 0
O . HN
BocHN' 2) Hy, Pd/C (10 mol%) ¥
ACOH, EXOH
3.110 reflux, 18 h 3.1

Scheme 3.28. Attempted intramolecular reductive alkylation of 3.110.

Other reactions

Similar to fragments 3.5 and 3.6 synthesized prior to this project, 3.27 was subjected to a
ruthenium-catalyzed [3+2] cycloaddition with chloro-oxime 3.41. However, the reaction af-
forded an inseparable mixture of regioisomers and no further attempts to optimize the condi-
tions were carried out.

N
0
EtOZC\/N\Z Me %
HO™ -0,
3.6

N
Q7N —pPh
= Me iof
HO
3.5

CO,Et
N
N= 0
. Me * | Y/ ) \
. O Cp*RuCl(cod) (10 mol%) o |
/// 5 Et;N, DCE, 80 °C, 2 h EtO,C Me O Me O N Me O
ey b~ T =" -
TBSO" :
N tﬁ S
3.27 | TBSO TBSO' H
EtO,C™ CI 3.112 3.113 3.114
3.41

7:5 mixture, 51%
(brsm: 90%)

Scheme 3.29. [3+2] cycloaddition on the alkyne of 3.27.
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3.2.4. Building Block Derivatives

To further demonstrate the versatility of this DOS approach, a pair of building block analogues
bearing a cyclopropylmethyl group instead of the methyl group were synthesized (Scheme
3.30). From cyclopentane-1,3-dione (3.115), the cyclopropylmethyl group was installed using
an amino acid-catalyzed olefination-hydrogenation cascade®! to afford 3.116 in 91% yield.
Subsequent alkylation was performed as previously described to give 3.117 in 65% yield. With
the increased bulkiness of the methylcyclopropyl group, reductive desymmetrization pro-
ceeded with reversed diastereoselectivity and afforded syn-3.118 and anti-3.118 in 19% and
54% yield, respectively.

(o]
0 H% 0 Y
AN Br/\ P
0 Hantzsch ester 0 NaOH, H,0 O
L-proline (5 mol%) 65°C,18 h
3.115 CH,Cly, 18 h 3.116,91% 3.117,65%

NaBH, (0.6 equiv.)
DME, -60 °C, 24 h
— = e .

dr=176:24

syn-3.118, 19% anti-3.118, 54%
(brsm: 21%) (brsm: 61%)

Scheme 3.30. Synthesis of syn and anti cyclopropylmethyl building block derivatives.

To demonstrate the compatibility of the new building blocks with the developed library
strategy, syn-3.118 was subjected to a ruthenium-catalyzed 6-endo-dig cycloisomerization.*2
This reaction had previously been successfully performed on both syn-3.1 and the six-
membered syn-3.23. Using 10% catalyst loading, dihydropyran 3.119 was obtained in 70%
yield, and thus underlining the possibility for further library expansion on this position (Scheme
3.31).

R Cp*Ru(PPh3),Cl (10 mol%) R

o o)
NaHCO; BuyNPF,
/// 3, Buy 6 /
HO™ ) N-hydroxysuccinimide o )
n DMF, 80 °C, 18 h H "
syn-3.1,R=Me, n=1 3w R Men=1 0%%

syn-3.23, R=Me, n =2 SaR-Menz263%
syn-3.118,R=W,n=1 3. Q’R_W’n_1’7OA

Scheme 3.31. To prove the compatibility of the cyclopropylmethyl building block with the developed
synthetic strategy, syn-3.118 was subjected to a 6-endo-dig cyclization. This reaction had previously
been performed on both syn-3.1 and the six-membered syn-3.23 with similar yields.

145



3.3. Chemoinformatic Library Analysis

A total of 42 fragments (including building block derivatives) were synthesized for this library
with 24 new fragments synthesized during this project. In order to create better balance between
fragments synthesized from the syn and anti building blocks, ring-expanded amide fragments
3.19, 3.78, 3.80, 3.81, and 3.82 were later resynthesized from anti-3.1 by other members of the
Spring group (3.120-3.124). An overview of the final fragment library, henceforth the
“quaternary fragment (QF) library”, is depicted in Scheme 3.32.

Me
MeO.
Me
O
Me o) H
3.16 Ve 2
| Me
R4 MeO™ Ny
315 R=0 H
3.109, R = NBoc, 317

3.96, R = CH=CH,

311, R = (CH,),CH=CH, syn-3.1
3.98 R=N,

342, R = (CH,),N;
\\ Me
o .,.tg
Y PN
3.9 Me O

o]
0o / ///NC“‘g
H
3.13 3.7
Me 9
[See
EtO’ (*]

H H
3.10

Scheme 3.32. Overview of the quaternary fragment (QF) library. Fragments highlighted by a frame were
synthesized during this project. Fragments highlighted by a dashed frame were synthesized as the syn
diastereomer but were later synthesized in the shown anti configuration by other members in the Spring
group. Adapted from reference*”1 with permission from The Royal Society of Chemistry.

146



3.3.1. Physicochemical Properties

An overview of calculated physicochemical properties of the QF library and two commercial
collections, Maybridge diversity set (2736 fragments) and Life Chemicals 3D fragment library
(1376 fragments), is given in Table 3.2. Comparative plots of molecular weight vs. AlogP and
distribution of Fsp®are provided in Figure 3.4 and Figure 3.5, respectively.

Table 3.2. Average physicochemical properties of the QF library, Maybridge diversity set, and Life
Chemicals 3D fragments.

Ideal range _ QF I\_/Iayb_ridge Life Chemicals
library diversity set 3D fragments
MW <300 215 + 45 180 + 39 250 + 54
AlogP 03 1.4+0.9 1.7+0.9 11+12
HBA <3d 26+09 1.4+0.9 26+£1.1
HBD <3d 1.1+0.9 0.6+0.7 1.1+£1.0
PSA <60 A2 47 + 15 45+ 18
Chiral centers - 26%0.7 0.2+0.6 1.3£0.6
Fsp? >0.47021] 0701 [ICSECEEN 0.6+0.2
NP-likeness scorel™ >([264] 1.2+0.6

[l Based on the Ro3.B%1 )l compared to a score of 1.1 + 0.6 for a collection of 2712 natural products.
MW = molecular weight; AlogP = atomic partition coefficient; HBA = hydrogen bond acceptors, HBD
= hydrogen bond donors; PSA = polar surface area; Fsp® = fraction sp3-hybridized carbon; NP = natural
product; green: inside ideal range; yellow: extreme of ideal range; red: outside ideal range.

All three fragment libraries exhibited desirable properties in regards to the Ro3 except for
PSA of Life Chemicals’ 3D fragments. The QF library showed high Fsp® comparable to the
Life Chemicals’ 3D fragments but significantly higher than the Maybridge diversity set. Im-
portantly, the QF library scored high in natural product-likeness, while both commercial col-
lections were of predominantly synthetic character (vide infra).

3.3.2. PMI Analysis

The shape diversity of the synthesized library was evaluated using PMI analysis (Figure 3.6).
Similar to the 3F library, the QF library exhibited a good distribution in the plot with a larger
degree of three-dimensionality than the commercial collections. While the 3D fragment library
from Life Chemicals appeared more three-dimensional than the Maybridge diversity set, these
3D fragments’ were still predominantly clustered in the left hand side of the plot. Compared
to natural products, the QF library showed a more similar distribution.
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Figure 3.4. Comparison of MW vs. AlogP distributions of the QF library and two collections of com-
mercial fragments (Maybridge diversity set and Life Chemicals 3D fragments). Despite of its small size,
the QF library exhibited an excellent distribution in the plot. The green dashed line represents Ro3 space.
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Figure 3.5. Distribution of Fsp®. The QF library shows a narrow distribution around a high fractions of
Fsp?, similar to the 3D fragments from Life Chemicals. Values are binned in sections of 0.1.
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0.0 0.2 0.4 @ 0.6 0.8 1.0 0.0 0.2 0.4 @ 0.6 0.8 1.0

NPR1 NPR1

Figure 3.6. PMI analysis of the QF library compared to two commercial fragment libraries (left) and a
collection of 1356 natural products (NuBBE database,** right). “Flatland” is situated below the dashed
line (NPR1 + NPR2 < 1.1).12%8 The three corners of the plot represent three geometrical extremes - rod-
like, disc-like, and spherical shapes, respectively. NPR: normalized PMI ratios.[23¢

3.3.3. Natural Product-Likeness

The natural product-likeness of the QF library was analyzed using the previously described
natural product-likeness scoring system (Section 2.4.2). Satisfyingly, the QF library showed a
high degree of natural product-likeness similar to the scoring of a collection of 2712 natural
products (Figure 3.7). In contrast to the 3F library and the two commercial collections, the QF
library demonstrated significantly higher natural product-likeness.

Interestingly, while the QF library achieved a high NP-likeness score, only few of the syn-
thesized scaffolds were actually found in known natural products. As the core scaffold is an
important parameter for biological activity,[*%11% it could be argued that the QF library is
actually less natural product-like than the performed analysis indicates. Thus, the fragments
could also be classified as belonging to the family of “pseudo-natural products”.4
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Figure 3.7. Natural product-likeness analysis of the quaternary fragment (QF) library and comparison
to other libraries.’?®l The NuBBE database of 2712 natural products was used as source for natural prod-
ucts.*¥1 Logarithmic scale.
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3.4. Conclusion

In an effort to further expand the available fragment-like space, a library of diverse fragments
inspired by natural products were constructed. Aiming to finalize the initiated quaternary frag-
ment (QF) library, 24 new fragments were synthesized including a pair of new building blocks
bearing a cyclopropylmethyl substituent. The majority of the work was based on the anti build-
ing block to achieve a more even distribution of stereochemistry in the library. To increase the
diversity of the collection, 11 new nitrogen-containing fragments had been prepared.

Combined with previous work, an efficient approach to the synthesis of novel fragments
bearing all-carbon quaternary centers was developed. In total, 42 structurally diverse and com-
plex fragments based on 22 unigque frameworks were synthesized in a maximum of five steps
from the central building blocks (Figure 3.8). Fragments were Ro3-compliant and exhibited a
high degree of both Fsp®and natural product-likeness to address the need of more diverse frag-
ments for screening. Moreover, all fragments contained multiple handles for easier hit-to-lead
chemistry. Finally, the versatility of the approach was demonstrated by variation to both ring
size and substituent of the building blocks.

- 42 fragments with all-carbon 4° centers - 22 distinct frameworks . Fsp3-rich
- exit vectors - shape diverse - natural product-like - rule of three compliant

Figure 3.8. Diversity-oriented synthesis of 42 structurally diverse fragments with all-carbon quaternary
centers based on 22 distinct frameworks.

151



3.5. Future Perspectives

Screening of the fragment library is planned in the near future by X-ray crystallography. In the
event of finding a hit, it will be important to determine which of the enantiomers are the most
potent. Thus, enantioselective reductive desymmetrization of diketone 3.3 should be investi-
gated. Fortunately, asymmetric reduction of ketones has been the focus of much research over
the years and a selection of strategies have been developed including enzyme catalyzed reduc-
tion, metal-catalyzed transfer hydrogenation, and oxazaborolidine-based reductions (Scheme
3.3 3) ] [344-346]

Me Me

A 0 baker's yeast N Y
o pH=7,40°C,24 h HO""
3.125 dr=10:1 3.126, 70%
er=>99:1

Scheme 3.33. Asymmetric enzyme catalyzed reduction of a 1,3-diketone substrate using baker’s
yeast.[347]

Although it was considered outside the scope of this library approach, altering the building
block substituent to include a functional group (amine, alkene, carbonyl group etc.) could allow
for further library expansion. In principle, additional spirocyclic fragments could be obtained
by reactions between this substituent and the alkyne. Scheme 3.34 shows a selection of frag-
ments that could potentially be accessed via reactions involving an amine-containing sub-
stituent.

3.133 3.134 3.135 3.136 H 31437

Scheme 3.34. Incorporation of a reactive functionality (e.g. an amine) into the substituent position of
the building block would potentially allow for further library expansion. The five-membered ring from
the building block is highlighted in blue.
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Furthermore, it could also be of interest to prepare a set of six-membered nitrogen-contain-
ing building blocks, e.g. syn- and anti-3.139 (Scheme 3.35). These building blocks would con-
tain another handle for further derivatizations and potentially for additional intramolecular pair-
ing reactions. Synthesis of such building blocks could likely be performed using the same route
as described for the methylcyclopropyl substituted syn- and anti-3.118.

=— Me =— Me
(0] (0] HO,,, A (0] HO A (0]
E—
r —
N N N
Boc Boc Boc
3.138 syn-3.139 anti-3.139

Scheme 3.35. Six-membered nitrogen-containing building blocks.
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4.1. Part ll

General (synthesis)

Commercially available reagents were used without further purification and all solvents were
of HPLC quality. All fluorinated starting materials were purchased from Fluorochem Ltd. Un-
less otherwise stated, reactions were carried out as open-system reactions and were monitored
by thin layer chromatography (TLC), reversed-phase ultra-performance liquid chromatography
mass spectrometry (RP-UPLC-MS), and/or °F NMR spectroscopy. Analytical TLC was con-
ducted on Merck aluminum sheets covered with silica (C60). The plates were either visualized
under UV-light or stained by dipping in a developing agent followed by heating. KMnO4 [3 ¢
in water (300 mL) along with K2CO;3 (20 g) and 5% ag. NaOH (5 mL)] or ninhydrin [0.1 g in
AcOH (0.5 mL) and acetone (100 mL)] were used as developing agents. Flash column
chromatography was performed using Merck Geduran® Si 60 (40-63 pm) silica gel. Analytical
RP-UPLC-MS (ESI) analysis was performed on a S2 Waters AQUITY RP-UPLC system
equipped with a diode array detector using an Thermo Accucore C18 column (d 2.6 um, 2.1 x
50 mm; column temp: 50 °C; flow: 1.0 mL/min). Eluents A (10 mM NH4OAc in H.0) and B
(10 mM NH4OACc in MeCN) were used in a linear gradient (5% B to 100% B) in 2.4 min and
then held for 0.1 min at 100% B (total run time: 2.6 min). The LC system was coupled to a
SQD mass spectrometer. All new compounds were characterized by *H NMR, *C NMR, *°F
NMR, IR, HRMS (ESI), and melting point (byproducts were not fully characterized). Pre-
parative RP-HPLC was performed using REVELERIS® Prep Purification System by GRACE
equipped with a diode array detector using a C18 column (5 uM; flow: 20 mL/min). Eluents A
(H20) and B (MeCN) were used in a linear gradient (5% B to 100% B) in 21 min. H-Cube
hydrogenation was performed in an H-Cube® Pro by ThalesNano Inc.

NMR data were acquired at 298 K using either a 400 MHz Bruker AVANCE Il HD
spectrometer equipped with a Prodigy CryoProbe, a 400 MHz Bruker AVANCE 11 spectro-
meter equipped with BBFO SmartProbe, a 600 MHz Bruker AVANCE Il spectrometer
equipped with a Bruker BBFO SmartProbe, or a 800 MHz Bruker AVANCE Ill HD spectro-
meter equipped with a TCI CryoProbe. The chemical shifts (8) are reported in parts per million
(ppm) and the coupling constants (J) in Hz. For spectra recorded in DMSO-ds, chemical shifts
are reported relative to the signal for DMSO-ds (8 2.50 ppm for 'H NMR and & 39.52 ppm for
13C NMR). For spectra recorded in CDCls, chemical shifts are reported relative to the signal
for CHCls (8 7.26 ppm for *H NMR and & 77.16 ppm for *C NMR). For spectra recorded in
CDs0D, chemical shifts are reported relative to the signal for CHD,O(D/H) (6 3.31 ppm for
'H NMR and & 49.00 ppm for *C NMR). For spectra recorded in DO, *H chemical shifts are
reported relative to the signal for HDO (5 4.79 ppm for *H NMR) and *C chemical shifts are
referenced using the deuterium lock-signal from solvent with & (TMS) = 0 ppm. '°F chemical
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shifts are referenced using the deuterium lock-signal with 8(CFCls) = 0 ppm. Spectrometers
were calibrated using PhCFs as *F NMR standard with 8(CDCls) = -63.73 ppm. NMR data
was analyzed using MestReNova (v11.0.0-17609) by Mestrelab Research S.L.

IR analysis was performed on a Bruker Alpha FT-IR spectrometer. In the reporting of IR,
s = strong signal, m = medium signal, w = weak signal, and br. = broad signal. Melting points
were obtained using a Stuart SMP30 melting point apparatus and are uncorrected. Analytical
LC-HRMS (ESI) analysis was performed on an Agilent 1100 RP-LC system or a Waters
Alliance 2695. The Agilent 1100 was equipped with a diode array detector using a Phenomenex
Luna C18 column (d 3 um, 2.1 x 50 mm; column temp: 40 °C; flow: 0.4 mL/min). Eluents A
(0.1% HCOH in H,0) and B (0.1% HCO2H in MeCN) were used in a linear gradient (20% B
to 100% B) in a total run time of 15 min. The LC system was coupled to a Micromass LCT
orthogonal time-of-flight mass spectrometer equipped with a Lock Mass probe operating in
positive electrospray mode. The Waters Alliance 2695 was equipped with a diode array de-
tector without a column. Eluents A (0.1% HCOzH in H,0) and B (0.1% HCO:H in MeCN)
were used as a 1:1 mixture in a linear gradient with a total run time of 3 min. The LC system
was coupled to a Micromass LCT Premier XE operating in positive electrospray mode.

Data collection for single crystal X-ray crystallography was performed on an Agilent
Supernova Diffractometer using CuKa radiation. All crystals were mounted on a glass rod and
cooled using an Oxford CryoSystem cooling device. Data were processed and scaled using
the CrysAlisPro software (Agilent Technologies). The SHELXL-97 programs were used for
the solving and refinement of all structures.®* Hydrogen atoms were kept at ideal positions
(at distances 0.96 and 0.86 A for CH and NH, respectively). Data collection and refinement
details may be found in the Supporting Information.

General procedure A — PyBroP amidation

To an ice-cooled solution of carboxylic acid (1 mmol) in anhydrous CH.Cl, (10 mL, 0.1 M),
was added PyBroP (559 mg, 1.2 mmol) and DIPEA (0.523 mL, 3 mmol) and the solution was
stirred under a N, atmosphere for 10 min. Then, amine (1.05 mmol) was added and the reaction
was stirred for another 2 h at 22 °C. Sat. ag. NaHCOs (15 mL) was added and the layers were
separated. The agueous phase was extracted with CH,CIl, (1 x 15 mL) and the combined
organic layers were dried over MgSOs., filtered, and concentrated in vacuo to give the crude
amide product.

General procedure B — HATU amidation

To a solution of carboxylic acid (1 mmol), amine (1.2 mmol), and DIPEA (0.523 mL, 3 mmol)
in MeCN (10 mL) was added HATU (475 mg, 1.25 mmol) and the solution was stirred at 22
°C for 2 h. The mixture was concentrated in vacuo to give the crude amide.
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General procedure C — Reductive amination

To a solution of furfural (911 pL, 1.1 mmol) in ethanol (2.5 mL, 0.4 M) was added amine
(2 mmol) and stirred at 22 °C for 1 h. The solution was cooled to 0 °C and added NaBH,
(94.6 mg, 2.50 mmol) portion wise. After stirring 1 h at 0 °C, cooling was removed and the
solution was stirred at 22 °C for 16 h. The reaction was concentrated in vacuo and 10% ag.
K2COs (2.5 mL) was added. The aqueous phase was extracted with CH,Cl, (3x 3 mL) The
combined organic layers were dried over Na2SO, and concentrated in vacuo. The crude product
was purified by flash column chromatography to give the desired product.

General procedure D — Oxidative cleavage and reductive cyclization

To a solution of diol (1 mmol) in MeOH/H,0 (9:1, 1 mL, 0.1 M), was added NalO, (428 mg,
2 mmol) and the suspension was stirred 2 h at 21 °C. Then, dimethyl sulfide (3 mmol, 222 pL)
was added and the suspension was stirred another 5 min. Precipitate was removed by filtration
and the filtrate was concentrated in vacuo. The crude dialdehyde was dissolved in anhydrous
MeOH (2 mL, 0.05 M), added amine (1.1 mmol) and 3A molecular sieves, and stirred under a
N2 atmosphere for 1 h at 21 °C. The mixture was then cooled to 0 °C and NaBH3CN (251 mg,
4 mmol) was added portion wise. After stirring 1 h at 0 °C, cooling was removed and the mix-
ture was stirred 16 h at 21 °C. Molecular sieves were removed by filtration through celite and
the filtrate was concentrated in vacuo. The crude was purified by flash column chromatography
to give the desired product.

General procedure E — Boc deprotection using TFA

To a solution of Boc-protected amine (1 mmol) in CH:Cl, (7.5 mL) was added TFA (2.5 mL)
and the reaction mixture was stirred at 22 °C for 1 h. MeCN (10 mL) was added and the mixture
was concentrated in vacuo (repeated 4 times to remove residual TFA) to afford the crude de-
protected amine.
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Furan Diels Alder

Compounds 2.12, 2.15, 2.16, 2.19, 2.21, 2.24, 2.26, 2.34, and 2.247 were synthesized by MSc
student Katarzyna J. Sniady. Compounds 2.13, 2.14, 2.17, 2.18, 2.22, 2.34, 2.242, 2.243, and
2.244 were synthesized by BSc student Anastasia E. Richter. Compounds 2.36, 2.38, 2.39, and
2.40 were synthesized by BSc student Joakim M. Svensson. Compounds 2.41 and 2.42 were
synthesized by BSc student Pernille V. Christensen.

(1R",2R",3R=,4S")-1-Methyl-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]hept-5-ene-2-carbox-
ylic acid (2.8)

Me (E)-4,4,4-Trifluorocrotonic acid 2.1 (2.14 g, 15.3 mmol) was suspended in 2-
,,/, methylfuran (2.76 ml, 30.6 mmol) and left for 3 days without stirring at 22 °C.
CF, OO After 3 days, crystals were collected by filtration and washed with ice-cold PhMe
(3 x 3 mL) to give the title compound as a white crystalline solid (3.05 g, 90%).
m.p.: 117-119 °C; *H NMR (400 MHz, DMSO-d6) & 12.83 (broad s, 1H), 6.57 (dd, J = 5.7,
1.9 Hz, 1H), 6.29 (d, J = 5.7 Hz, 1H), 5.01 (d, J = 1.9 Hz, 1H), 2.83 — 2.68 (m, 2H), 1.70 (s,
3H); *C NMR (101 MHz, DMSO-dg) 8 171.1, 138.2, 137.1, 127.2 (q, }Jcr = 276.0 Hz), 87.3,
77.7 (9, *Jcr = 2.5 Hz), 50.2, 48.8 (q, 2Jcr = 26.6 Hz), 17.8; F NMR (377 MHz, DMSO-d6)
8 -66.65; IR (neat) cm™: 3209 (br. O-H), 1740 (s, C=0), 1640 (m, C=C); HRMS (ESI) calcd
for [CoH10F303] [M+H]* 223.0577, found 223.0583.

(2R*,3R",3aR",6R",6aS",7R")-3-iodo-6a-methyl-7-(trifluoromethyl)tetrahydro-2,6-meth-
anofuro[3,2-b]furan-5(2H)-one (2.9)

° To a solution of NaHCO3 (784 mg, 9.22 mmol) in H,O (15 mL) was added 2.8
N \M\e (512 mg, 2.30 mmol) and a solution of I, (643 mg, 2.54 mmol) and KI (2.30 g,
"% 138 mmol) in H20 (15 mL) and the reaction mixture was stirred at 22 °C for 16
CFs h. The aqueous phase was extracted with CH>Cl, (3 x 30 mL) and the combined
organic layers were washed with 10% ag. Na,S,0s (1 x 40 mL), sat. ag. NaHCOs (1 x 40 mL),
and sat. ag. NaCl (1 x 40 mL). The organic layers were dried over MgSOQsu, filtered, and con-
centrated in vacuo to give the title compound as a white solid (640 mg, 80%).
Rt = 0.68 (EtOAc/heptane 2:3); *H NMR (400 MHz, CDCls3) § 4.90 (s, 1H), 4.82 (s, 1H), 3.98
(s, 1H), 2.95 (qd, J = 8.6, 2.4 Hz, 1H), 2.62 (d, J = 2.4 Hz, 1H), 1.80 (s, 3H); **C NMR (101
MHz, CDCls) & 172.54, 123.85 (q, Ncr = 279.5 Hz), 91.47, 90.88, 83.61 (q, 3Jcr = 2.4 Hz),
52.79 (g, 2Jcr = 29.5 Hz), 45.62 (d, Jce = 1.3 Hz), 23.78, 15.89; F NMR (377 MHz, CDCls)
8-69.91; IR (neat) cm™: 1776 (s, C=0); HRMS (ESI) calcd for [CoHoF3103] [M+H]* 348.9543,
found 348.9585.
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(1R",2R",3R",4S")-N-allyl-N,1-dimethyl-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]hept-5-
ene-2-carboxamide (2.10)

Following general procedure B using 2.8 (856 mg, 3.85 mmol) and N-allyl-
(\ methylamine (0.462 mL, 4.82 mmol) afforded the title compound as a light yel-
\f M Jow oil (891 mg, 84%) after purification by flash column chromatography
(EtOAc/heptane 2:1).
R = 0.24 (EtOAc/heptane 2:1); *H NMR (400 MHz, CDCl3) 6 6.52 (dd, J = 5.7, 1.9 Hz, 1H),
6.17 (dd, J = 5.7, 4.0 Hz, 1H), 5.86 — 5.65 (m, 1H), 5.32 — 5.07 (m, 2H), 5.04 — 4.96 (m, 1H),
4.27 — 3.93 (m, 2H), 3.16 (d, J = 5.1 Hz, 0.6H, major rotamer), 3.13 (s, 1.6H, major rotamer),
3.06 (d, J = 5.1 Hz, 0.4H, minor rotamer), 2.94 (s, 1.4H, minor rotamer), 2.74 (qd, J=9.5,5.1
Hz, 1H), 1.68 (s, 1.6H, major rotamer), 1.66 (s, 1.4H, minor rotamer); *C NMR (101 MHz,
CDCls) 6 169.8 (minor rotamer), 169.3 (major rotamer), 138.1 (minor rotamer), 137.9 (major
rotamer), 135.3 (major rotamer), 135.2 (minor rotamer), 132.5 (major rotamer), 132.2 (minor
rotamer), 127.2 (q, *Jcr = 277.9 Hz, major rotamer), 127.1 (q, *3Jcr = 278.0 Hz, minor rotamer),
117.9 (minor rotamer), 117.4 (major rotamer), 88.83 (major rotamer), 88.79 (minor rotamer),
79.3, 53.2 — 52.4 (m, 2 rotamers), 52.8 (minor rotamer), 51.0 (major rotamer), 46.0 (major
rotamer), 45.8 (minor rotamer), 35.8 (major rotamer), 34.6 (minor rotamer), 18.4 (minor rota-
mer), 18.3 (major rotamer); °F NMR (377 MHz, CDCls) & -67.53 (minor rotamer), -67.85
(major rotamer); IR (neat) cm*: 3087 (m, C=C-H), 1639 (s, C=0); HRMS (ESI) calcd for
[C13H17F3NO2] [M+H]* 276.1206, found 276.1215.

CF; O

(2S%,3R",3aR",8aR")-5,8a-Dimethyl-3-(trifluoromethyl)-2-vinyl-2,3,3a,5,6,8a-hexahydro-
4H-furo[3,2-c]Jazepin-4-one (2.11)

To a solution of 2.10 (145 mg, 0.500 mmol) in PhMe (10 mL) was added
ol == Hoveyda-Grubbs 2™ generation catalyst (15.7 mg, 25.0 umol) and the mix-
//S/\);r\,} ture was refluxed under an ethylene atmosphere for 16 h. The mixture was
FC g Me  concentrated in vacuo and purified directly by flash column chromatography
(EtOAc/heptane 1:5) to give the title compound as an off-white amorphous solid (82.0 mg,
60%).
Rt = 0.33 (EtOAc/heptane 1:5); 'H NMR (400 MHz, CDCl3) 6 6.12 —5.98 (m, 2H), 5.91 (ddd,
J=17.1,10.2,7.0 Hz, 1H), 5.40 (dt, J = 17.1, 1.1 Hz, 1H), 5.26 (dt, J = 10.2, 1.1 Hz, 1H), 4.48
(t, J=7.7Hz, 1H), 4.24 - 4.13 (m, 1H), 4.10 — 3.99 (m, 1H), 3.35 — 3.25 (m, 2H), 3.03 (s, 3H),
1.48 (s, 3H); *C NMR (101 MHz, CDCls) & 168.6, 139.4, 136.1, 126.9 (q, Jcr = 277.4 Hz),
125.0, 118.7, 82.0, 76.2 (q, *Jcr = 2.3 Hz), 55.4 (d, 3Jcr = 1.5 Hz), 50.8 (g, 2Jcr = 26.6 Hz),
45.2,36.5, 25.9 (9, 3Jcr = 1.4 Hz); °F NMR (377 MHz, CDCls) § -67.31; IR (neat) cm™: 1644
(s, C=0); HRMS (ESI) calcd for [C13H17F3sNO2] [M+H]* 276.1206, found 276.1206.
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N-(2-Methoxyethyl)prop-2-en-1-amine (2.242)

To a solution of 1-bromo-2-methoxyethane (1.35 ml, 14.4 mmol) in MeOH
/\/H\/\OMG (60 mL) was added allylamine (4.32 mL, 57.6 mmol) and Nal (539 mg,

3.60 mmol) and the mixture was stirred at reflux for 3 h. The solution was
concentrated in vacuo, dissolved in sat. ag. NH4CI (60 mL), and washed with EtOAc (2 x 60
mL). The aqueous phase was basified to pH 12 with 40% ag. NaOH and extracted with EtOAc
(4 x 50 mL). The combined organic layers were combined, dried over Na,SO., and concen-
trated in vacuo to give a title compound as a colorless oil (151 mg, 9%) that was used directly
in the next step without further purification.

(1R",2R*,3R",4S")-N-Allyl-N-(2-methoxyethyl)-1-methyl-3-(trifluoromethyl)-7-oxabicyclo
[2.2.1]hept-5-ene-2-carboxamide (2.12)

Following general procedure B using 2.8 (185 mg, 0.833 mmol) and amine

Me 9 2.242 (151 mg, 1.30 mmol) afforded the title compound as a yellow oil
'<N (103 mg, 39%) after purification by flash column chromatography
CFs > (EtOAc/heptane 2:3).

MeO Rt = 0.49 (acetone/heptane 4:7); *H NMR (400 MHz, CDCls) § 6.56 — 6.48 (m,
1H), 6.17 (d, J = 5.6 Hz, 0.4H, minor rotamer), 6.14 (d, J = 5.6 Hz, 0.6H, major rotamer), 5.85
—5.67 (m, 1H), 5.28 — 5.07 (m, 2H), 5.01 (s, 1H), 4.32 (d, J = 17.7 Hz, 0.6H, major rotamer),
4.19 (dd, J = 15.3, 5.6 Hz, 0.4H, minor rotamer), 4.07 (dd, J = 17.7, 5.6 Hz, 0.6H, major rota-
mer), 3.90 — 3.82 (m, 0.4H, minor rotamer), 3.81 — 3.67 (m, 1H), 3.51 — 3.46 (m, 2H), 3.33 (d,
J=2.7Hz, 3H), 3.31 — 3.23 (m, 1H), 3.08 (d, J = 5.0 Hz, 1H), 2.73 (qd, J = 9.4, 5.0 Hz, 1H),
1.68 — 1.67 (m, 3H, rotamers); 3C NMR (101 MHz, CDCl3) & 169.9 (major rotamer), 169.8
(minor rotamer), 138.2 (minor rotamer), 138.0 (major rotamer), 135.3 (major rotamer), 135.1
(minor rotamer), 133.2 (minor rotamer), 132.9 (major rotamer), 126.9 (d, XJcr = 278.3 Hz),
117.6 (major rotamer), 117.0 (minor rotamer), 88.92 (minor rotamer), 88.90 (major rotamer),
79.3 (m, rotamers), 71.0 (major rotamer), 70.4 (minor rotamer), 59.1 (minor rotamer), 59.0
(major rotamer), 52.9 (m, rotamers), 52.1 (major rotamer), 49.4 (minor rotamer), 47.6 (minor
rotamer), 46.7 (major rotamer), 45.8 (major rotamer), 45.7 (minor rotamer), 18.3; **F NMR
(377 MHz, CDCl3) 6 -67.41, -67.49; IR (neat) cm™: 3040 (m, C=C-H), 1640 (s, C=0); HRMS
(ESI) calcd for [CisH21FsNOs] [M+H]* 320.1468, found 320.1468.

2-(But-3-en-1-ylamino)ethan-1-ol (2.243)
H To a solution of 4-bromo-but-1-ene (1.20 mL, 11.9 mmol) in MeOH (48

HO S NNF .
mL) was added aminoethanol (2.15 mL, 35.5 mmol) and Nal (463 mg, 3.09
mmol) and the mixture was stirred at reflux for 3 h. The solution was concentrated in vacuo,
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dissolved in sat. ag. NH4ClI (50 mL), and washed with EtOAc (2 x 50 mL). The aqueous phase
was basified to pH 12 with 40% agq. NaOH and extracted with EtOAc (4 x 50 mL). The com-
bined organic layers were combined, dried over Na,SOa, and concentrated in vacuo to give a
title compound as a brown oil (548 mg, 40%) that was used directly in the next step without
further purification.

(1R",2R",3R",4S")-N-(But-3-en-1-yl)-N-(2-hydroxyethyl)-1-methyl-(trifluoromethyl)-7-
oxabicyclo[2.2.1]hept-5-ene-2-carboxamide (2.13)

oH Following general procedure B using 2.8 (250 mg, 1.13 mmol) and amine
Me 2.243 (259 mg, 2.25 mmol) afforded the title compound as a colorless oil
N~ (129 mg, 37%) after purification by flash column chromatography
CFs g (EtOAc/heptane 3:2).
Rt = 0.27 (EtOAc/heptane 3:2); 'H NMR (400 MHz, DMSO-ds) & 6.54 — 6.50 (m, 1H), 6.00
(t, J=5.8 Hz, 1H), 5.85 - 5.67 (m, 1H), 5.11 — 5.04 (m, 1H), 5.03 - 5.00 (m, 1H), 4.98 (d, J =
1.8 Hz, 1H), 4.81 (t, J =5.4 Hz, 0.7H, major rotamer), 4.65 (t, J = 5.4 Hz, 0.3H, minor rotamer),
3.90-3.62 (m, 2H), 3.49 (q, J = 5.8 Hz, 1.4H, major rotamer), 3.43 (g, J = 5.8 Hz, 0.6H, minor
rotamer), 3.22 (d, J = 4.8 Hz, 1H), 3.12 — 2.95 (m, 2H), 2.72 (pd, J = 10.0, 4.8 Hz, 1H), 37 —
2.14 (m, 2H), 1.63 (s, 1H, minor rotamer), 1.60 (s, 2H, major rotamer); *C NMR (101 MHz,
DMSO-ds) 6 168.7 (major rotamer), 168.4 (minor rotamer), 138.0 (major rotamer), 137.8
(minor rotamer), 136.5 (major rotamer), 135.8 (minor rotamer), 135.7 (major rotamer), 135.4
(minor rotamer), 127.9 (q, *Jce = 278.1 Hz, minor rotamer), 127.8 (q, *Jce = 278.1 Hz, major
rotamer), 117.9 (minor rotamer), 116.9 (major rotamer), 89.1 (minor rotamer), 88.8 (major
rotamer), 78.8 (d, 3Jcr = 2.4 Hz, minor rotamer), 78.7 (d, 3Jcr = 2.4 Hz, major rotamer), 59.2
(major rotamer), 59.1 (minor rotamer), 51.6 (q, 2Jcr = 26.3 Hz, major rotamer), 51.4 (¢, 2Jcr =
26.6 Hz, minor rotamer), 50.2 (major rotamer), 48.7 (major rotamer), 48.6 (minor rotamer)
45.7 (minor rotamer), 45.54 (major rotamer), 45.50 (minor rotamer), 33.7 (minor rotamer),
32.3 (major rotamer), 18.3 (major rotamer), 18.2 (minor rotamer); *F NMR (377 MHz,
DMSO-ds) & -65.82 (major rotamer), -65.90 (minor rotamer); IR (neat) cm™: 3438 (br., O—
H), 3041 (m, C=C-H), 1737 (s, C=0), 1624 (s, C=C); HRMS (ESI) calcd for
[C1sH20F3NO3] [M+H]* 320.1468, found 320.14609.

2-(Pent-4-en-1-ylamino)acetamide (2.244)
\/\/\HWNW To a solution of glycinamide hydrochloride (3.34 g, 30.2 mmol) in
o MeOH (40 mL) was added NaOMe (1.58 g, 29.2 mmol) and the solution

was stirred at 22 °C for 5 min. 5-Bromo-1-pentene (1.20 mL, 10.1 mmol) and Nal (377 mg,
2.52 mmol) were added and the reaction mixture was stirred at reflux for 16 h. Sat. ag. NH.Cl
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(40 mL) was added and the mixture was washed with EtOAc (2 x 40 mL). The aqueous phase
was basified to pH 12 with 40% agq. NaOH and then extracted with EtOAc (4 x 40 mL). The
combined organic layers were dried over Na,SO,, filtered, and concentrated in vacuo. The
crude product was filtered through a short plug of silica to give the title compound as an impure
colorless oil (1.50 g, 105%) that was used directly in the next step without further purification.

(1R",2R*,3R",4S")-N-(2-Amino-2-oxoethyl)-1-methyl-N-(pent-4-en-1-yl)-3-(trifluoro-
methyl)-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxamide (2.14)

Following general procedure B using 2.8 (250 mg, 1.13 mmol) and amine

~ 2.244 (320 mg, 2.25 mmol) afforded the title compound as a brown oil

A (184 mg, 53%) after purification by flash column chromatography
" NH, (EtOAc/heptane/AcOH 80:20:2).

CFSS( Rt = 0.18 (EtOAc/heptane/AcOH 80:20:2); *H NMR (400 MHz, CDsOD) &
6.54 - 6.46 (m, 1H), 6.13 (d, J = 5.6 Hz, 0.25H, minor rotamer), 6.07 (d, J =
5.6 Hz, 0.75H, major rotamer), 5.91 — 5.76 (m, 1H), 5.15 - 4.92 (m, 3H), 4.39 — 4.25 (m, 1H),
3.97 - 3.85 (m, 1H), 3.71 (d, J = 16.2 Hz, 1H), 3.29 — 3.18 (m, 2H), 2.73 (qd, J = 9.6, 4.9 Hz,
1H), 2.18 — 1.98 (m, 2H), 1.76 (s, 3H), 1.68 — 1.56 (m, 2H); *C NMR (101 MHz, CDs0D) &
172.9, 172.0 (minor rotamer), 171.5 (major rotamer), 139.0 (minor rotamer), 138.9 (minor rota-
mer), 138.8 (major rotamer), 138.6 (major rotamer), 136.5 (major rotamer), 136.4 (minor rota-
mer), 128.6 (d, YJcr = 277.5 Hz), 116.2 (major rotamer), 115.5 (minor rotamer), 90.6 (major
rotamer), 90.3 (minor rotamer), 80.3 (d, 3Jcr = 2.5 Hz), 53.4 (q, 2Jcr = 27.0 Hz), 51.6 (minor
rotamer), 50.4 (major rotamer), 50.1 (major rotamer), 49.1 (minor rotamer), 47.2 (minor rota-
mer), 46.8 (major rotamer), 32.1 (minor rotamer), 31.5 (major rotamer), 29.0 (major rotamer),
27.5 (minor rotamer), 18.4 (major rotamer), 18.2 (minor rotamer); *F NMR (377 MHz,
CDsOD) & -68.90 (minor rotamer), -68.92 (major rotamer); IR (neat) cm™: 3466 (br., N-H),
1713 (s, C=0), 1626 (s, C=0), 1615 (s, C=C).

N-Allyl-N-((1R",2R",3R",4S")-1-methyl-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]hept-5-
ene-2-carbonyl)glycine (2.15)

To a solution of 2.8 (56.0 mg, 0.252 mmol) in MeCN (2 ml) was added

@ M HATU (105 mg, 0.277 mmol) and DIPEA (0.176 ml, 1.01 mmol) and the

""\(NW mixture was stirred at 22 °C for 10 min. Then, allylglycine (43.5 mg,

CFs © coon 0.378 mmol) was added and the reaction mixture was stirred for another 1 h.

The reaction mixture was concentrated in vacuo and purified by flash column chromatography
(EtOAc/heptane/AcOH 65:33:2) to give the title compound as a brown oil (52.0 mg, 65%).

Rf = 0.62 (EtOACc/AcOH 98:2); *H NMR (400 MHz, CDs0D) § 6.49 (dd, J = 5.5, 1.9 Hz, 1H),

6.04 (d, J =5.5Hz, 1H), 5.88 (dddd, J=17.2, 10.4, 5.5, 4.8 Hz, 1H), 5.28 — 5.16 (m, 2H), 4.98
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(d, J=2.0 Hz, 1H), 4.53 (ddq, J = 17.4, 4.8, 1.6 Hz, 1H), 4.33 (dd, J = 17.2, 1.1 Hz, 1H), 4.01
(ddt,J=17.4,5.6, 1.6 Hz, 1H), 3.71 (d, J = 17.2 Hz, 1H), 3.22 (d, J = 4.9 Hz, 1H), 2.72 (qd, J
=9.7,4.9 Hz, 1H), 1.74 (s, 3H); *C NMR (101 MHz, CDs0D) 6 172.1, 172.0, 138.8, 136.6,
134.0, 128.4 (q, Ncr = 277.4 Hz), 118.0, 90.5, 80.3 (d, ®Jcr = 2.4 Hz), 53.5 (q, 2Jcr = 27.1 Hz),
53.1, 49.3, 46.7, 18.4; IR (neat) cm™: 3492 (br., O-H), 3004 (m, C=C-H), 1769 (s, C=0);
HRMS (ESI) calcd. for [C14H17FsNO4] [M+H-CsHsO]* 238.0686, found 238.0691 (only retro
Diels-Alder product observed)

(2S",3R",3aR",8aR")-5-(2-Methoxyethyl)-8a-methyl-3-(trifluoromethyl)-2-vinyl-2,3,3a,5,
6,8a-hexahydro-4H-furo[3,2-c]azepin-4-one (2.16)

Me To a solution of 2.12 (50.0 mg, 0.157 mmol) in PhMe (16 mL) was added
Y Hoveyda-Grubbs 2" generation catalyst (4.9 mg, 7.8 umol) and the mix-

ture was refluxed under an ethylene atmosphere for 6 h. The mixture was
concentrated in vacuo and purified directly by flash column chromato-
graphy (EtOAc/heptane 1:3) to give the title compound as a brown oil

/"

Fsc HJ

OMe

(11.0 mg, 22%).

Rf = 0.50 (EtOAc/heptane 1:1); *H NMR (400 MHz, CDCl3) § 6.03 — 5.92 (m, 1H), 5.91 —
5.78 (m, 2H), 5.34 (d, J = 17.1 Hz, 1H), 5.20 (d, J = 10.3 Hz, 1H), 4.41 (t, J = 7.8 Hz, 1H),
4.14 - 4.01 (m, 1H), 3.99 — 3.89 (m, 1H), 3.68 — 3.56 (m, 1H), 3.52 — 3.38 (m, 4H), 3.26 (s,
3H), 3.20 (d, J = 5.1 Hz, 1H), 1.41 (s, 3H); 3C NMR (101 MHz, CDCls) 5 168.2, 138.1, 136.1,
126.9 (d, Ycr = 277.5 Hz), 126.1, 118.8, 82.1, 76.2 (d, 3Jcr = 2.4 Hz), 71.8, 59.0, 55.5 (d, 3Jcr
= 1.3 Hz), 50.7 (q, 2Jcr = 26.6 Hz), 49.2, 44.6, 26.1; °F NMR (377 MHz, CDCls) & -67.30; IR
(neat) cm*: 1650 (s, C=0); HRMS (ESI) calcd for [CisH21FsNO3s] [M+H]* 320.1468, found
320.1468.

(2S",3R",3aR",9aR",2)-5-(2-Hydroxyethyl)-9a-methyl-3-(trifluoromethyl)-2-vinyl-3,3a,5,
6,7,9a-hexahydrofuro[3,2-c]azocin-4(2H)-one (2.17)

e To asolution of 2.13 (60.0 mg, 0.188 mmol) in PhMe (10 mL) was added
oV Hoveyda-Grubbs 2" generation catalyst (6.0 mg, 9.4 umol) and the mix-
7 g/\l;jj ture was refluxed under an ethylene atmosphere for 16 h. The mixture was
FaC Mg \\\ concentrated in vacuo and purified directly by flash column chromato-
on graphy (EtOAc/heptane 3:2) to give the title compound as a brown oil

(29.0 mg, 48%).
Rf = 0.22 (EtOAc/heptane 3:2); *H NMR (400 MHz, DMSO-ds) & 5.93 — 5.81 (m, 1H), 5.58
(dd, J =12.9, 2.9 Hz, 1H), 5.42 (ddd, J = 17.1, 1.6, 0.9 Hz, 1H), 5.34 (m, 1H), 5.28 (ddd, J =
10.3, 1.6, 0.9 Hz, 1H), 4.67 (t, J = 5.4 Hz, 1H), 4.44 (dd, J = 9.5, 7.2 Hz, 1H), 4.11 — 3.95 (m,
1H), 3.77 - 3.67 (m, 1H), 3.64 (d, J = 7.3 Hz, 1H), 3.58 (dd, J = 13.0, 6.0 Hz, 1H), 3.49 —3.41
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(m, 2H), 3.28 (d, J = 6.9 Hz, 1H), 2.97 (dt, J = 13.0, 6.5 Hz, 1H), 2.58 — 2.43 (m, 1H), 2.39 —
2.28 (m, 1H), 1.52 (s, 3H); °C NMR (101 MHz, DMSO-ds) & 169.6, 136.2, 136.0, 126.2 (q,
Ler = 277.8 Hz), 124.2, 119.2, 85.1, 75.6 (d, 3Jcr = 2.4 Hz), 58.9, 52.8, 51.4 (q, 2Jcr = 25.1
Hz), 47.9, 43.7, 25.7, 25.6; °F NMR (377 MHz, DMSO-ds) & -66.23; IR (neat) cm: 3445
(br., O-H), 3020 (w, C=C-H), 1633 (s, C=0); HRMS (ESI) calcd for [C1sH21FsNOs] [M+H]*
320.1468, found 320.1466.

2-((2S",3R",3aR",10aR",E)-10a-Methyl-4-oxo-3-(trifluoromethyl)-2-vinyl-2,3,3a,4,6,7,8,
10a-octahydro-5H-furo[3,2-c]azonin-5-yl)acetamide (2.18)

To a solution of 2.14 (29.0 mg, 0.0837 mmol) in PhMe (9 mL) was added
Hoveyda-Grubbs 2" generation catalyst (2.6 mg, 4.2 umol) and the mix-
ture was refluxed under an ethylene atmosphere for 6 h. The mixture was
concentrated in vacuo and purified directly by flash column chromato-
NH2  graphy (EtOAC) to give the title compound as an off-white amorphous solid
(7.0 mg, 24%).
Rt = 0.59 (EtOAc/MeOH 9:1); *H NMR (400 MHz, CD3;0D) & 6.11 — 6.01 (m, 1H), 5.61 —
5.47 (m, 2H), 5.39 (dt, J = 17.2, 1.1 Hz, 1H), 5.25 (dd, J = 10.3, 1.1 Hz, 1H), 4.58 — 4.49 (m,
1H), 4.25 — 4.17 (m, 1H), 4.06 — 3.93 (m, 1H), 3.88 (d, J = 3.3 Hz, 1H), 3.66 — 3.61 (m, 1H),
3.48 — 3.35 (m, 2H), 2.57 — 2.40 (m, 1H), 2.33 — 2.21 (m, 1H), 1.86 — 1.68 (m, 2H), 1.66 (s,
3H); *C NMR (101 MHz, CDs0D) & 174.8, 173.7, 137.9, 135.8, 131.4, 125.1 (d, {cr = 277.7
Hz), 119.0, 88.2, 78.9 (d, 3Jcr = 2.1 Hz), 55.1 (d, 2Jce = 26.5 Hz), 53.6, 52.9, 50.5, 29.5, 27.0,
25.5; F NMR (377 MHz, CD3;0D) 5 -68.18; IR (neat) cm™: 3376 (br., N-H) , 1690 (s, C=0),
1616 (s, C=0); HRMS (ESI) calcd for [C1sH22F3sN2O3] [M+H]* 347.1577, found 347.1589.

(E)-N-Allyl-N-(4,4,4-trifluorobut-2-enoyl)glycine (2.19)

To a solution of 2.15 (108 mg, 92.9 pmol) in PhMe (16 mL) was added

/\;i f Hoveyda-Grubbs 2" generation catalyst (21.2 mg, 21.2 umol) and the

FsC ht mixture was refluxed under an ethylene atmosphere for 16 h. The mixture

€99" " Wwas concentrated in vacuo and purified directly by flash column chromato-

graphy (EtOAc/heptane/AcOH 60:40:2) to give the title compound as a brown oil (60.0 mg,

75%).

Rr = 0.38 (EtOAc/heptane/AcOH 67:33:2), *H NMR (400 MHz, CDs0D) § 7.17 (dq, J = 15.4,

2.0 Hz, 0.6H), 7.08 (ddd, J = 15.3, 2.6, 1.5 Hz, 0.4H), 6.88 — 6.67 (m, 1H), 5.95 (ddt, J = 17.1,

10.4, 5.2 Hz, 0.6H), 5.88 — 5.70 (m, 0.4H), 5.33 — 5.18 (m, 2H), 4.25 (d, J = 7.4 Hz, 0.8H),
4.19 (dt, J=5.2, 2.0 Hz, 1.2H), 4.17 (s, 1.2H), 4.13 (dt, J = 6.1, 1.5 Hz, 0.8H).
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(1R",2R",3R",4S")-N-Benzyl-1-methyl-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]hept-5-ene-
2-carboxamide (2.20)

Me Following general procedure B using 2.8 (1.00 g, 4.50 mmol) and benzylamine
,”/(0 (737 mL, 0.675 mmol) afforded the title compound as a white solid (1.20 g,
r, NHBn 85%) after purification by flash column chromatography (EtOAc/heptane 1:2).

R = 0.25 (EtOAc/heptane 1:2); m.p.: 98-100 °C; *H NMR (400 MHz, DMSO-

de) 8 8.70 (t, J = 5.9 Hz, 1H), 7.34 (m, 2H), 7.28 — 7.21 (m, 3H), 6.55 (dd, J = 5.6, 1.9 Hz, 1H),
6.10 (d, J = 5.6 Hz, 1H), 5.00 (d, J = 1.9 Hz, 1H), 4.30 (qd, J = 15.2, 5.9 Hz, 2H), 2.80 — 2.68
(m, 2H), 1.60 (s, 3H); *C NMR (101 MHz, DMSO-d¢) & 168.6, 139.8, 137.9, 136.3, 128.8
(2C), 127.9 (q, YJcr = 278.2 Hz), 127.5 (2C), 127.3, 88.3 78.55 (d, *Jcr = 2.1 Hz), 50.4, 50.2
(9, 2cr = 26.3 Hz), 42.9, 18.0; **F NMR (377 MHz, DMSO-ds) 5 - 66.43; IR (neat) cm™: 3295
(s, N-H), 1642 (s, C=0), 1546 (s, C=C); HRMS (ESI) calcd for [CisH17FsNO;] [M+H]*

312.1206, found 312.1200.

(1R",2R",3R",4S")-N-(tert-Butyl)-1-methyl-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]hept-5-
ene-2-carboxamide (2.21)

Me Following general procedure B using 2.8 (534 mg, 2.40 mmol) and tert-butyl-
..,,/(O amine (760 pL, 7.21 mmol) afforded the title compound as a white solid (578
cr, NHBU mg, 87%) after purification by flash column chromatography (EtOAc/heptane
2:7).
Rt = 0.54 (EtOAc/heptane 2:3); m.p.: 129-130 °C; *H NMR (400 MHz, DMSO-d6) & 7.71
(broad s, 1H), 6.48 (dd, J = 5.6, 1.9 Hz, 1H), 6.01 (d, J = 5.6 Hz, 1H), 4.94 (d, J = 1.9 Hz, 1H),
2.74 (d, J = 5.0 Hz, 1H), 2.61 (qd, J = 10.1, 5.0 Hz, 1H), 1.57 (s, 3H), 1.23 (s, 9H); 3C NMR
(101 MHz, DMSO-d6) & 167.4, 137.4, 135.5, 127.5 (observed by HMBC), 87.7, 78.1, 50.3,
50.0, 49.0 (d, 2Jcr = 32.0 Hz), 28.4 (3C), 17.3; F NMR (377 MHz, DMSO-d6) § -66.26; IR
(neat) cm®: 3348 (s, N-H), 1677 (s, C=0), 1530 (s, C=C); HRMS (ESI) calcd for
[CisH19FsNO2] [M+H]* 278.1362, found 278.1365

(1R",2R"4R",55",6R",7R")-N-Benzyl-5-methyl-7-(trifluoromethyl)-3,8-dioxatricyclo
[3.2.1.0**]octane-6-carboxamide (2.245)

o Me To an ice-cooled solution of 2.20 (150 mg, 0.482 mmol) in CHCl, (5 mL) was
@,../{O added mCPBA (415 mg, 2.41 mmol) and the solution was stirred at 22 °C for
nHen D h. The mixture was quenched with sat. ag. Na,SOs (5 mL) and the layers were
separated. The organic layer was washed with sat. ag. NaHCO3 (1 x 5 mL). The

organic layer was dried over MgSOs., filtered, and concentrated in vacuo. The crude product

CF3
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was purified by flash column chromatography (EtOAc/heptane/AcOH 30:70:2) to give a title
compound as white solid (108 mg, 68%).

Rt = 0.33 (EtOAc/heptane/AcOH 30:70:2); m.p.: 129-131 °C; 'H NMR (400 MHz, CDCl3) §
7.39 - 7.32 (m, 2H), 7.32 - 7.28 (m, 1H), 7.27 — 7.23 (m, 2H), 6.07 (t, J = 5.7 Hz, 1H), 4.59
(s, 1H), 4.53 — 4.40 (m, 2H), 3.54 (d, J = 3.3 Hz, 1H), 3.49 (d, J = 3.3 Hz, 1H), 3.02 (qd, J =
9.4,5.7 Hz, 1H), 2.58 (d, J = 5.7 Hz, 1H), 1.60 (s, 3H); *C NMR (101 MHz, CDCls) § 167.3,
137.3,128.8 (2C), 127.8, 127.4 (2C), 127.3 (q, YJcr = 278.8 Hz), 83.3, 74.4 (d, *Jcr = 2.5 H2),
55.7, 50.9, 50.5, 49.7 (q, 2Jcr = 28.4 Hz), 44.0, 15.6; F NMR (377 MHz, CDCl;) § -68.93;
IR (neat) cm™: 3388 (s, N-H), 1679 (s, C=0), 1539 (s, C=C); HRMS (ESI) calcd for
[C16H17F3NO3] [M+H]* 328.1155, found 328.1160.

(2R*,35",6R",6aS*,7R")-4-Benzyl-3-hydroxy-6a-methyl-7-(trifluoromethyl)hexahydro-
5H-2,6-methanofuro[3,2-b]pyrrol-5-one (2.22)

g, 1oa solution of 2.245 (96. mg, 0.293 mmol) in anhydrous THF (3 mL) was
HO “‘NI\Me added a solution of tBuOK (34.0 mg, 0.293 mmol) in anhydrous THF (3 mL)
\@‘/“\O and the solution was stirred under an atmosphere of Nz at 22 °C for 18 h. The
FsC mixture was quenched with sat. ag. NH4Cl (6 mL) and the mixture was ex-
tracted with CH2Cl; (3 x 6 mL). The combined organic layers were dried over MgSOQs., filtered,
and concentrated in vacuo. The crude product was purified by flash column chromatography
(EtOAc/heptane 1:1) to give a title compound as a white amorphous solid (55 mg, 58%).
Rf = 0.17 (EtOAc/heptane 1:1); *H NMR (400 MHz, DMSO-d) & 7.44 — 7.21 (m, 5H), 5.31
(d, J = 4.5 Hz, 1H), 4.74 (d, J = 15.1 Hz, 1H), 4.45 (s, 1H), 4.02 (d, J = 15.1 Hz, 1H), 3.76 (d,
J=45Hz, 1H), 3.17 (qd, J=10.1, 2.0 Hz, 1H), 2.91 (s, 1H), 2.33 - 2.32 (m, 1H), 1.46 (s, 3H);
13C NMR (101 MHz, DMSO-ds) 8 171.5, 136.2, 128.7 (2C), 127.8 (2C), 127.5, 125.8 (q, YJcr
=278.5Hz), 87.2,82.4 (d, *Jcr = 2.4 Hz), 75.8, 70.8, 49.1 (q, 2Jcr = 27.4 Hz), 49.0, 45.0, 15.4;
¥F NMR (377 MHz, DMSO-ds) & -68.35; IR (neat) cm™: 3391 (br., O-H), 1677 (s, C=0);
HRMS (ESI) calcd for [Ci6H17FsNO3s] [M+H]* 328.1155, found 328.1156.

(2R*,35",3aS",6R",6aS",7R")-4-(tert-Butyl)-3-hydroxy-6a-methyl-7-(trifluoromethyl)hexa-
hydro-5H-2,6-methanofuro[3,2-b]pyrrol-5-one (2.23)

To an ice-cooled solution of 2.21 (108 mg, 0.389 mmol) in CH,CI; (5 mL) was
Ho_~Nme added mCPBA (450 mg, 1.83 mmol) and the solution was stirred at 22 °C for
16 h. The mixture was quenched with sat. ag. Na;SOs (5 mL) and the layers

FaC were separated. The organic layer was washed with sat. ag. NaHCO3 (3 x
5 mL). The organic layer was dried over MgSQs,, filtered, and concentrated in vacuo. The crude
epoxide dissolved in anhydrous THF (5mL) and added a solution of '‘BuOK (43.7 mg,
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0.389 mmol) in anhydrous THF (5 mL) and the reaction mixture was stirred under an atmos-
phere of N2 at reflux for 40 h. The mixture concentrated in vacuo and purified directly by flash
column chromatography (EtOAc/heptane 2:3) to give a title compound as a white solid (57 mg,
48%).

Rt = 0.54 (EtOAc/heptane 1:2); m.p.: 135-137°C; *H NMR (400 MHz, CDCls) & 4.63 (s, 1H),
3.78 (s, 1H), 3.30 (t, J = 1.5 Hz, 1H), 2.61 (qd, J = 9.2, 2.4 Hz, 1H), 2.34 (s, 1H), 1.65 (s, 3H),
1.59 (s, 1H), 1.44 (s, 9H); ¥C NMR (101 MHz, CDCls3) & 172.3, 125.0 (d, YJce = 278.8 Hz),
87.2,82.8 (d, 3Jcr = 2.4 Hz), 78.9, 72.0, 54.8, 51.1 (d, ®Jcr = 1.1 Hz), 51.0 (d, 2Jcr = 29.0 Hz),
28.6, 15.9; F NMR (377 MHz, CDCls) & -69.85; IR (neat) cm™: 3367 (br., O-H), 1675 (s,
C=0); HRMS (ESI) calcd for [C13H19FsNO3] [M+H]* 294.1312, found 294.1317.

(1R",2R*,3R",4S")-N-(2-Hydroxyethyl)-N,1-dimethyl-3-(trifluoromethyl)-7-oxabicyclo
[2.2.1]hept-5-ene-2-carboxamide (2.24)

OH  To asolution of 2.8 (104 mg, 0.468 mmol) in MeCN (5 ml) was added PyBroP

@ Me (273 mg, 0.585 mmol) and DIPEA (327 uL, 1.91 mmol) and the solution was
,'/'"(N‘Me stirred at 22 °C for 10 min. Then, 2-(methylamino)ethanol (187 pL, 2.29 mmol)
CFs © was added and the reaction mixture was stirred at 22 °C for 2 h. The mixture
was concentrated in vacuo and purified directly by flash column chromatography (EtOAC) to

give the title compound as yellow oil (123 mg, 94%, 90% purity).

Rf = 0.35 (EtOAc); 'H NMR (400 MHz, CD3s0D) § 6.55 — 6.50 (m, 1H), 6.12 — 6.10
(m, 1H), 5.00 — 4.99 (m, 1H), 3.91 (dt, J = 14.9, 6.0 Hz, 0.5H), 3.76 — 3.68 (m, 1.5H),
3.68 —3.64 (m, 1.5H), 3.48 (dt, J = 14.9, 5.3 Hz, 0.5H), 3.38 — 3.35 (m, 0.5H), 3.31 (s,
2H), 3.27 (d, J = 5.0 Hz, 0.5H), 2.98 (s, 1H), 2.75 (qd, J = 9.7, 5.3 Hz, 1H), 1.69 (s,
1.5H), 1.68 (s, 1.5H); **C NMR (101 MHz, CD30D) & 162.3 (minor rotamer), 161.9
(major rotamer), 129.3 (minor rotamer), 129.1 (major rotamer), 127.2 (minor rotamer),
127.0 (major rotamer), 120.4 (q, Jcr = 277.0 Hz), 80.8 (major rotamer), 80.7 (minor
rotamer), 70.9 — 70.6 (m, rotamers), 51.0 (major rotamer), 50.6 (minor rotamer), 44.2
(major rotamer), 44.0 (g, 2Jcr = 27.1 Hz, minor rotamer), 43.8 (g, 2Jcr = 27.1 Hz, major
rotamer), 42.7 (minor rotamer), 37.6 (major rotamer), 37.3 (minor rotamer), 28.9
(major rotamer), 25.8 (minor rotamer), 8.9; 1°F NMR (377 MHz, CD30D) & -68.79
(minor rotamer), -69.26 (major rotamer); IR (neat) cm™: 3419 (br., O—H), 1624 (s,
C=0); HRMS (ESI) calcd for [Ci2H17FsNOs] [M+H-CsHsO]* 198.0736, found
198.0744 (only reverse Diels-Alder product observed).
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(2R*,3R",3aS",6R",6aS",7R")-3-Hydroxy-6a-methyl-7-(trifluoromethyl)tetrahydro-2,6-
methanofuro[3,2-b]furan-5(2H)-one (2.26)

o O To an ice-cooled solution of 2.24 (103 mg, 0.369 mmol) in anhydrous CHCl;
=0 (4 ml) was added mCPBA (455 mg, 1.84 mmol) and the reaction mixture was
stirred at reflux under an atmosphere of N for 18 h. The mixture was concen-
trated in vacuo and purified directly by flash column chromatography
(EtOAc/heptane/AcOH 28:70:2) to give the title compound as yellow oil (32.2 mg, 41%).
Rt = 0.46 (EtOAc/heptane 1:1); *H NMR (400 MHz, DMSO-ds) & 5.69 (broad s, 1H), 4.52 (s,
1H), 4.16 (t, J = 1.3 Hz, 1H), 3.97 (s, 1H), 3.56 (qd, J = 10.0, 2.3 Hz, 1H), 2.69 (d, J = 2.3 Hz,
1H), 1.60 (s, 3H); *C NMR (101 MHz, DMSO-ds) 5 173.6, 124.2 (q, *Jcr = 278.7 Hz), 88.8
(2C), 81.8 (d, %Jcr = 2.3 Hz), 76.7, 48.1 (q, 2Jcr = 28.1 Hz), 45.5 (d, ®Jcr = 1.1 Hz), 15.1; *F
NMR (377 MHz, DMSO-ds) 5 -68.36; IR (neat) cm™: 3492 (br., O-H), 1769 (s, C=0); HRMS
(ESI) calcd for [CoH10F304] [M+H]* 239.0526, found 239.0525.

CF;

(1R",2R",3R",4S")-N,1-Dimethyl-3(trifluoromethyl)-7-oxabicyclo[2.2.1]hept-5-ene-2-
carboxamide (2.29)

Mo Following general procedure B using 2.8 (2.00 g, 9.00 mmol) and methylamine
, nHve Nydrochloride (1.80 g, 27.0 mmol) afforded the title compound as a white solid
CF, 1) (1.779, 83%) after purification by flash column chromatography
(EtOAc/heptane 1:1).
Rt = 0.26 (EtOAc/heptane 1:1); m.p.: 119-121 °C; 'H NMR (400 MHz, DMSO-dg) & 8.07
(broad s, 1H), 6.51 (dd, J = 5.6, 1.9 Hz, 1H), 6.08 (d, J = 5.6 Hz, 1H), 4.97 (d, J = 1.9 Hz, 1H),
2.74 —2.61 (m, 2H), 2.59 (d, J = 4.6 Hz, 3H), 1.57 (s, 3H); *C NMR (101 MHz, DMSO-ds) &
168.4, 137.6, 135.7, 127.4 (q, *Jcr = 278.1 Hz), 87.7, 78.0 (d, 3Jcr = 2.3 Hz), 50.0, 49.4 (q, 2Jcr
= 26.2 Hz), 25.9, 17.5; **F NMR (377 MHz, DMSO-d¢) & -66.44; IR (neat) cm™: 3318 (s, N—
H), 1644 (s, C=0), 1566 (s, N-H); HRMS (ESI) calcd for [C1oH13FsNO2] [M+H]* 236.0893,
found 236.0891.

(1S%,2R",3R",4R",55",6R")-N-Benzyl-5,6-dihydroxy-1-methyl-3-(trifluoromethyl)-7-oxa-
bicyclo[2.2.1]heptane-2-carboxamide (2.30)

oH To a solution of 2.20 (299 mg, 0.960 mmol) in THF/H,O (5:1, 10 mL) was

HO Me added  N-methylmorpholine  oxide (236 mg, 2.02mmol) and
\@:TNHBn K>0s04-(H20). (17.7 mg, 48.0 umol) and the turbid reaction mixture was
CFs (‘) stirred at 22 °C 3 h. THF was removed in vacuo and sat. ag. NaHCOs

(5 mL) and sat. ag. Na,SOs (5 mL) were added. The solution was extracted with CH.Cl, (3 x
10 mL) and the combined organic layers were dried over MgSQO, filtered, and concentrated in
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vacuo. The crude product was purified by flash column chromatography (EtOAc/heptane 3:2)
to give the title compound as white solid (254 mg, 77%).

Rt = 0.45 (EtOAc/heptane 2:1); m.p.: 168-170 °C; 'H NMR (400 MHz, CDs0OD) 6 7.35 - 7.29
(m, 2H), 7.29 — 7.22 (m, 3H), 4.46 (d, J = 14.9 Hz, 1H), 4.40 — 4.28 (m, 2H), 4.13 — 4.05 (m,
1H), 4.02 (d, J = 6.0 Hz, 1H), 2.98 (qd, J = 9.7, 6.0 Hz, 1H), 2.73 (d, J = 6.0 Hz, 1H), 1.49 (s,
3H); *C NMR (101 MHz, CDs0D) § 170.3, 139.7, 129.6 (2C), 128.5 (2C), 128.4, 125.7 (ob-
served by HMBC), 89.4, 83.3 (d, 3Jcr = 1.9 Hz), 75.4, 71.8, 54.1, 44.5, 15.5; F NMR (377
MHz, CD;0D) § -71.60; IR (neat) cm™: 3406 (br., O-H), 1642 (s, C=0); HRMS (ESI) calcd
for [C16H19F3sNO4] [M+H]* 346.1261, found 346.1261.

(1R",2R",4R")-5,6-Dihydroxy-N,1-dimethyl-3-(trifluoro)-7-oxabicyclo[2.2.1]heptane-2-
carboxamide (2.31)

OH To a solution of 2.29 (400 mg, 41.7 mmol) in THF/H,0 (5:1, 16 mL) was
HO Me added N-methylmorpholine oxide (319 mg, 2.72mmol) and
'u,‘(NHMe K20s04-(H20), (31.0 mg, 0.0850 mmol) and the turbid reaction mixture
CF3 O was stirred at 22 °C for 18 h. The reaction mixture was concentrated in
vacuo and purified directly by flash column chromatography (CH,Cl./MeOH 9:1) to give a
title compound as yellow solid (397 mg, 87%).
Rt = 0.28 (CH,Cl/MeOH 9:1); m.p.: > 230 °C (decomp.); *H NMR (400 MHz, DMSO-ds) &
8.23(q, J = 4.6 Hz, 1H), 4.87 (d, J = 5.2 Hz, 1H), 4.75 (d, J = 6.7 Hz, 1H), 4.16 (s, 1H), 3.86
(m, 2H), 2.93 (qd, J = 10.1, 6.1 Hz, 1H), 2.63 (d, J = 4.6 Hz, 3H), 2.59 (d, J = 6.1 Hz, 1H),
1.37 (s, 3H); *C NMR (101 MHz, DMSO-de) & 168.1, 127.1 (q, “Jcr = 277.4 Hz), 87.4, 81.2
(d, 3Jcr = 1.6 Hz), 73.6, 69.8, 52.0, 46.6 (q, “Jcr = 27.2 Hz), 25.9, 15.2; *F NMR (377 MHz,
DMSO-ds) & -68.55; IR (neat) cm™: 3392 (s, N-H), 3296 (br., O-H), 1656 (s, C=0), 1568 (s,
N-H); HRMS (ESI) calcd for [C1oH15FsNO4] [M+H]* 270.0948, found 270.0945.

(257,3S",4R",5R")-N-Benzyl-2,5-bis(hydroxymethyl)-2-methyl-4-(trifluoromethyl)tetra-
hydrofuran-3-carboxamide (2.32)

To a solution of 2.31 (100 mg, 0.290 mmol) in MeOH/H,0O (9:1, 3 mL)

oo was added NalO4 (186 mg, 0.869 mmol) and the reaction mixture was
e I"'I/NHBn stirred at 22 °C for 2 h. Precipitate was removed by filtration and the fil-

FsC o trate was placed on ice and added NaBH. (110 mg, 2.90 mmol). The reac-
tion mixture was stirred at 22 °C for 18 h. The mixture was concentrated in vacuo and purified
directly by flash column chromatography (EtOAc/heptane 2:1) to give the title compound as a
colorless oil (39.0 mg, 39%).

Rt = 0.31 (EtOAc/heptane 2:1); *H NMR (400 MHz, CDCls) § 7.39 — 7.30 (m, 3H), 7.28 —
7.24 (m, 2H), 6.46 (broad s, 1H), 4.57 — 4.43 (m, 2H), 4.31 (dt, J = 9.4, 2.2 Hz, 1H), 4.05 —

171



3.95 (m, 2H), 3.68 (dd, J = 12.3, 2.2 Hz, 1H), 3.53 — 3.42 (m, 2H), 2.93 (d, J = 11.6 Hz, 1H),
1.26 (s, 3H); 13C NMR (101 MHz, CDCl3) 8 170.1, 137.2, 129.1 (2C), 128.2, 127.9 (2C), 125.9
(d, Wer = 278.1 Hz), 85.8, 78.7 (d, 3Jcr = 2.2 HZ), 69.3, 63.0, 57.2, 47.5 (q, 2Jcr = 27.2 H2),
44.5, 25.0; °F NMR (377 MHz, CDCls) & -69.24; IR (neat) cm: 3377 (br., N/O—H), 1638 (s,
C=0); HRMS (ESI) calcd for [CisH21FsNO4] [M+H]* 348.1417, found 348.1433.

(3aR*,4S",5R",6R",7R",7aR")-N-2,2,4-Tetramethyl-6-(triflurormethyl)hexahydro-4,7-
epoxybenzo[d][1,3]dioxole-5-carboxamide (2.34)

Vo To a solution 2.18 (83.0 mg, 0.308 mmol) in acetone (3 mL) was added
Meﬁxo 2,2-dimethoxypropane (0.755 mL, 6.17 mmol) and p-TsOH (1.0 mg, 5.26
° Me pmol) and the solution was stirred at 22 °C for 30 min. Sat. ag. NaHCO3
"'WNHMQ (3 mL) was added and the solution was extracted with CH2Cl, (3 x 3 mL).
© The combined organic layers were dried over MgSOsa, filtered, and con-
centrated in vacuo to give the title compound as a white solid (56.0 mg, 55%).
m.p.: 121-123 °C; *H NMR (400 MHz, CDCls) § 5.72 (br. s, 1H), 4.47 (s, 1H), 4.45 (s, 2H),
2.96 (qd, J = 9.5, 5.7 Hz, 1H), 2.87 (d, J = 4.8 Hz, 3H), 2.39 (d, J = 5.7 Hz 1H) 1.56 (s, 3H),
1.45 (s, 3H), 1.28 (s, 3H); *C NMR (101 MHz, CDCls) & 168.8, 126.9 (q, YJce = 277.3 Hz),
112.4, 86.7, 83.1, 80.4, 79.7 (q, *Jcr = 2.0 Hz), 53.5, 47.7 (q, 2Jcr = 28.7 Hz), 27.4, 26.3, 25.8,
15.6; ®F NMR (377 MHz, CDCls) & -68.23; IR (neat) cm™: 3394 (s, N-H), 1683 (s, C=0),
1567 (s, N-H); HRMS (ESI) calcd for [C13H1oFsNO,] [M+H]* 310.1261, found 310.1261.

CF;

(1S",2R",3R",4R",55",6R")-5,6-Dihydroxy-1-methyl-3-(trifluoromethyl)-7-oxabicyclo
[2.2.1]heptane-2-carboxylic acid (2.36)

oH To asolution of 2.8 (2.00 g, 9.00 mmol) in THF/H,0 (9:1, 15 mL) was added
HO Me N-methylmorpholine oxide (1.58 g, 13.5 mmol) and K;0s0s-(H20);
\éj/“oom (166 mg, 0.450 mmol) and the turbid reaction mixture was stirred at 22 °C
CFsy for 2 h. THF (5 mL) was added and the mixture was dried over MgSOs., fil-
tered, and concentrated in vacuo. The crude product was purified by flash column chromato-
graphy (EtOAc/AcOH 98:2) to give the title compound as a green solid (1.34 g, 58%).
Rt = 0.23 (EtOAC/AcOH 98:2) m.p.: 147-149 °C; 'H NMR (400 MHz, DMSO-ds) & 4.14 (s,
1H), 3.87 (d, J = 6.1 Hz, 1H), 3.65 (d, J = 6.1 Hz, 1H), 3.00 (qd, J = 10.1, 5.7 Hz, 1H), 2.58 (d,
J=5.7 Hz, 1H), 1.46 (s, 3H); *C NMR (101 MHz, DMSO-ds) 5 170.9, 127.0 (q, 3Jcr = 277.6
Hz), 87.2, 80.9 (d, ®Jcr = 1.5 Hz), 73.4, 70.5, 51.9, 46.6 (q, 2Jcr = 27.2 Hz), 15.5; 1°F NMR:
(377 MHz, DMSO-dg) & -71.78; IR (neat) cm*: 3232 (s, O-H), 1702 (s, C=0) ; HRMS
(ESI) calcd for [CoH12F30s] [M+H]* 257.0631, found 257.0638.
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(1R",2R",3R",4S")-1-Methyl-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]heptane-2-carboxylic
acid (2.246)

e To a solution of 2.8 (253 mg, 1.14 mmol) in MeOH (10 mL) was added 10%

Pd/C (125 mg, 0.118 mmol) and the resulting suspension was stirred under an

@E;'COOH atmosphere of H; for 1 h. The suspension was filtered through a pad of celite and

concentrated in vacuo to give the title compound as a white solid (253 mg, 99%).

m.p.: 134-136 °C; *H NMR (400 MHz, CDs0D) § 4.61 (d, J = 5.5 Hz, 1H), 3.08 (qd, J =9.9,

5.5 Hz, 1H), 2.73 (dd, J = 5.5, 2.2 Hz, 1H), 1.93 (tt, J = 12.0, 5.0 Hz, 1H), 1.83 (ddd, J = 12.4,

9.0, 4.5 Hz, 1H), 1.69 (ddd, J = 12.0, 9.0, 4.5 Hz, 1H), 1.64 (s, 3H), 1.44 (tdd, J = 12.4, 4.5,

2.3 Hz, 1H); C NMR (101 MHz, CDs;0D) & 173.1, 128.1 (q, }Jcr = 276.9 Hz), 87.3, 77.8 (q,

3Jce = 2.5 Hz), 55.8 (d, 3Jcr = 1.8 Hz), 52.9 (q, ?Jcr = 27.6 Hz), 32.1, 31.9, 20.6; F NMR (377

MHz, CD30D) 6 -72.35; IR (neat) cm-1: 3100 (br., O-H), 1730 (s, C=0); HRMS (ESI) calcd
for [CoH12F303] [M+H]+ 225.0733, found 225.0740.

((1R",2S",3R",4S")-1-Methyl-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]heptan-2-yl)
methanol (2.38)

Ve To an ice-cooled solution of 2.246 (2.04 g, 9.08 mmol) in anhydrous THF
@j/OH (16 mL) was added LiAIH4 (2M in THF, 14.0 mL, 28.1 mmol) and the solution
was stirred under an atmosphere of N at 22 °C for 3 h. The solution was placed
on ice and added water (2.0 mL), 15% aqueous NaOH (2.0 mL), and then water
(6.0 mL). Precipitate was removed by filtration and the filtrate was added water (10 mL) and
extracted with CH,Cl, (4 x 10 mL). The crude product was purified in vacuo in a glass oven
B-585 Kugelrohr set at 70 °C to give the title compound as a colorless oil (1.53 g, 80%).
IH NMR (400 MHz, CDsOD) & 4.52 (d, J = 5.6 Hz, 1H), 3.76 (dd, J = 11.6, 5.6 Hz, 1H), 3.60
(dd, J=11.6, 8.5 Hz, 1H), 2.27 (qd, J = 9.8, 6.0 Hz, 1H), 2.12 — 1.96 (m, 2H), 1.96 — 1.83 (m,
1H), 1.60 (ddd, J = 12.4, 9.2, 4.9 Hz, 1H), 1.52 (s, 3H), 1.39 (tdd, J = 12.4, 4.9, 2.1 Hz, 1H);
13C NMR (101 MHz, CD;0D) & 128.5 (d, 1Jcr = 275.1 Hz), 87.6, 77.3 (q, Jcr = 2.7 Hz), 62.6,
52.9(q, 2Jcr = 27.0 Hz), 51.9 (d, *Jcr = 0.7 Hz), 32.1, 30.8, 21.2; 9F NMR (377 MHz, CD30D)
8 -71.97; IR (neat) cm™: 3425 (br., O—H); HRMS (ESI) calcd for [CoH14F302] [M+H]*
211.0940, found 211.0937.

CF3

3-(((1R",25%,3R",4S")-1-Methyl-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]heptan-2-yl)
methoxy)pyridine (2.39)

To an ice-cooled solution of 2.38 (100 mg, 0.476 mmol), pyridin-3-ol

@/Meo (91.0 mg, 0.951 mmol), and PPhz (250 mg, 0.951 mmol) in anhydrous THF
I o \O“ (5 mL) was added DEAD (40% in PhMe, 0.431 mL, 0.859 mmol) dropwise
3 =

and the reaction mixture was stirred under an atmosphere of N2 at 22 °C for
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5 h. The solution was concentrated in vacuo and purified directly by flash column chromato-
graphy (EtOAc/heptane 3:2) to give the title compound as a yellow oil (75.0 mg, 55%).

Rf = 0.33 (EtOAc/heptane 3:2); *H NMR (400 MHz, CD30D) 6 8.27 (dd, J = 2.9, 0.7
Hz, 1H), 8.17 (dd, J = 4.7, 1.3 Hz, 1H), 7.47 (ddd, J = 8.5, 2.9, 1.4 Hz, 1H), 7.40 (ddd,
J=8.5,4.7,0.7 Hz, 1H), 4.60 (d, J = 5.4 Hz, 1H), 4.25 (dd, J = 10.1, 5.8 Hz, 1H), 4.16
(dd, J =10.1, 8.3 Hz, 1H), 2.53 (qd, J = 9.6, 5.9 Hz, 1H), 2.33 (dtd, J = 8.0, 5.8, 2.0
Hz, 1H), 2.05 - 1.84 (m, 2H), 1.71 (ddd, J = 12.2, 9.7, 5.1 Hz, 1H), 1.60 (s, 3H), 1.53
—1.37 (m, 1H); 3C NMR (101 MHz, CDCls) § 154.6, 142.3, 137.2, 129.5 (d, Jcr =
278.1 Hz), 124.1, 121.6, 85.9, 75.9 (q, 3Jcr = 2.4 Hz), 67.4, 51.9 (q, *Jcr = 27.5 Hz),
47.9 (d, 3Jcr = 1.4 Hz), 31.5, 30.1, 21.9; 1°F NMR (377 MHz, D20) § -70.27; IR (neat)
cm™: 1575 (s, C=C); HRMS (ESI) calcd for [C14H17FsNO2] [M+H]* 288.1206, found
288.1210.

(1R",2R",3R",4S")-N-(2-Methoxyethyl)-1-methyl-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]
heptane-2-carboxamide (2.40)

Me Following general procedure B using 2.246 (202 mg, 0.902 mmol) and 2-
~H ethoxyethylamine (120 uL, 1.35 mmol) afforded the title compound as a
"'(N\/\OMe
CF C‘) white solid (207 mg, 82%) after purification by flash column chromato-
3
graphy (EtOAc/heptane 1:1, R = 0.26).
m.p.: 68-70 °C; Rs = 0.26 (EtOAc/heptane 1:1); *H NMR (400 MHz, CD3;0D) § 4.61 (d, J =
5.3 Hz, 1H), 3.56 — 3.44 (m, 3H), 3.36 (s, 3H), 3.32 — 3.26 (m, 1H), 3.06 (qd, J = 10.0, 5.8 Hz,
1H), 2.73 (dd, J = 5.8, 2.0 Hz, 1H), 2.02 (ddd, J = 12.2, 9.2, 4.6 Hz, 1H), 1.91 (tt, J = 12.1,5.3
Hz, 1H), 1.74 (ddd, J = 12.1, 9.2, 4.6 Hz, 1H), 1.57 (s, 3H), 1.34 (tdd, J = 12.2, 4.6, 2.1 Hz,
1H); C NMR (101 MHz, CDs;0D) & 171.3, 128.2 (q, YJcr = 276.9 Hz), 87.7, 78.2 (q, *Jcr =
2.3 Hz), 71.9, 58.9, 56.4 (d, 3Jcr = 1.6 Hz), 52.7 (q, 2Jcr = 27.4 Hz), 40.5, 32.2, 31.7, 20.2; °F
NMR (377 MHz, CDs;0D) § -72.11; IR (neat) cm™: 3313 (s, N-H), 1644 (s, C=0), 1557 (s,
N-H); HRMS (ESI) calcd for [C12H18FsNO3] [M+H]* 282.1312, found 282.1316.

(1R",2R",3R",45")-N-Cyclopropyl-1-methyl-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]
heptane-2-carboxamide (2.41)

Ve Following general procedure B using 2.246 (112 mg, 0.500 mmol) and cyclo-

@ H propylamine (52 pL, 0.750 mmol) afforded the title compound as a white solid

'l)f / (119mg, 90%) after purification by flash column chromatography
(EtOAc/heptane 2:3).

m.p.: 115-117 °C; R¢ = 0.48 (EtOAc/heptane 2:3); 'H NMR (400 MHz, DMSO-ds) & 8.23 (d,

J=4.1Hz, 1H), 4.55 (d, J = 5.4 Hz, 1H), 2.99 (qd, J = 10.4, 5.8 Hz, 1H), 2.67 (ddt, J = 11.3,

7.2,4.1 Hz, 1H), 2.54 (dd, J = 5.8, 2.0 Hz, 1H), 1.88 (ddd, J = 12.0, 9.2, 4.6 Hz, 1H), 1.83 —

CF3
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1.68 (m, 1H), 1.62 (ddd, J = 11.8, 9.2, 4.6 Hz, 1H), 1.42 (s, 3H), 1.21 (tdd, J = 12.0, 4.6, 2.0
Hz, 1H), 0.71 — 0.59 (m, 2H), 0.46 — 0.31 (m, 2H); *C NMR (101 MHz, DMSO-ds) & 169.3,
127.0 (d, Yer = 277.8 Hz), 85.7, 75.9 (d, %Jcr = 2.4 Hz), 54.3, 50.6 (q, 2Jcr = 26.4 Hz), 31.0,
30.2, 22.5,19.9, 6.1, 5.7; *°F NMR (377 MHz, D20) & -70.64; IR (neat) cm: 3310 (s, N-H),
1661 (s, C=0), 1531 (s, N-H); HRMS (ESI) calcd for [C12H17FsNO;] [M+H]+ 264.12086,
found.264.1217.

(1R",2R",3R",4S")-1-Methyl-N-(pyridin-3-yl)-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]
heptane-2-carboxamide (2.42)

'V'eH Following general procedure B using 2.246 (117 mg, 0.522 mmol) and 3-
@"TN\@ aminopyridine (100 pL, 0.574 mmol) with a reaction time of 18 h afforded
CF3 O the title compound as a beige solid (68.0 mg, 44%) after purification by flash

column chromatography (EtOAc/heptane/EtsN 60:40:1).

m.p.: 124-125 °C; R¢ = 0.20 (EtOAc/heptane/EtsN 60:40:1); *H NMR (400 MHz, DMSO-ds)
5 10.80 (s, 1H), 8.34 (ddd, J = 4.8, 2.0, 1.0 Hz, 1H), 8.09 (dt, J = 8.4, 1.0 Hz, 1H), 7.80 (ddd,
J=8.4,74,20Hz 1H), 7.14 (ddd, J = 7.4, 4.8, 1.0 Hz, 1H), 4.62 (d, J = 5.3 Hz, 1H), 3.19
(dd, J=6.1, 1.6 Hz, 1H), 3.07 (qd, J = 10.4, 6.0 Hz, 1H), 1.94 (ddd, J = 12.1, 9.2, 4.6 Hz, 1H),
1.90-1.76 (m, 1H), 1.71 (ddd, J = 11.9, 9.2, 4.6 Hz, 1H), 1.55 (s, 3H), 1.28 (tdd, J = 12.1, 4.6,
1.8 Hz, 1H); *C NMR (101 MHz, DMSO-ds) & 168.4, 151.6, 148.1, 138.3, 125.4 (observed
by HMBC), 119.9, 113.8, 86.3, 76.1, 54.7, 50.8 (d, 2Jce = 25.6 Hz), 31.0, 30.3, 19.7; %F NMR
(377 MHz, D;0) § -70.59; IR (neat) cm™: 3239 (s, N-H), 1697 (s, C=0), 1594 (s, N-H), 1528
(s, C=C); HRMS (ESI) calcd for [C14H16F3N202] [M+H]* 301.1158, found. 301.1144.

(1R",2R",3R",4S")-1-Methyl-N-(pyridin-3-yl)-3-(trifluoromethyl)-7-oxabicyclo [2.2.1]
heptane-2-carboxamide (2.43)

Me Following general procedure B using 2.246 (112 mg, 0.500 mmol) and 4-
@ N aminopyridine (96 pL, 0.550 mmol) with a reaction time of 18 h afforded

l)f \O the title compound as a white amorphous solid (141 mg, 94%) after purifi-
cation by flash column chromatography (EtOACc/EtsN 99:1).
R = 0.38 (EtOAC/EtsN 99:1); H NMR (400 MHz, DMSO-ds) § 10.60 (s, 1H), 8.53 —8.37 (m,
2H), 7.69 — 7.49 (m, 2H), 4.65 (d, J = 5.3 Hz, 1H), 3.09 (qd, J = 10.0, 5.8 Hz, 1H), 2.93 (dd, J
= 5.8, 1.8 Hz, 1H), 2.69 (s, 4H), 1.94 (ddd, J = 12.0, 9.2, 4.6 Hz, 1H), 1.84 (tq, J = 10.0, 5.0
Hz, 1H), 1.72 (ddd, J = 12.0, 9.2, 4.6 Hz, 1H), 1.55 (s, 3H), 1.30 (tdd, J = 12.0, 4.6, 1.8 Hz,
1H); °C NMR (101 MHz, DMSO-ds) 8 168.6, 150.5 (2C), 145.1, 126.8 (q, “Jcr = 277.8 Hz),
113.5 (2C), 86.2, 76.2 (d, %Jcr = 2.1 Hz), 55.5, 50.9 (q, 2Jcr = 26.6 Hz), 30.9, 30.2, 19.9; °F
NMR (377 MHz, DMSO-ds) 6 -69.10; IR (neat) cm™: 3239 (s, N-H), 1697 (s, C=0), 1594 (s,

CF;
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N-H), 1528 (s, C=C); HRMS (ESI) calcd for [Ci4sH16F3N20;] [M+H]+ 301.1158, found
301.1143.

((1R*,2R",3R",4S")-1-Methyl-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]heptan-2-yl)
(morpholino)methanone (2.247)

Me Following general procedure B using 2.8 (208 mg, 0.900 mmol) and
/<O morpholine (120 pL, 1.35 mmol) afforded the title compound as a brown oil
N’} (150 mg, 58%) after purification by flash column chromatography
CF3«—O (EtOAc/heptane 2:3).
Rt = 0.48 (EtOAc/heptane 3:2); m.p.: 99-101 °C; *H NMR (400 MHz, DMSO-ds) & 6.54 (dd,
J=5.6, 1.9 Hz, 1H), 6.06 (d, J = 5.6 Hz, 1H), 5.00 (d, J = 1.9 Hz, 1H), 3.78 — 3.35 (m, 8H),
3.20 (d, J = 4.9 Hz,1H), 2.78 (qd, J = 10.2, 4.9 Hz, 1H), 1.62 (s, 3H); *C NMR (101 MHz,
DMSO-dg) 6 167.0, 137.4, 135.6, 127.3 (d, YJcr = 283.3 Hz), 88.4, 78.2 (q, *Jcr = 2.3 Hz), 66.5,
66.2, 51.1 (q, 2Jcr = 26.3 Hz), 46.5, 44.6, 42.6, 17.5; F NMR (377 MHz, DMSO-ds) § -66.19;
IR (neat) cm™: 1625 (s, C=0); HRMS (ESI) calcd for [C13H17FsNO3] [M+H]* 292.1155, found
292.1159.
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Intramolecular Diels Alder

(3aS",6R",7R",7aR")-2-Methyl-7-(trifluoromethyl)-2,3,7,7a-tetrahydro-3a,6-epoxy-iso-
indol-1(6H)-one (2.44)

B o Following general procedure A using (E)-4,4,4-trifluorocrotonic acid 2.1
- A (925 mg, 6.41 mmol) and N-methylfurfurylamine (748 mg, 6.73 mmol) af-
N Me  forded the crude amide, which was suspended in PhMe (320 mL) and refluxed
for 16 h. The reaction mixture was concentrated in vacuo and the crude product was purified
by flash column chromatography (EtOAc/heptane 2:1) to give the title compound as an off-
white solid (1.60 g, 95%).
Rt = 0.29 (EtOAc/heptane 2:1); m.p.: 120-122 °C; *H NMR (400 MHz, DMSO-ds) & 6.73 (d,
J=5.7Hz, 1H), 6.44 - 6.36 (m, 1H), 5.21 (dd, J = 4.3, 1.6 Hz, 1H), 4.10 (d, J = 11.8 Hz, 1H),
3.56 (d, J =11.8 Hz, 1H), 3.11 (qt, J = 9.9, 4.3 Hz, 1H), 2.78 (s, 3H), 2.59 (d, J = 4.4 Hz, 1H);
13C NMR (101 MHz, DMSO-dg) 6 170.6, 136.2, 133.5, 125.4 (q, *Jcr = 277.2 Hz), 90.6, 78.0
(9, 3Jcr = 2.8 Hz), 50.5, 49.4 (q, *Jcr = 1.8 Hz), 44.8 (q, 2cr = 27.1 Hz), 29.4; F NMR (377
MHz, DMSO-ds) 5 -64.18; IR (neat) cm™: 3073 (s, C=C-H), 1687 (s, C=0), 1634 (s, C=C);
HRMS (ESI) calcd for C1oH1:F3sNO, [M+H]* 234.0736, found 234.0736.

N-Benzylfurfurylamine (2.248)

N o_ Following general procedure C using benzylamine (3.12 mL, 28.6 mmol)

©/\H L/ afforded the title compound as a colorless oil (4.85 g, 91%) after purifica-
tion by flash column chromatography (EtOAc/heptane/EtsN 20:80:1).
R¢ = 0.21 (EtOAc/heptane/Et;N 20:80:1); *H NMR (400 MHz, CDCls) 6 7.38 (dd, J=1.9, 0.8
Hz, 1H), 7.36 — 7.30 (m, 4H), 7.29 — 7.23 (m, 1H), 6.33 (dd, J = 3.2, 1.8 Hz, 1H), 6.22 — 6.12
(m, 1H), 3.80 (s, 4H); °C NMR (101 MHz, CDCls) § 153.8, 141.9, 139.8, 128.4 (2C), 128.3
(2C), 127.1, 110.1, 107.1, 52.8, 45.4. All spectroscopic data were consistent with those in the
literature. (349

(3aS",6R",7R",7aR")-2-Benzyl-7-(trifluoromethyl)-2,3,7, 7a-tetrahydro-3a,6-epoxyiso-
indol-1(6H)-one (2.45)

fo Following general procedure A using (E)-4,4,4-trifluorocrotonic acid 2.1
3

z M P (2.66 g, 18.4 mmol) and N-benzylfurfurylamine 2.248 (3.55 g, 19.0 mmol) af-
N B forded the crude amide, which was suspended in PhMe (95 mL) and refluxed

for 16 h. The reaction mixture was concentrated in vacuo and the crude product was purified
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by flash column chromatography (EtOAc/heptane 3:7) to give the title compound as an off-
white solid (1.60 g, 95%).

Rt = 0.27 (EtOAc/heptane 3:7); m.p.: 126-128 °C; 'H NMR (400 MHz, DMSO-ds) & 7.38 —
7.31 (m, 2H), 7.31-7.21 (m, 3H), 6.72 (d, J = 5.7 Hz, 1H), 6.41 (dp, J=5.1, 1.7 Hz, 1H), 5.24
(dd, J=4.3, 1.6 Hz, 1H), 4.48 (d, J = 15.3 Hz, 1H), 4.42 (d, J = 15.2 Hz, 1H), 4.02 (d, J = 11.9
Hz, 1H), 3.50 (d, J = 11.9 Hz, 1H), 3.21 (qt, J = 10.0, 4.3 Hz, 1H), 2.77 (d, J = 4.3 Hz, 1H);
13C NMR (101 MHz, DMSO-dg) 6 171.5, 136.9, 136.7, 134.1, 129.0 (2C), 127.9 (2C), 127.7,
124.6 (q, YJce=277.5 Hz), 91.1, 78.6 (g, 3Jcr = 2.7 Hz), 50.0 (d, *Jcr = 1.9 Hz), 48.8, 46.0, 45.4
(9, XJcr = 27.0 Hz); F NMR (377 MHz, DMSO-ds) § -64.13; IR (neat) cm*: 3030 (m, C=C—
H), 1667 (s, C=0); HRMS (ESI) calcd for CisH1sFsNO, [M+H]* 310.1049, found 310.1048.

N-2-Methoxyethylfurfurylamine (2.249)

MeO\/\N«LO) Following general procedure C using 2-methoxyethylamine (4.05 mL,
: 46.6 mmol) afforded the title compound as a yellow oil (6.60 g, 91%) after
purification by flash column chromatography (EtOAc/heptane/EtsN 50:50:1).

Rt = 0.26 (EtOAc/heptane/EtsN 50:50:1); *H NMR (400 MHz, CDCls) § 7.33 (dd, J=1.9,0.8
Hz, 1H), 6.28 (dd, J = 3.2, 1.9 Hz, 1H), 6.16 (dd, J = 3.2, 0.8 Hz, 1H), 3.78 (d, J = 0.7 Hz, 2H),
3.54 —3.44 (m, 2H), 3.33 (s, 3H), 2.81 — 2.74 (m, 2H); *C NMR (101 MHz, CDCls) & 153.9,
141.9, 110.2, 107.0, 72.0, 58.9, 48.5, 46.3; IR (neat) cm™: 3333 (br., N-H), 1530 (m, C=C);
HRMS (ESI) calcd for [CsH1sNO:] [M+H]" 156.1019, found 156.0992.

(3aS",6R",7R",7aR")-2-(2-Methoxyethyl)-7-(trifluoromethyl)-2,3,7,7a-tetrahydro-3a,6-
epoxyisoindol-1(6H)-one (2.46)

fe o Following general procedure A using (E)-4,4,4-trifluorocrotonic acid 2.1
= H _owe (2.02 g, 14.0 mmol) and N-2-methoxyethylfurfurylamine 2.249 (2.28 g,
N 14.7 mmol) afforded the crude amide, which was suspended in PhMe (700
mL) and refluxed for 16 h. The reaction mixture was concentrated in
vacuo and the crude product was purified by flash column chromatography (EtOAc/heptane
2:1) to give the title compound as a yellow oil (2.34 g, 60%).
Rt = 0.30 (EtOAc/heptane 2:1); *H NMR (400 MHz, DMSO-dg) & 6.74 (d, J = 5.8 Hz, 1H),
6.41 (dp, J =5.2, 1.7 Hz, 1H), 5.21 (dd, J = 4.3, 1.7 Hz, 1H), 4.14 (d, J = 12.0 Hz, 1H), 3.65
(d, J=12.0 Hz, 1H), 3.57 — 3.48 (m, 1H), 3.44 (p, J = 5.2 Hz, 2H), 3.28 — 3.26 (m, 1H), 3.27
—3.2(m, 4H), 2.62 (d, J = 4.3 Hz, 1H); **C NMR (101 MHz, DMSO-ds) 6 170.7, 136.2, 133.6,
125.4 (q, YJcr = 277.1 Hz), 90.7, 78.0 (q, *Jcr = 2.8 Hz), 69.5, 57.9, 49.5 (d, 3Jce = 1.9 Hz),
49.4, 44.8 (q, 2Jcr = 27.1 Hz), 41.8; °F NMR (377 MHz, DMSO-ds) § -64.16; IR (neat) cm:
1675 (s, C=0); HRMS (ESI) calcd for C12H14F3NOs [M+H]* 278.0999, found 278.0999.
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N-Allylfurfurylamine (2.250)

Following general procedure C using allylamine (1.83 mL, 24.5 mmol) af-

\/\Nﬁ forded the title compound as a yellow oil (2.69 g, 80%) after purification b
h 1) fo P y (2.69 g, 80%) p y

flash column chromatography (EtOAc/heptane/EtsN 40:60:1).
Rt = 0.26 (EtOAc/heptane/EtsN 40:60:1); *H NMR (400 MHz, CDCls) § 7.34 (dd, J=1.9,0.8
Hz, 1H), 6.29 (dd, J = 3.2, 1.8 Hz, 1H), 6.16 (dd, J = 3.2, 0.8 Hz, 1H), 5.89 (ddt, J = 17.2, 10.3,
6.0 Hz, 1H), 5.18 (dg, J = 17.2, 1.6 Hz, 1H), 5.10 (dqg, J = 10.2, 1.4 Hz, 1H), 3.77 (s, 2H), 3.24
(dt, J = 6.0, 1.5 Hz, 2H); 3C NMR (101 MHz, CDCl3) & 153.9, 141.9, 136.5, 116.4, 110.2,
107.1, 51.5, 45.4. All spectroscopic data were consistent with those in the literature.%

(3aS",6R",7R",7aR")-2-Allyl-7-(trifluoromethyl)-2,3,7, 7a-tetrahydro-3a,6-epoxyisoindol-
1(6H)-one (2.47)

FC L o Following general procedure A using (E)-4,4,4-trifluorocrotonic acid 2.1
"ﬁ = (1.47 g, 10.2 mmol) and N-allylfurfurylamine 2.250 (1.47 g, 10.7 mmol) af-
@ N forded the crude amide, which was suspended in PhMe (500 mL) and re-
fluxed for 16 h. The reaction mixture was concentrated in vacuo and the crude product was
purified by flash column chromatography (EtOAc/heptane 1:1) to give the title compound as
an off-white solid (1.98 g, 75%).

Rt = 0.35 (EtOAc/heptane 1:1); m.p.: 126-128 °C; *H NMR (400 MHz, CDCls) § 6.58 (d, J =
5.8 Hz, 1H), 6.41 (dp, J = 5.2, 1.7 Hz, 1H), 5.74 (ddt, J = 17.3, 9.9, 5.9 Hz, 1H), 5.27 — 5.18
(m, 2H), 5.16 (dd, J = 4.3, 1.7 Hz, 1H), 4.05 — 3.88 (m, 3H), 3.64 (d, J = 12.0 Hz, 1H), 3.23
(qt,J=9.2,4.3 Hz, 1H), 2.58 (d, J = 4.2 Hz, 1H); *C NMR (101 MHz, CDCl3) § 170.9, 135.0,
134.7,131.7, 124.9 (q, Ncr = 277.1 Hz), 118.3, 90.5, 78.8 (q, *Jcr = 2.8 Hz), 50.2 (d, *Jcr = 1.8
Hz), 48.8, 45.7 (0, 2Jcr = 28.3 Hz), 45.4; *F NMR (377 MHz, CDCls) & -65.58; IR (neat) cm-
1: 3024 (m, C=C-H), 1673 (s, C=0), 1646 (s, C=C); HRMS (ESI) calcd for C1,H13FsNO,
[M+H]* 260.0893, found 260.0894.

(3aS",4S",5R",6S",7R",7aR")-4,5-Dihydroxy-2-methyl-7-(trifluoromethyl)hexahydro-3a,6-
epoxyisoindol-1(4H)-one (2.49)

FC (0 To a solution of 2.44 (794 mg, 3.06 mmol, 90% purity) in THF/H,O (4:1,

@“;‘(NMG 35 mL), was added N-methylmorpholine oxide (538 mg, 4.60 mmol) and
HO K>0s04-(H20). (56.5 mg, 0.153 mmol) and the reaction mixture was stirred
2 hat21 °C. The reaction was dried over MgSQO4 and concentrated in vacuo.
The crude product was purified by flash column chromatography (EtOAC) to give the title
compound as a beige solid (668 mg, 82%).

OH

179



Rr = 0.30 (EtOAC); m.p.: 195-197 °C; 'H NMR (400 MHz, DMSO-ds) 5 5.12 (d, J = 6.0 Hz,
1H), 4.97 (d, J = 6.3 Hz, 1H), 4.32 (d, J = 5.0 Hz, 1H), 4.11 (t, J = 6.0 Hz, 1H), 3.97 (t, J = 6.3
Hz, 1H), 3.72 (d, J = 12.0 Hz, 1H), 3.42 (d, J = 12.0 Hz, 1H), 2.90 (qt, J = 10.4, 5.0 Hz, 1H),
2.79 (d, J = 5.5 Hz, 1H), 2.76 (s, 3H); °C NMR (101 MHz, DMSO-ds) & 170.9, 125.8 (q, “Jcr
= 277.5 Hz), 90.6, 82.1 (d, 3Jcr = 2.4 Hz), 71.0, 70.7 (q, 3Jcr = 2.7 Hz), 49.2, 47.1 (d, 3Jcr = 2.6
Hz), 45.7 (q, 2Jcr = 27.6 Hz), 29.5; °F NMR (377 MHz, DMSO-ds) & -68.54; IR (neat) cm-:
3481 (s, 0-H), 3317 (br., O-H), 1683 (s, C=0):; HRMS (ESI) calcd for CyoH12FsNOs [M+H]*
268.0791, found 268.0792.

(3aS",45" 5R",6S",7R", 7aR")-2-Benzyl-4,5-dihydroxy-7-(trifluoromethyl)hexahydro-3a,6-
epoxyisoindol-1(4H)-one (2.50)

fC o To a solution of 2.45 (2.13 g, 6.89 mmol) in THF/HO (5:1, 60 mL), was
. added N-methylmorpholine oxide (1.29 g, 11.0 mmol) and K,0sO4-(H20)2
HO,@:‘(N BN (127 mg, 344 pmol) and the reaction mixture was stirred 2 h at 21 °C. THF
OH was removed in vacuo and then added sat. ag. NaHCO; (30 mL). The
aqueous phase was extracted with CH,Cl, (3x 60 mL) and the combined organic layers were
dried over MgSQ, and concentrated in vacuo. The crude product was purified by flash column
chromatography (EtOAc/heptane 1:1) to give the title compound as a beige amorphous solid
(2.10 g, 89%).
Rr = 0.22 (EtOAc/heptane 1:1); 'H NMR (400 MHz, CDCls) § 7.37 — 7.26 (m, 3H), 7.24 —
7.18 (m, 2H), 4.56 — 4.38 (m, 4H), 4.01 (d, J = 5.8 Hz, 1H), 3.64 (d, J = 12.3 Hz, 1H), 3.49 (d,
J =12.4 Hz, 1H), 3.13 (br. s, 2H), 3.05 (tt, J = 9.9, 5.1 Hz, 1H), 2.65 (d, J = 5.0 Hz, 1H); 3C
NMR (101 MHz, CDCl3) § 171.1, 135.5, 129.1 (2C), 128.2 (2C), 128.1, 125.2 (d, Ycr = 277.5
Hz), 90.9, 82.6 (q, *Jcr = 2.1 Hz), 72.4, 72.0 (q, J = 2.8 Hz), 48.2 (q, 3Jcr = 1.9 Hz) 47.2 (2C),
46.8 (g, 2Jcr = 29.0 Hz); °F NMR (377 MHz, CDCls) § -64.89; IR (neat) cm™: 3389 (br., O—
H), 3032 (m, C=C-H), 1670 (s, C=0), 1532 (m, C=C); HRMS (ESI) calcd for [C1sH17F3sNOa]
[M+H]* 344.1104, found 344.1100.

(3aS",4S",5R",6S",7R",7aR")-4,5-Dihydroxy-2-(2-methoxyethyl)-7-(trifluoromethyl)hexa-
hydro-3a,6-epoxyisoindol-1(4H)-one (2.51)

F.C o To a solution of 2.46 (460 mg, 1.66 mmol) in THF/H,O (4:1, 15 mL),
- _/ome was added N-methylmorpholine oxide (311 mg, 2.65 mmol) and
HO@:(N K>0504-(H20), (30.6 mg, 83.0 umol) and the reaction mixture was
OH stirred 2 h at 21 °C. The reaction was dried over MgSO4 and concen-
trated in vacuo. The crude product was purified by flash column chromatography
(CH2Cl/MeOH 9:1) to give the title compound as a light-yellow solid (436 mg, 84%).
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Rr = 0.48 (CH.Clo/MeOH 9:1); m.p.: 109-111 °C; *H NMR (400 MHz, DMSO-ds) & 5.06 (d,
J =59 Hz, 1H), 4.94 (d, J = 6.1 Hz, 1H), 4.33 (d, J = 5.0 Hz, 1H), 4.12 (t, J = 5.9 Hz, 1H),
3.99 (t, J = 6.1 Hz, 1H), 3.76 (d, J = 12.0 Hz, 1H), 3.53 (d, J = 12.1 Hz, 1H), 3.50 — 3.39 (m,
3H), 3.31— 3.28 (m, 1H), 3.25 (s, 3H), 2.90 (qt, J = 10.2, 5.0 Hz, 1H), 2.83 (d, J = 5.4 Hz, 1H);
13C NMR (101 MHz, DMSO-ds) 8 170.9, 125.7 (q, Ycr = 277.8 Hz), 90.7, 82.0 (d, 3Jcr = 2.4
Hz), 71.0, 70.6 (d, 3Jcr = 3.0 Hz), 69.6, 57.9, 48.07, 47.1 (d 3Jcr = 2.6 Hz), 45.7 (q, 2Jcr = 27.6
Hz), 41.9; F NMR (377 MHz, DMSO-ds) 5 -63.23; IR (neat) cm: 3471 (s, O—H), 3306 (br.,
O-H), 1667 (s, C=0); HRMS (ESI) calcd for C1,H17FsNOs [M+H]* 312.1053, found 312.1053.

(3aR",7S",8R",8aR")-2,5-Dimethyl-8-(trifluoromethyl)octahydro-1H-3a,7-epoxypyrrolo
[3,4-c]azepin-1-one (2.52)

FC o Following general procedure D using 2.49 (105 mg, 393 umol) and methyl-
S amine (33% in EtOH, 1.95 mL, 15.7 mmol) afforded title compound as a
@Nm white solid (66.0 mg, 64%) after purification by flash column chromato-
graphy (EtOAc/heptane/EtsN 70:30:2).
R = 0.25 (EtOAc/heptane 7:3); m.p.: 96-98 °C; *H NMR (400 MHz, DMSO-dg) & 4.49 (d, J
= 6.4 Hz, 1H), 3.40 (d, J = 11.4 Hz, 1H), 3.29 (d, J = 11.4 Hz, 1H), 3.15 (d, J = 6.1 Hz, 1H),
3.02 (qt, J =10.4,6.2 Hz, 1H), 2.81 (d, J = 10.8 Hz, 1H), 2.72 (d, J = 0.7 Hz, 3H), 2.67 (d, J =
12.2 Hz, 1H), 2.29 — 2.23 (m, 2H), 2.18 (s, 3H); *C NMR (101 MHz, DMSO-dg) 6 171.9,
126.3 (q, YJcr = 278.3 Hz), 83.9, 75.8 (d, ®Jcr = 2.3 Hz), 58.9, 54.6, 54.3, 49.7 (q, 3Jcr = 1.8
Hz), 49.1 (q, 2cr = 28.4 Hz), 45.0, 29.7; °F NMR (377 MHz, DMSO-ds) & -63.73; IR (neat)
cmt: 1687 (s, C=0); HRMS (ESI) calcd for C11H16FsN202 [M+H]* 265.1158, found 265.1158.

Me’

(3aR",7S",8R",8aR")-5-Benzyl-2-methyl-8-(trifluoromethyl)octahydro-1H-3a, 7-epoxy-
pyrrolo[3,4-clazepin-1-one (2.53)

FC o Following general procedure D using 2.49 (108 mg, 393 umol) and benzyl-
NS amine (52.9 pL, 484 pmol) afforded title compound as a white solid
(N@:(NM(% (85.5mg, 63%) after purification by flash column chromatography
Brf (EtOAc/heptane 3:2).
Rt = 0.29 (EtOAc/heptane 3:2); m.p.: 119-121 °C;*H NMR (400 MHz, CDCl3) 6 7.35 - 7.25
(m, 5H), 4.48 (d, J = 6.4 Hz, 1H), 3.71 (d, J = 12.9 Hz, 1H), 3.52 — 3.27 (m, 3H), 3.25 (d, J =
11.3 Hz, 1H), 3.10 (qt, J =9.7, 6.1 Hz, 1H), 2.95 (d, J = 12.2 Hz, 1H), 2.82 (s, 3H), 2.76 — 2.56
(m, 2H), 2.39 (d, J = 11.0 Hz, 1H); **C NMR (101 MHz, CDCls) 5 170.1, 135.1, 127.2 (2C),
126.6 (2C), 125.7, 123.6 (q, *Jcr = 278.2 Hz), 81.7, 74.5, 60.0, 54.5, 53.0, 51.1, 47.9 (q, 2Jcr =
29.4 Hz), 47.8, 28.0; 1°F NMR (377 MHz, CDCl5) & -64.99; IR (neat) cm™: 1681 (s, C=0);
HRMS (ESI) calcd for C17H20FsN202 [M+H]* 341.1471, found 341.1471.
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3aR",7S",8R",8aR")-5-(2-Methoxyethyl)-2-methyl-8-(trifluoromethyl)octahydro-1H-3a,7-
epoxypyrrolo[3,4-clazepin-1-one (2.54)

FC L o Following general procedure D using 2.49 (102 mg, 382 pumol) and methyl-
2 amine (33% in EtOH, 1.95 mL, 15.7 mmol) afforded title compound as a light
MNM& yellow oil (72.0 mg, 61%) after purification by flash column chromatography
QOMe (EtOAc/heptane/EtsN 60:10:1).
Rr = 0.26 (EtOAc/heptane 6:1); *H NMR (400 MHz, CD3;0OD) & 4.57 (d, J = 6.3 Hz, 1H), 3.60
(td, J = 5.6, 1.3 Hz, 2H), 3.56 (d, J = 11.6 Hz, 1H), 3.48 (d, J = 9.5 Hz, 1H), 3.46 (d, J = 4.3
Hz, 1H), 3.42 (s, 3 H), 3.20 — 3.07 (m, 1H), 3.04 — 2.97 (m, 2H), 2.94 (s, 3H), 2.70 (td, J = 5.6,
1.5 Hz, 2H), 2.64 (d, J = 10.9 Hz, 1H), 2.59 (dd, J = 12.2, 2.8 Hz, 1H); *C NMR (101 MHz,
CDs0D) & 174.7, 127.1 (q, YJcr = 277.6 Hz), 85.1, 77.8 (q, 3Jcr = 2.2 Hz), 71.6, 58.8, 58.6,
57.4,56.0, 53.8, 51.2 (q, 3Jcr = 1.9 Hz), 51.0 (q, 2Jcr = 29.3 Hz), 30.1; °F NMR (377 MHz,
CD;0D) § -66.24; IR (neat) cm™: 1690 (s, C=0); HRMS (ESI) calcd for CisHzoFsN,Os
[M+H]* 309.1421, found 309.1422.

(3aR*,75*,8R*,8aR*)-2-(2-Methoxyethyl)-5-methyl-8-(trifluoromethyl)octahydro-1H-
3a,7-epoxypyrrolo[3,4-c]azepin-1-one (2.55)

FC | o Following general procedure D using 2.51 (144 mg, 463 pmol) and
@NIOMG methylamine (85.8 L, 689 pmol) afforded title compound as a color-
N less oil (84.0 mg, 59%) after purification by flash column chromato-
graphy (EtOAc/heptane/EtsN 70:30:2).

Rr = 0.24 (EtOAc/heptane 7:3); *H NMR (400 MHz, CDs;0OD) & 4.38 (d, J = 6.6 Hz, 1H), 3.45
—3.39 (m, 5H), 3.32 —3.25 (m, 1H), 3.25—3.22 (m, 4H), 2.94 (qt, J = 9.9, 6.2 Hz, 1H), 2.75 -
2.66 (m, 2H), 2.31 —2.21 (m, 2H), 2.16 (s, 3H); *C NMR (101 MHz, CD3;0D) & 174.9, 128.5
(9, Ner = 277.3 Hz), 85.2, 77.6 (g, 3Jcr = 1.9 Hz), 71.0, 60.0, 58.9, 55.4, 55.0, 51.4 (q, *Jcr =
1.9 Hz), 51.1 (q, 2Jcr = 29.2 Hz), 44.9, 43.8; *F NMR (377 MHz, CD;0D) & -66.51; IR (neat)
cmt: 1689 (s, C=0); HRMS (ESI) calcd for C1sH20FsN203 [M+H]* 309.1421, found 309.1421.

Me’

(3aR*,75*,8R*,8aR*)-2-Benzyl-5-methyl-8-(trifluoromethyl)octahydro-1H-3a,7-epoxy-
pyrrolo[3,4-clazepin-1-one (2.56)

S L o To a solution of 2.50 (110 mg, 320 pmol) in MeOH/H,O (9:1, 4 mL), was

5 added NalO4 (137 mg, 641 pmol) and the suspension was stirred 2 h at
@NBH 21 °C. Then, MeOH was removed in vacuo and the crude was suspended in
Me’ sat. ag. NaHCOs3 (4 mL) and extracted with CH2Cl, (3x 4 mL). The combined
organic layers were dried over Na;SOy, filtered, and concentrated in vacuo. The crude di-
aldehyde was dissolved in anhydrous MeOH (7 mL), added methylamine (33% in EtOH,

182



44.0 pL, 354 pmol) and 3A molecular sieves, and stirred under a N, atmosphere for 30 min at
21 °C. The mixture was then cooled to 0 °C and NaBHsCN (80.8 mg, 1.29 mmol) was added
portion wise. After stirring 1 h at 0 °C, cooling was removed and the mixture was stirred 16 h
at 21 °C. Molecular sieves were removed by filtration through celite and the filtrate was con-
centrated in vacuo. The crude was purified by flash column chromatography
(EtOAc/heptane/EtsN 33:67:2) to give the title compound as an off-white solid (64.0 mg, 58%).
Rt = 0.27 (EtOAc/heptane 1:2); m.p.: 78-80 °C; *H NMR (400 MHz, CDs0D) § 7.54 — 7.16
(m, 5H), 4.64 (d, J = 14.9 Hz, 1H), 4.59 (ddd, J = 6.4, 2.7, 1.4 Hz, 1H), 4.48 (d, J = 14.9 Hz,
1H), 3.51 (d, J = 6.0 Hz, 1H), 3.46 — 3.37 (m, 3H), 3.21 (qt, J = 9.9, 6.2 Hz, 1H), 2.93 — 2.85
(m, 2H), 2.46 — 2.40 (m, 2H), 2.34 (s, 3H); **C NMR (101 MHz, CDs0D) § 174.8, 137.1, 129.8
(2C), 129.0 (2C), 128.8, 127.1 (q, Jcr = 277.5 Hz), 85.0, 77.7 (d, 3Jcr = 2.2 Hz), 59.9, 55.4,
53.4,51.5(q, *Jcr = 2.0 Hz), 51.1 (g, 2Jcr = 29.2 Hz), 47.5, 44.9; **F NMR (377 MHz, CD;0D)
8 -66.50; IR (neat) cm™: 1682 (s, C=0); HRMS (ESI) calcd for Ci7H2F3N.0, [M+H]*
341.1471, found 341.1471.

(55",6R",6aR",9aS")-2,3,8-Trimethyl-6-(trifluoromethyl)octahydro-5,9a-epoxypyrrolo
[3,4-d][1,2]diazocin-7(1H)-one (2.57)

FsC y O Following general procedure D using 2.49 (95.0 mg, 356 umol) and N,N -
~ dimethylhydrazine dihydrochloride (52.1 mg, 392 umol) afforded title com-

3 N-Me
LO ; pound as a colorless oil (23.0 mg, 22%) after purification by flash column
Me” me chromatography (EtOAc/MeOH/NH; 380:20:1).

Rt = 0.25 (EtOAC/MeOH/NH; 380:20:1); *H NMR (400 MHz, a) 5 4.51 (dd,
J=7.7,4.0 Hz, 1H), 3.48 (d, J = 11.6 Hz, 1H), 3.42 (d, J = 8.0 Hz, 1H), 3.38 — 3.31 (m, 2H),
3.25 (dd, J = 14.9, 4.0 Hz, 1H), 3.15 — 3.01 (m, 1H), 2.87 — 2.76 (m, 4H), 2.70 — 2.58 (m, 1H),
2.56 (s, 3H), 2.46 (s, 3H); °C NMR (101 MHz, CDsOD) § 174.9, 127.1 (q, YJcr = 277.7 Hz),
89.2, 80.5 (q, Jcr = 1.8 Hz), 63.6, 59.6, 56.6, 52.6 (q, 2Jcr = 28.4 Hz), 51.7, 40.9, 34.7, 29.7;
19F NMR (377 MHz, CDs0OD) § -65.24; IR (neat) cm: 1689 (s, C=0); HRMS (ESI) calcd for
C12H1sF3NsO, [M+H]* 294.1424, found 294.1424.

(3aR",4R",55",13aR")-2-Methyl-4-(trifluoromethyl)-1,2,4,5,6,7,12,13-octahydro-5,13a-
epoxybenzo[b]pyrrolo[3,4-f][1,4]diazecin-3(3aH)-one (2.58)

FC n 0 Following general procedure D using 2.49 (52.0 mg, 195 pmol) and o-
/\\\\(ot—lf/{N_Me phenylenediamine (23.2 mg, 214 umol) afforded title compound as a light
HN ; brown amorphous solid (10 mg, 15%) after purification by preparative RP-
©/NH HPLC using eluents A (H-0) and B (MeCN) in a linear gradient (5% B to

100% B) in 21 min.
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IH NMR (400 MHz, CDCls) & 7.11 (dd, J = 8.3, 1.5 Hz, 1H), 6.9 (td, J = 7.6, 1.4 Hz, 1H),
6.81 — 6.74 (M, 2H), 4.65 — 4.60 (m, 1H), 3.47 — 3.33 (m, 4H), 3.29 — 3.19 (m, 1H), 3.16 (d, J
= 11.3 Hz, 1H), 3.02 (d, J = 12.2 Hz, 1H), 2.94 — 2.89 (m, 1H), 2.89 (s, 3H); *C NMR (101
MHz, CDCls) § 171.8, 140.6, 137.3, 126.2, 122.7, 121.8, 120.1, 117.0, 83.9, 77.2, 56.0, 54.9,
50.1, 49.6, 49.4 (d, 2Jcr = 29.0 Hz), 30.0; °F NMR (377 MHz, CDCls) 5 -64.88; IR (neat) cm
1: 3448 (br., N-H), 3359 (br., N-H), 1680 (s, C=0), 1500 (m, C=C); HRMS (ESI) calcd for
C16H19FsN30; [M+H]* 342.1424, found 342.1425.

(2S7,3R",3aR",6aS")-2,6a-Bis(hydroxymethyl)-5-methyl-3-(trifluoromethyl)hexahydro-
4H-furo[2,3-c]pyrrol-4-one (2.61)

To a solution of 2.49 (127 mg, 0.475 mmol) in MeOH/HO (1:1, 6 mL)

F3C 0
HO_ w8 was added NalOs (203 mg, 0.951 mmol) and the reaction mixture was
o - "Me stirred at 22 °C for 2. Precipitate was removed by filtration and the filtrate
~oH was cooled to 0 °C. NaBH. (90 mg, 2.38 mmol) was added and the mixture

was stirred at 22 °C for 1 h. The mixture was concentrated in vacuo and purified directly by
flash column chromatography (EtOAc/MeOH 9:1) to give the title compounds as a light-yellow
oil (106 mg, 83%)

R = 0.30 (CH.Cl/MeOH 9:1); *H NMR (400 MHz, CD30D) & 4.20 (dddq, J = 7.4, 5.6, 3.6,
1.7 Hz, 1H), 3.97 —3.79 (m, 3H), 3.77 — 3.65 (m, 2H), 3.55 (d, J = 11.4 Hz, 1H), 3.29 (s, 1H),
3.22 (tdd, J=12.0, 6.6, 3.1 Hz, 1H), 2.98 (s, 3H); *C NMR (101 MHz, CD3;0D) § 173.3, 127.6
(9, Ncr = 279.6 Hz), 85.5, 80.9, 65.1, 61.5 (q, *Jcr = 2.3 Hz), 59.1, 51.7 (d, ®Jcr = 2.0 Hz), 49.6
(9, 3Jcr = 27.9 Hz), 29.9; °F NMR (377 MHz, CD30D) & -66.52; IR (neat) cm™: 3433 (s, O—
H), 3204 (br., O-H), 1667 (s, C=0); HRMS (ESI) calcd for C1oH15FsNO, [M+H]* 270.0948,
found 270.0948.

(2S7,3R",3aR",6aS")-5-Benzyl-2,6a-bis(hydroxymethyl)-3-(trifluoromethyl)hexahydro-
4H-furo[2,3-c]pyrrol-4-one (2.62)

ho G H O To a solution of 2.50 (144 mg, 0.419 mmol) in MeOH/H-0 (9:1, 10 mL)
\W(ﬁN—Bn was added NalO. (179 mg, 0.839 mmol) and the reaction mixture was
° \ stirred at 22 °C for 2 h. Precipitate was removed by filtration and the filtrate

was added sat. ag. NaHCOs; (10 mL) and CH.Cl, (20 mL). The layers were

separated and the aqueous phase was extracted with CH.Cl, (2 x 20 mL). The combined
organic layers were dried over MgSO., filtered, and concentrated in vacuo. The crude di-
aldehyde was dissolved in MeOH (5 mL) and cooled to 0 °C. NaBH,4 (80 mg, 2.10 mmol) was
added and the mixture was stirred at 22 °C for 1 h. Sat. ag. NaHCO3 (10 mL) was added and
the suspension was extracted with CH2Cl, (5 x 10 mL). The combined organic layers were
dried over MgSOy, filtered, and concentrated in vacuo. The crude product was purified by flash
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column chromatography (EtOAc/heptane 3:1) to give the title compounds as a colorless oil
(134 mg, 93%)

Rt = 0.32 (EtOAc/heptane 3:1); 'H NMR (400 MHz, DMSO-ds) & 7.41 — 7.18 (m, 5H), 5.24
(t, J=5.7 Hz, 1H), 4.93 (t, J = 5.4 Hz, 1H), 4.53 — 4.36 (m, 2H), 3.95 (dtt, J = 7.9, 4.1, 1.7 Hz,
1H), 3.71 - 3.63 (m, 1H), 3.61 (d, J = 11.1 Hz, 1H), 3.57 — 3.47 (m, 1H), 3.41 (d, J = 5.2 Hz,
2H), 3.27 — 3.15 (m, 4H); *C NMR (101 MHz, DMSO-ds) 5 170.7, 136.2, 128.7 (2C), 127.6
(2C), 127.5, 126.5 (q, YJcr = 280.5 Hz), 83.8, 79.6, 63.2, 59.4, 54.7, 49.7, 47.5 (¢, 2Jcr = 26.8
Hz), 45.6; 1°F NMR (377 MHz, DMSO-ds) & -63.98; IR (neat) cm*: 3393 (br., O—H), 1672 (s,
C=0); HRMS (ESI) calcd for C16H19FsNO4 [M+H]* 346.1261, found 346.1262.

(3aS",45" 5R",5aR",8aS",8bS")-2,2,7-Trimethyl-5-(trifluoromethyl)hexahydro-4,8a-epoxy
[1,3]dioxolo[4,5-¢e]isoindol-6(4H)-one (2.63)

FC o To asuspension of 2.49 (80.0 mg, 93% purity, 278 umol) in acetone (3 mL)
@NMG was added 2,2-dimethoxypropane (0.685 mL, 5.57 mmol) and p-TsOH
o (0.5 mg, 2.8 umol) and the solution was stirred under a N, atmosphere for
Meﬁo 2 hat 21 °C. Then, sat. ag. NaHCOs (5 mL) was added and the mixture was
extracted with CH,Cl, (3x 5 mL). The combined organic layers were dried
over MgSQq, filtered, and concentrated in vacuo to give the title compound as an off-white
solid (84.2 mg, 98%).
m.p.: 121-123 °C; 'H NMR (400 MHz, CDCl3)  4.76 (dd, J = 5.2, 1.1 Hz, 1H), 451 (d, J =
5.0 Hz, 1H), 4.42 (d, J = 5.2 Hz, 1H), 3.79 (d, J = 12.0 Hz, 1H), 3.59 (d, J = 12.0 Hz, 1H), 3.03
(gt, J=10.0, 5.0 Hz, 1H), 2.90 (s, 3H), 2.53 (d, J = 5.0 Hz, 1H), 1.47 (s, 3H), 1.32 (s, 3H); 3C
NMR (101 MHz, CDCls) & 170.7, 125.3 (q, }Jcr = 277.8 Hz), 112.8, 89.2, 80.5 (g, *Jcr = 3.0
Hz), 80.3, 79.5 (q, *Jcr = 2.3 Hz), 49.6, 47.1 (q, 3Jcr = 2.2 Hz), 46.3 (q, Jcr = 29.2 Hz), 30.3,
26.0, 25.4; F NMR (377 MHz, CDCls) & -64.49; IR (neat) cm™: 1690 (s, C=0); HRMS (ESI)
calcd for C13H17FsNO4 [M+H]* 308.1104, found 308.1105.

(3aS",6R",7R",7aR")-2-Benzyl-7-(trifluoromethyl)hexahydro-3a,6-epoxyisoindol-1(4H)-
one (2.66)

Lo To a solution of 2.45 (100 mg, 0.323 mmol) in EtOH (4 mL) was added 10%
A Pd/C (34.4 mg, 32.3 mmol) and the resulting suspension was stirred under an
@ﬁ B atmosphere of H, for 2 h. The reaction was filtered through a pad of celite and
the filtrate was concentrated in vacuo to give the title compound as an off-white solid (99.2 mg,
>95%).
m.p.: 103-105 °C; *H NMR (400 MHz, DMSO-dg) §7.39 — 7.32 (m, 2H), 7.32 - 7.25 (m, 1H),
7.26 —7.21 (m, 2H), 4.75 (t, J = 4.7 Hz, 1H), 4.43 (d, J = 3.0 Hz, 2H), 3.63 (d, J = 11.7 Hz,
1H), 3.44 (d, J = 11.7 Hz, 1H), 3.07 (ttd, J = 10.1, 5.2, 1.2 Hz, 1H), 2.97 (d, J = 5.2 Hz, 1H),
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1.92 - 1.66 (M, 4H); 3C NMR (101 MHz, DMSO-ds) 5 172.4, 136.9, 129.0 (2C), 127.9 (2C),
127.7,126.5 (q, YJcr = 277.6 Hz), 89.0, 76.6 (q, *Jcr = 2.6 Hz), 51.0 (d, *Jcr = 2.3 Hz), 49.5 (q,
2Jcr = 26.8 Hz), 49.1, 45.9, 28.1, 25.9; °F NMR (377 MHz, D-0) & -65.12; IR (neat) cm™:
3040 (w, C=C—H), 1674 (s, C=0)

(4R,5R)-2-benzyl-4-(trifluoromethyl)-4,5-dihydro-2H-isoindol-5-ol (2.68)

CFs To an ice-cooled solution of 2.45 (88.8 mg, 0.287 mmol) in anhydrous THF
HO\@stn (3 mL) was added LiAlIH4 (2.0 M in THF, 0.431 mL, 0.861 mmol). After stir-
= ring under an atmosphere of N for 1 h at 0 °C, cooling was removed and the
mixture was stirred another 17 h. Then, Na>SO4(H-0)10 was added portion wise until bubbling
ceased and precipitate was removed by filtration. The filtrate was concentrated in vacuo and
purified by flash column chromatography (EtOAc/heptane 1:3) to give the title compound as a
colorless oil (18.0 mg, 21%).
Rt = 0.60 (EtOAc/heptane 1:1); *H NMR (400 MHz, CDCls) § 7.39 — 7.27 (m, 3H), 7.21 —

7.06 (m, 2H), 6.66 (dd, J = 2.0, 1.1 Hz, 1H), 6.57 (d, J = 2.0 Hz, 1H), 6.51 (dt, J = 9.7, 1.0 Hz,
1H), 5.72 (dd, J = 9.7, 4.4 Hz, 1H), 5.00 (s, 2H), 4.65 (d, J = 5.1 Hz, 1H), 3.68 (qdd, J = 9.7,
4.4,1.0 Hz, 1H), 1.86 (s, 1H); 3C NMR (101 MHz, CDCl3) § 136.4, 127.9 (2C), 127.0, 126.3
(2C), 125.6 (q, YJcr = 280.0 Hz), 121.8, 121.6, 120.0, 117.8, 116.6, 108.5 (q, 3Jcr = 1.9 Hz),
63.9 (q, Jcr = 2.8 Hz), 52.7, 44.9 (g, 2Jor = 26.1 Hz).

(3aS",6R",7R",7aR")-2-Methyl-1-oxo-7-(trifluoromethyl)octahydro-3a,6-epoxyisoindole-
7-carboxylic acid (2.73)

H00c. CFs To an ice-cooled solution of trifluoromethylmaleic anhydride 2.3 (140 mg,
M 843 mmol) in PhMe (5.0 mL) was added N-methylfurfurylamine (94.0 mg,
NMe 844 mmol). After stirring 5 min. at 0 °C, cooling was removed and the tur-
bid reaction mixture was stirred another 24 h. Then, precipitate was collected by filtration and
washed with PhMe (3 x 5 ml). The crude IMDA-product was dissolved in MeOH (16 mL),
added 10% Pd/C (86.0 mg, 80.8 mmol), and stirred under an atmosphere of H, for 2 h. The
reaction was filtered through a pad of celite and the filtrate was concentrated in vacuo to give
the title compound as an off-white solid (226 mg, >95%).
m.p.: 222-224 °C; *H NMR (400 MHz, DMSO-ds) & 4.76 (d, J = 4.7 Hz, 1H), 3.66 — 3.54 (m,
2H), 2.96 (s, 1H), 2.74 (s, 3H), 2.03 — 1.90 (m, 1H), 1.90 — 1.79 (m, 2H), 1.74 (td, J = 11.7, 4.4
Hz, 1H); *C NMR (101 MHz, DMSO-ds) & 169.4, 166.4, 125.0 (d, *Jce = 280.7 Hz), 87.7,
82.0, 63.4 (q, Jcr = 23.8 Hz), 54.1 (d, *Jcr = 1.8 Hz), 50.6, 29.4, 29.0, 26.5 (d, 3Jcr = 2.8 Hz);
¥F NMR (377 MHz, DMSO-dg) § -63.21; IR (neat) cm™: 1741 (s, C=0), 1629 (s, C=0);
HRMS (ESI) calcd for [C11H13FsNO4] [M+H]* 280.0791, found 280.0775.
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((3aS",6R",7S",7aS")-2-Methyl-7-(trifluoromethyl)octahydro-3a,6-epoxyisoindol-7-yl)
methanol (2.74)

(10 mL) was added LiAlH4 (2.0 M in THF, 950 pL, 1.87 mmol). After stir-

ring 1 h at 0 °C, cooling was removed and the solution was stirred another
15 h under a nitrogen atmosphere. Then, Na,SO4(H20)10 was added portion wise until bubbling
ceased and precipitate was removed by filtration. The filtrate was concentrated in vacuo and
purified by flash column chromatography (CH.Cl./MeOH/NH3; 380:20:1) to give the title com-
pound as an off-white amorphous solid (23.5 mg, 30%).
R¢ = 0.14 (CH.Cly/MeOH/NH; 380:20:1); *H NMR (400 MHz, CD3;0D) 6 4.51 (d, J = 5.0 Hz,
1H), 3.87 (dg, J = 11.6, 1.9 Hz, 1H), 3.69 (d, J = 11.6 Hz, 1H), 2.94 (d, J = 11.4 Hz, 1H), 2.77
(d, J=11.4 Hz, 1H), 2.71 (dd, J = 8.7, 6.9 Hz, 1H), 2.57 — 2.41 (m, 2H), 2.38 (s, 3H), 2.13 —
2.01 (m, 1H), 1.95 — 1.73 (m, 3H); *C NMR (101 MHz, CD3;0D) § 128.9 (g, *Jcr = 281.9 Hz),
97.6, 80.7 (d, %Jcr = 1.9 Hz), 62.1 (q, 3Jcr = 2.4 Hz), 59.2 (q, 2Jcr = 21.7 Hz), 58.8, 55.5, 52.1
(9, 3Jcr = 2.8 Hz), 42.3, 30.9, 27.6 (q, 3Jcr = 2.4 Hz); **F NMR (377 MHz, CD;0D) & -66.89;
IR (neat) cm™: 3144 (br., O-H); HRMS (ESI) calcd for [C11H17FsNO2] [M+H]* 252.1206,
found 252.218.

. QFs‘H To an ice-cooled solution of 2.73 (87.0 mg, 312 umol) in anhydrous THF
i:; N—-Me

(3aS",6R",7R",7aR")-N,N,2-trimethyl-1-oxo-7-(trifluoromethyl)octahydro-3a,6-epoxy-iso-
indole-7-carboxamide (2.75)

o To a solution of 2.73 (77 mg, 278 umol) in MeCN (3.0 mL), was added
xS [ dimethylamine hydrochloride (45.3 mg, 556 pmol), DIPEA (200 pL,
N"Me " 1.11 mmol), and HATU (132 mg, 347 umol) and the mixture was stirred
16 h. The reaction mixture was concentrated in vacuo and purified directly by flash column
chromatography (CH.Cl,/MeOH 19:1) to give the title compound as a white solid (64.0 mg,
75%).
Rt =0.19 (CH.Cl/MeOH 19:1); m.p.: 137-139 °C; *H NMR (400 MHz, CDs0D) 6 5.31 (d, J
= 5.3 Hz, 1H), 3.73 (d, J = 11.8 Hz, 1H), 3.66 (d, J = 11.8 Hz, 1H), 3.31 (s, 1H), 3.12 — 3.07
(m, 6H), 2.90 (d, J = 0.7 Hz, 3H), 2.22 — 2.02 (m, 2H), 1.98 (ddd, J = 11.7, 8.5, 4.4 Hz, 1H),
1.87 (td, J = 11.7, 5.0 Hz, 1H); 3C NMR (101 MHz, CDs0D) & 172.8, 165.6, 126.5 (q, *Jcr =
282.1 Hz), 89.9, 83.6 (q, %Jcr = 2.2 Hz), 69.0 (q, 2Jcr = 24.7 Hz), 57.3 (q, *Jcr = 3.1 Hz), 52.0,
39.9 (d, ®Jcr = 3.5 Hz, 2C), 30.8, 30.3, 27.8 (q, 3Jcr = 2.7 Hz); F NMR (377 MHz, CD;0D)
8 -59.77; IR (neat) cm*: 1699 (s, C=0), 1631 (s, C=0); HRMS (ESI) calcd for [C1sH1sF3sN2O3]
[M+H]* 307.1264, found 307.1268.
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Pyrrole Diels-Alder
Compounds 2.86 and 2.89 were synthesized by BSc student Sanne L. Mgller. The remaining
compounds, except 2.76, 2.77, and 2.93, were synthesized by MSc student Daniela Dankova.

7-(tert-Butyl) 2-ethyl (1S",4R")-3-(trifluoromethyl)-7-azabicyclo[2.2.1]hepta-2,5-diene-
2,7-dicarboxylate (2.76)

A mixture of ethyl (E)-4,4,4-trifluoro-2-butynoate 2.4 (0.430 mL, 3.00 mmol)
CoLet and N-Boc-pyrrole (2.00 mL, 12.0 mmol) was subjected to microwave heating
ﬁi\/(/ at 120 °C for 2 h. The crude was purified directly by flash column chromato-
CF3 graphy (EtOAc/heptane 1:20 to 1:5) to afford the title compound as a yellow
oil (1.01 g, >95%).
Rt = 0.50 (EtOAc/heptane 1:5); *H NMR (400 MHz, CDCls) § 7.23 — 6.99 (m, 2H), 5.56 —
5.30 (m, 2H), 4.39 — 4.15 (m, 2H), 1.41 (s, 9H), 1.31 (t, J = 7.1 Hz, 3H); C NMR (101 MHz,
CDCl3) 6 162.0, 154.1, 143.4, 142.0, 131.6, 120.3, 82.0, 69.5, 68.3, 62.0, 28.1 (3C), 14.0. CF;
carbon not observed; *°F NMR (377 MHz, CDCls) & -62.14; IR (neat) cm™: 1715 (s, C=0),
1630 (s, C=0); HRMS (ESI) calcd. for [C1sH1sF3sNOsNa] [M+Na]* 356.1080, found 356.1090.

Boc
N

7-(tert-Butyl) 2-ethyl (1S",2R",3S",4R")-3-(trifluoromethyl)-7-azabicyclo[2.2.1]heptane-
2,7-dicarboxylate (ex0-2.77)

Boc To a solution of 2.76 (1.50 g, 4.50 mmol) in EtOH (45 mL) was added
LT;\\;CCF?ZH 5% Pd/C (0.958 g, 0.450 mmol) and the resulting suspension was stirred under
an atmosphere of H; at 22 °C for 1 h. The suspension was filtered through a
pad of celite and concentrated in vacuo to give the title compound as a transparent oil (1.46 g,
96%).
'H NMR (400 MHz, CDCls) 6 4.47 — 4.30 (m, 2H), 4.25 — 4.07 (m, 2H), 3.22 — 3.05 (m, 2H),
2.30-2.17 (m, 1H), 1.96 — 1.78 (m, 2H), 1.78 — 1.67 (m, 1H), 1.45 (s, 9H), 1.25 (t, J = 7.2 Hz,
3H); 3C NMR (101 MHz, CDCls) 6 169.2, 154.8, 125.7 (q, \Jcr =279.1 Hz), 80.9, 61.1, 59.1,
58.6, 46.1, 45.6, 28.3 (3C), 24.9, 23.8, 14.0; *®F NMR (377 MHz, DMSO-ds) & -59.43; IR
(neat) cm™: 1724 (s, C=0), 1703 (s, C=0).

(1S",2R",3S",4R")-7-(tert-Butoxycarbonyl)-3-(trifluoromethyl)-7-azabicyclo[2.2.1]
heptane-2-carboxylic acid (2.78)

Boc To a solution of ex0-2.77 (0.750 g, 2.20 mmol) in EtOH (22 mL) was added
Lb/gSOOH 2M ag. LiOH (4.45 mL) and the reaction mixture was stirred at 22 °C for 12 h.
The mixture was concentrated in vacuo, redissolved in water (30 mL), neutral-

ized with sat. aq. NH4Cl to pH 7, and extracted with EtOAc (5 x 60 mL). The combined organic
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layers were washed with brine (1 x 30 mL), dried over Na,;SQy, filtered, and concentrated in
vacuo to afford the title compound as a white solid (0.580 g, 85%).

m.p.: 116-118 °C; *H NMR (400 MHz, CDCl3) § 4.70 — 4.57 (m, 1H), 4.53 — 4.39 (m, 1H),
3.51-3.32 (m, 1H), 2.71 (d, J = 5.6 Hz, 1H), 2.07 — 1.84 (m, 2H), 1.82 — 1.66 (m, 1H), 1.61 -
1.51 (m, 1H), 1.42 (s, 9H); *°C NMR (101 MHz, CDCls) § 166.7, 154.5, 126.0 (q, {Jcr = 277.8
Hz), 81.3,60.9,57.2,49.1, 47.2 (q, 2cr = 29.7 Hz), 29.3, 28.2 (3C), 24.3; 1°F NMR (377 MHz,
CDCls) 6 -65.46; IR (neat) cm™: 3301 (br., O-H), 1653 (s, C=0), 1624 (s, C=0); HRMS (ESI)
calcd. for [C13H19FsNO4] [M+H]* 332.1080, found 332.1087.

tert-Butyl (1S%,2R",3S",4R")-2-(methylcarbamoyl)-3-(trifluoromethyl)-7-azabicyclo[2.2.1]
heptane-7-carboxylate (2.223)

Boc To a suspension of exo-2.77 (0.500 g, 1.62 mmol) in MeCN (16 mL) was
M added HATU (0.736 g, 1.94 mmol) and DIPEA (1.13 mL, 6.48 mmol) and
cF"™ the solution was stirred at 22 °C for 10 min. Then, methylamine hydro-
chloride (0.218 g, 3.24 mmol) was added and the solution was stirred at 22 °C for 2 h. EtOAc
(40 mL) was added and the solution was washed with sat. aq. NH4Cl (40 mL). The aqueous
phase was extracted with EtOAc (3x30 mL). The combined organic layers were washed with
deionized water (40 mL), brine (2x40 mL) and dried over Na,SQy, filtered and concentrated in
vacuo to afford the crude as yellow solid. The crude was purified by flash column chromato-
graphy on silica gel (EtOAc/heptane 1:3 to 1:2) to give the title compound as an amorphous
solid (0.421 g, 81%).
Rf = 0.47 (EtOAc/heptane/AcOH 1:1); *H NMR (400 MHz, CDCls) § 5.91 (br. s, 1H), 4.57 —
4.22 (m, 2H), 3.46 — 3.24 (m, 1H), 2.82 (d, J = 4.7 Hz, 3H), 2.49 (d, J = 5.7 Hz, 1H), 2.03 -
1.81 (m, 2H), 1.78 — 1.68 (m, 1H), 1.56 — 1.44 (m, 10H); *C NMR (101 MHz, CDCls) §
171.1,154.7,126.2 (d, WJcr =277.5 Hz), 81.0, 61.0, 56.9, 50.3, 48.2, 29.1, 28.3 (3C), 26.8, 24.4;
¥F NMR (377 MHz, CDCls) 6 -65.19; IR (neat) cm™: 3340 (s, N-H), 1669 (s, C=0), 1645 (s,
C=0), 1575 (s, N-H); HRMS (ESI) calcd. for [C1sH22FsN2O3] [M+H]* 323.1577, found
323.1581.

(1S%,2R",3S",4R")-N-Methyl-3-(trifluoromethyl)-7-azabicyclo[2.2.1]heptane-2-carbox-
amide (2.79)

Following general procedure E using 2.223 (363 mg, 1.13 mmol) afforded

N 0 the title compound as a sticky off-white solid (173 mg, 69%) after purification
MNHMe by flash column chromatography (CH.Cl/MeOH/EtsN 100:0:0.5 to
98:2:0.5).

Rt = 0.29 (CH.Cl./MeOH/ Et;N 90:10:2); *H NMR (400 MHz, CDCls) § 6.47 — 6.25 (br. s,
1H), 3.81 (td, J = 4.5, 0.9 Hz, 1H), 3.71 (dt, J = 5.2, 1.2 Hz, 1H), 2.93 (qtd, J = 10.1, 5.2, 1.9
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Hz, 1H), 2.78 (d, J = 4.8 Hz, 3H), 2.52 (s, 1H), 2.38 (d, J = 5.1 Hz, 1H), 1.90 — 1.65 (m, 2H),
1.65 — 1.47 (m, 1H), 1.32 (ddd, J = 12.1, 8.9, 5.1 Hz, 1H); ®C NMR (101 MHz, CDCls) &
174.3, 126.6 (q, Wer = 278.0 Hz), 62.7, 56.9 (q, 3Jcr = 1.8 Hz) 50.7 (0, Xcr = 26.6 Hz), 50.2
(0, 3Jcr = 1.7 Hz), 28.7, 26.5, 24.6 (q, *Jcr = 2.1 Hz); °F NMR (377 MHz, CDCls) § -64.79;
IR (neat) cm™: 3266, 2964, 1638, 1561, 1410, 1358, 1255, 1217, 1148, 1104; HRMS (ESI)
calcd. for [CoH1FsN.0] [M+H]* 223.1053, found 223.1060.

tert-Butyl (1S%,2R",3S",4R")-2-(morpholine-4-carbonyl)-3-(trifluoromethyl)-7-azabicyclo
[2.2.1]heptane-7-carboxylate (2.251)

Boc To a solution of ex0-2.77 (0.472 g, 1.62 mmol) was suspended in MeCN
Lb/[L (15 mL) was added HATU (0.695 g, 1.84 mmol) and DIPEA (1.00 mL,
CFB’\Q 6.12 mmol) and the solution was stirred at 22 °C for 10 min. Then,
morpholine (161 pL, 1.84 mmol) was added and the mixture was stirred at
22 °C for 1 h. EtOAc (40 mL) was added and the solution was washed with sat. ag. NH4Cl
(40 mL). The aqueous phase was extracted with EtOAc (3 x 30 mL) and the combined organic
layers were washed with water (1 x 40 mL), brine (2 x 40 mL), dried over Na,SQO., filtered,
and concentrated in vacuo. The crude product was purified by flash column chromatography
(EtOAc/heptane 1:4 to 1:2) to give the title compound as a sticky off-white solid (0.452 g,
78%).
Rr = 0.45 (EtOAc/heptane 1:1); 'H NMR (400 MHz, CDCls) & 4.64 — 4.10 (m, 2H), 4.03 —
3.83 (m, 1H), 3.60 (m, 8H), 2.76 — 2.58 (m, 1H), 2.04 — 1.84 (m, 2H), 1.84 — 1.62 (m, 1H),
1.53 (m, 1H), 1.48 — 1.31 (m, 9H); 3C NMR (101 MHz, CDCls) 5 174.7, 154.5 (d), 126.4 (d,
YJer = 277.6 Hz), 80.7, 67.0, 66.6, 60.6, 57.1, 56.3, 47.5, 46.3 (d), 42.9, 29.9, 28.3 (3C), 24.4;
¥F NMR (377 MHz, , CDCls) & -64.81 (minor rotamer), -65.17 (major rotamer); IR (neat)
cmt: 1700 (s, C=0), 1648 (s, C=0).

Morpholino((1S*,2R",3S",4R")-3-(trifluoromethyl)-7-azabicyclo[2.2.1]heptan-2-yI)
methanone (2.80)

H o Following general procedure E using 2.251 (435 mg, 1.15 mmol) afforded

M the title compound as a sticky off-white solid (297 mg, 93%) after purifica-

CFs tion by flash column chromatography (CH.Cl,/MeOH/EtsN 100:0:0.5 to
98:2:0.5).

Rf = 0.45 (CH,Cl,/MeOH/ EtsN 90:10:2); *H NMR (400 MHz, CDCls) 5 3.87 (t, J = 4.7 Hz,
1H), 3.72 — 3.46 (m, 9H), 3.35 — 3.21 (m, 1H), 2.81 (d, J = 5.3 Hz, 1H), 2.50 (br. s, 1H), 1.90
~1.75 (m, 2H), 1.74 — 1.57 (m, 1H), 1.45 — 1.31 (m, 1H); *C NMR (101 MHz, CDCls) &
171.6, 126.8 (q, Necr = 278.4 Hz), 67.0, 66.7, 62.8, 57.2, 51.02 — 49.76 (M), 46.3, 45.8, 42.8,
28.8, 24.1; F NMR (377 MHz, CDCls) 6 -64.33; IR (neat) cm’: 1632 (s, C=0).

190



(1S%,2R",3S",4R")-N-(Pyridin-3-yl)-3-(trifluoromethyl)-7-azabicyclo[2.2.1]heptane-2-
carboxamide (2.81)

To a suspension of exo-2.77 (0.400 g, 1.29 mmol) in MeCN (12.9 mL)
N o @ was added HATU (1.13 g, 2.96 mmol) and DIPEA (0.902 mL, 5.16 mmol)

MSH NN and the solution was stirred at 22 °C for 10 min. Then, 3-aminopyridine

(243 mg, 2.58 mmol) was added and the reaction mixture was stirred at
50 °C for 8 h. EtOACc (40 mL) was added and the solution was washed with 3M ag. NaOH (1
x 10 mL). The aqueous phase was extracted with EtOAc (5 x 30 mL) and the combined organic
layers were washed with brine (2 x 40 mL), dried over Na,SQ, filtered, concentrated in vacuo,
and filtered through a short silica plug.
The crude amide was dissolved in CH:Cl. (5 mL) and TFA (1.6 mL) was added. The reaction
mixture was stirred at 22 °C for 1 h and then was diluted with MeCN (5 mL). The mixture was
concentrated in vacuo and then co-evaporated in vacuo with MeCN (5 x 50mL) to remove the
residual TFA. The crude product was purified by flash column chromatography
(CH2CIl/MeOH/ EtsN 100:0:0.5 to 98:2:0.5) to afford the title compound as a sticky off-white
solid (189 mg, 60%).
Rt = 0.70 (CH.Clo/MeOH/EtsN 90:10:2); *H NMR (400 MHz, CDCls) & 9.26 (br. s, 1H), 8.56
(dd, J =2.7, 0.7 Hz, 1H), 8.33 (dd, J = 4.8, 1.5 Hz, 1H), 8.18 (ddd, J = 8.3, 2.7, 1.5 Hz, 1H),
7.30 — 7.24 (m, 1H), 3.99 — 3.88 (m, 2H), 3.02 (m, 1H), 2.81 (br. s, 1H), 2.62 (d, J = 5.0 Hz,
1H), 2.05 — 1.91 (m, 1H), 1.86 — 1.72 (m, 1H), 1.67 — 1.41 (m, 2H); *C NMR (101 MHz,
CDCl3) §172.2,145.3,141.2,135.1, 127.1, 125.5 (q, YJcr = 277.8 Hz), 123.8, 62.2, 56.9, 50.8,
50.0 (d, 2Jcr = 27.5 Hz), 29.1, 25.7; **F NMR (377 MHz, CDCls) & -65.18; IR (neat) cm™:
3224 (br., N-H), 1731 (s, C=0); HRMS (ESI) calcd. for [C13H1sF3sN3O] [M+H]* 286.1162,
found 286.1170.

(2S7,4S")-7-(3-Hydroxybenzyl)-N-methyl-3-(trifluoromethyl)-7-azabicyclo[2.2.1]
heptane-2-carboxamide (2.82)

To a solution of 2.79 (50.0 mg, 0.225 mmol) in MeOH (2.5 mL) was
%ﬁ added 3-hydroxybenzaldehyde (41.2 mg, 0.338 mmol) and AcOH
Ho crMe (250 L) and the reaction mixture was stirred at 50 °C for 4 h. The
reaction was cooled on ice and NaCNBH3 (28.3 mg, 0.450 mmol) was added. After 5 min.
cooling was removed and the mixture was stirred at 22 °C for another 4 h. Additional 3-
hydroxybenzaldehyde (25.0 mg, 0.205 mmol) was added and the reaction was stirred for 22 °C
for 10 h when additional NaCNBHj3 (25.0 mg, 0.397 mmol) was added. After stirring another

4 h, water (5 mL) was added and the mixture was extracted with EtOAc (5 x 10 mL). The
combined organic layers were washed with brine (1 x 30 mL), filtered, and concentrated in
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vacuo. The crude product was purified by flash column chromatography on (EtOAc/heptane
1:2 to 3:1) to give the title compound as a sticky off-white solid (31.7 mg, 43%).

R = 0.51 (EtOAc/heptane/EtsN 20:60:2); *H NMR (400 MHz, CDCl3) 6 7.49 (q, J = 4.9 Hz,
1H), 7.16 (t, J = 7.8 Hz, 1H), 6.90 — 6.84 (m, 1H), 6.84 — 6.78 (m, 1H), 6.77 — 6.70 (m, 1H),
3.62 — 3.53 (m, 2H), 3.43 — 3.33 (M, 2H), 2.95 - 2.78 (m, 1H), 2.66 (d, J = 4.9 Hz, 3H), 2.38
(d, J=5.2 Hz, 1H), 2.07 — 1.78 (m, 3H), 1.48 — 1.33 (m, 1H); **C NMR (101 MHz, CDCls) &
175.1, 157.3, 140.1, 129.8, 126.0 (q, YJcr = 277.8 Hz), 120.0, 115.7, 115.0, 63.6, 60.5, 51.0,
50.4,50.1, 26.1, 25.4, 21.6; °F NMR (377 MHz, CDCls) § -65.27; IR (neat) cm™: 3273 (s, O—
H), 1650 (s, C=0), 1588 (s, N-H), 1533 (s, C=C); HRMS (ESI) calcd. for [C1sH20F3N20]
[M+H]* 329.1471, found 329.1489.

(1S%,2R",3S",4R")-N-Methyl-7-(methylsulfonyl)-3-(trifluoromethyl)-7-azabicyclo[2.2.1]
heptane-2-carboxamide (2.83)

Ms o To a solution of 2.79 (50.0 mg, 0.225 mmol) in CH:Cl; (2.5 mL) was added
MNHM‘E EtsN (122 uL, 0.900 mmol) and methanesulfonyl chloride (33.0 pL,
0.430 mmol) and the reaction mixture was stirred at 22 °C for 24 h. Water
(2 mL) was added and the mixture was then extracted with EtOAc (3 x 10 mL), dried over
Na,SQ,, filtered, and concentrated in vacuo. The crude product was purified by flash column
chromatography (CH2Cl,/MeOH/Etz:N (100:0:0.5 to 98:2:0.5) to give the title compound as a
white solid (53.2 mg, 79%).
Rt = 0.79 (CH2Cl/MeOH/EtsN 90:10:2); m.p.: 192-194 °C; *H NMR (400 MHz, DMSO-d)
§8.04 (q, J = 4.7 Hz, 1H), 4.48 (td, J = 4.4, 1.1 Hz, 1H), 4.34 (d, J = 4.7 Hz, 1H), 3.64 — 3.48
(m, 1H), 3.04 (s, 3H), 2.63 (d, J = 4.7 Hz, 3H), 2.53 (d, J = 5.7 Hz, 1H), 2.05 - 1.71 (m, 3H),
1.70 - 1.52 (m, 1H); ®C NMR (101 MHz, DMSO-ds) 5 169.4, 126.3, 64.1, 58.7, 48.5, 46.0 (d,
2)cr = 26.7 Hz), 41.6, 29.3, 26.1, 24.3; F NMR (377 MHz, CDCls) § -65.30; IR (neat) cm™:
1644 (s, C=0), 1394 (s, S=0); HRMS (ESI) calcd. for [CioH16F3N203S] [M+H]* 301.0828,
found 301.0841.

(1S",2R",35",4R")-N"-Cyclopentyl-N?-methyl-3-(trifluoromethyl)-7-azabicyclo[2.2.1]
heptane-2,7-dicarboxamide (2.84)

0 added EtsN (37.6 pL, 0.255 mmol) and cyclopentyl isocyanate

(22.3 pL, 0.187 mmol) and the reaction mixture was stirred at 22 °C
for 6 h. The mixture was concentrated in vacuo and purified directly by flash column chromato-
graphy (CH.Cl2/MeOH/EtOAc (99:1:1 to 97:3:0) to give the title compound as a white solid
(49.3 mg, 87%).

Q i To a solution of 2.79 (37.9 mg, 0.170 mmol) in CH.Cl, (2 mL) was
N N
H
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Rt = 0.60 (CH.Cl/MeOH/Et;N 90:10:2); m.p.: 155-157 °C; 'H NMR (400 MHz, CDCls) &
5.95 (br. s, 1H), 4.51 (d, J = 5.0 Hz, 1H), 4.46 (td, J = 4.5, 1.2 Hz, 1H), 4.02 (p, J = 6.9 Hz,
1H), 3.22 - 3.03 (m, 1H), 2.81 (s, 3H), 2.56 (d, J = 5.8 Hz, 1H), 2.07 — 1.83 (m, 4H), 1.83 -
1.28 (m, 8H); *C NMR (101 MHz, CDCls) § 171.6, 157.1, 126.2 (d, Ycr = 274.4 Hz), 60.4,
57.6, 52.6, 50.3, 49.5 (d, 2Jcr = 27.3 Hz), 33.4, 33.3, 28.9, 23.9, 23.8; ®F NMR (377 MHz,
CDCls) 6 -64.88; IR (neat) cm™: 3358 (s, N-H), 1734 (s, C=0), 1625 (s, C=0), 1535 (s, N—
H); HRMS (ESI) calcd. for [CisH23FsN3sO2] [M+H]* 334.1737, found 334.1754.

1-((1S",2R",3S",4R")-2-(Morpholine-4-carbonyl)-3-(trifluoromethyl)-7-azabicyclo[2.2.1]
heptan-7-yl)ethan-1-one (2.85)

Ac To a solution of 2.80 (60.0 mg, 0.216 mmol) in CH:Cl, (2.5 mL) was added
N

o
MN EtsN (30.0 pL, 0.432 mmol) and acetyl chloride (30.0 pL, 0.432 mmol) and
CF3O the reaction mixture was stirred at 22 °C for 2 h. Water (2 mL) was added

and the mixture was extracted with EtOAc (5 X 5 mL). The combined organic
layers were washed with brine (1 x 10 mL), dried over Na,;SQq, filtered, and concentrated in
vacuo. The crude product was purified by flash column chromatography (EtOAc/MeOH/Et;N
(200:0:1 to 180:20:1) to give the title compound as a white solid (65.0 mg, 84%).
R = 0.54 (CH,Cl/MeOH/Et3N 90:10:2); m.p.: 133-135 °C; *H NMR (400 MHz, CDCl3) &
4.92 (td, J =4.7, 1.2 Hz, 0.4H, minor rotamer), 4.69 (d, J = 5.2 Hz, 0.6H, major rotamer), 4.39
(td, J=4.7, 1.2 Hz, 0.6H, major rotamer), 4.15 (d, J = 4.6 Hz, 0.4H, minor rotamer), 3.99 (qtd,
J=10.1, 5.2, 1.8 Hz, 0.6H, major rotamer), 3.85 — 3.39 (m, 8.4H), 2.87 (d, J = 5.9 Hz, 0.4H,
minor rotamer), 2.71 (d, J = 5.1 Hz, 0.6H, major rotamer), 2.15 —1.87 (m, 5H), 1.86 — 1.70 (m,
1H), 1.69 — 1.48 (m, 1H); *C NMR (101 MHz, CDCls3) § 169.5 (minor rotamer), 168.1 (major
rotamer), 167.93 (major rotamer), 167.89 (minor rotamer), 125.9 (m), 67.01 (minor rotamer),
66.95 (major rotamer), 66.7 (major rotamer), 66.5 (minor rotamer), 61.4 (minor rotamer), 57.8
(major rotamer), 57.2 (major rotamer), 53.7 (minor rotamer), 47.9 (d, 2Jcr = 27.1 Hz, minor
rotamer) 47.1 (d, 2Jcr = 27.4 Hz, major rotamer), 46.4, 46.2 (major rotamer), 45.9 (minor rota-
mer), 43.1 (minor rotamer), 42.8 (major rotamer), 30.6 (minor rotamer), 28.1 (major rotamer),
26.0 (major rotamer), 23.5 (minor rotamer), 21.7 (minor rotamer), 21.3 (major rotamer); *°F
NMR (377 MHz, CDCls) & -64.50 (minor rotamer), -65.14 (major rotamer); IR (neat) cm™:
1644 (s, C=0); HRMS (ESI) calcd. for [C14aH20F3N203] [M+H]* 321.1421, found 321.1425.
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(1R",2R",3S",4S")-7-Acetyl-N-(pyridin-3-yl)-3-(trifluoromethyl)-7-azabicyclo [2.2.1]
heptane-2-carboxamide (2.86)

To a solution of 2.81 (80.0 mg, 0.280 mmol) in CH,CI, (6 mL) was added
oo = y  EtsN (46.9 pL, 0.340 mmol) and acetyl chloride (27.9 pL, 0.320 mmol)
Lb)cé N NN and the solution was stirred at 22 °C for 2 h. The solution was concentrated
in vacuo and purified directly by flash column chromatography (acetone/heptane/EtsN
100:100:1) to give the title compound as a red/orange oil (56.6 mg, 62%).
Rt = 0.33 (acetone/heptane/EtsN 100:100:1); *H NMR (400 MHz, DMSO-dg) & 10.58 (s, 0.6H,
major rotamer), 10.47 (s, 0.4H, minor rotamer), 8.70 (dd, J = 6.4, 2.5 Hz, 1H), 8.28 (ddd, J =
7.3,4.7, 1.5 Hz, 1H), 8.01 (dddd, J =17.2, 8.3, 2.5, 1.5 Hz, 1H), 7.36 (td, J = 7.6, 4.7 Hz, 1H),
4.76 — 4.68 (m, 1H), 4.68 — 4.59 (m, 1H), 3.68 (qd, J = 9.9, 8.0, 3.7 Hz, 0.4H, minor rotamer),
3.47 — 3.36 (m, 0.6H, major rotamer), 2.96 (d, J = 5.8 Hz, 0.6H, major rotamer), 2.85 (d, J =
5.5 Hz, 0.4H, minor rotamer), 2.03 — 1.93 (m, 2H), 1.86 — 1.72 (m, 3.5H), 1.70 — 1.47 (m,
1.5H); *C NMR (101 MHz, DMSO-dg) § 169.7 (major rotamer), 168.8 (minor rotamer), 167.5
(major rotamer), 167.2 (minor rotamer), 144.6, 140.8, 135.6 (minor rotamer), 135.4 (major
rotamer), 126.31 (g, *Jcr = 278.0 Hz), 126.29 (major rotamer), 126.2 (minor rotamer), 123.8
(major rotamer), 123.7 (minor rotamer), 61.7 (major rotamer), 58.8 (minor rotamer), 56.5
(minor rotamer), 53.4 (d, 3Jcr = 1.6 Hz, major rotamer), 49.9 (major rotamer), 49.0 (minor
rotamer), 45.3 (q, 2Jcr = 26.7 Hz, major rotamer), 45.2 (g, 2Jcr = 26.5 Hz, minor rotamer), 30.0
(major rotamer), 28.1 (major rotamer), 24.9 (d, *Jcr = 2.0 Hz, minor rotamer), 23.0 (minor
rotamer), 21.4 (major rotamer), 21.1 (minor rotamer); °F NMR (377 MHz, DMSO-ds) & -
63.64 (major rotamer), -63.86 (minor rotamer); IR (neat) cm™: 3412 (br., N-H), 3060 (s, C=C—
H), 1690 (s, C=0), 1627 (s, C=0) 1587 (s, N-H), 1545 (s, C=C); HRMS (ESI) calcd for
[CisH17F3N302] [M+H]* 328.1273, found 328.1377.

7-(tert-Butyl) 2-ethyl (1S",2R",3S",4R")-3-(methylamino)-3-(trifluoromethyl)-7-aza-bi-
cyclo[2.2.1]hept-5-ene-2,7-dicarboxylate (2.87)

Boc To a solution of 2.76 (500 mg, 1.50 mmol) in EtOH (15 mL) was added methyl-
A?NHMe amine hydrochloride (111 mg, 1.65 mmol) and EtsN (270 pL, 1.95 mmol) and
C‘ész‘ the reaction mixture was stirred at 22 °C for 3 h. The mixture was concentrated
in vacuo purified directly by flash column chromatography (EtOAc/heptane 1:15

to 1:5) to give the title compound as a colorless oil (288 mg, 53%).
R¢ = 0.45 (EtOAc/heptane 2:5); *H NMR (400 MHz, CCl3) 6 6.94 — 6.63 (m, 1H), 6.42 - 6.13
(m, 1H), 4.96 — 4.58 (m, 2H), 4.28 — 3.97 (m, 2H), 3.26 — 3.04 (m, 1H), 2.57 (s, 3H), 1.85 (s,
1H), 1.43 (s, 9H), 1.22 (t, J = 7.2 Hz, 3H); *C NMR (101 MHz, CDCl3) 6 168.3, 153.3, 138.1
(major rotamer), 137.6 (minor rotamer), 131.9 (minor rotamer), 130.5 (major rotamer), 124.4
(9, YJcr = 287.6 Hz), 79.6, 64.4 (minor rotamer), 63.6 (major rotamer), 61.0 (minor rotamer),
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60.1, 59.8 (major rotamer), 54.4, 30.4, 27.1 (3C), 12.8; *°F NMR (377 MHz, CDCls;) § -63.04
(major rotamer), -64.07 (minor rotamer); IR (neat) cm™: 3367 (s, N-H), 1744 (s, C=0), 1694
(s, C=0), 1594 (s, C=C); HRMS (ESI) calcd. for [CigH24F3N204] [M+H]* 365.1683, found
365.1684.

7-(tert-Butyl) 2-ethyl (1S",2R",3S",4R")-3-(methylamino)-3-(trifluoromethyl)-7-aza-bi-
cyclo[2.2.1]heptane-2,7-dicarboxylate (2.252)

. To asolution of 2.87 (250 mg, 0.686 mmol) in EtOH (7 mL) was added 5% Pd/C
oC

N (0.146 mg, 69.0 umol) and the resulting suspension was stirred under an atmos-

L%ZHE'\QE phere of H, for at 22 °C for 2 h. The mixture was filtered through a pad of celite

CFs and concentrated in vacuo to give the title compound as a colorless oil (251 mg,
>95%).

!H NMR (400 MHz, CDCl3) § 4.51 — 4.06 (m, 4H), 2.93 — 2.82 (m, 1H), 2.49 (s, 3H), 2.22 —
2.04 (m, 1H), 1.81 (s, 4H), 1.46 (s, 9H), 1.25 (t, J = 7.1 Hz, 3H); *C NMR (101 MHz, CDCls)
8 169.0, 155.6, 125.8 (d, YJcr = 289.3 Hz), 80.4, 72.1, 62.0, 61.0, 58.1, 54.9, 30.7, 28.3 (3C),
24.8, 22.8, 14.0; °F NMR (377 MHz, CDCls) § -63.39 (major rotamer), -64.67 (minor rota-
mer); IR (neat) cm: 1711 (s, C=0), 1698 (s, C=0); HRMS (ESI) calcd. for [C1sH26F3N204]
[M+H]* 367.1839, found 367.1843.

Ethyl (1S",2R",35",4R")-3-(methylamino)-3-(trifluoromethyl)-7-azabicyclo[2.2.1]heptane-
2-carboxylate (2.88)

Flowing general procedure E using 2.252 (210 mg, 0.587 mmol) afforded the
title compound as a white solid (126 mg, 80%) after purification by flash column
LJ?C'::E'\QE chromatography (CH2Cl,/MeOH/EtsN 200:0:1 to 196:4:1).

CFs R¢ = 0.56 (CH.Clo/MeOH/ Et;N 90:10:2); m.p.: 82-84 °C; 'H NMR (400 MHz,
CDCl3) 6 4.15 (qq, J = 10.8, 7.1 Hz, 2H), 3.93 - 3.78 (m, 1H), 3.66 — 3.53 (m, 1H), 2.63 — 2.54
(m, 1H), 2.49 (g, J = 1.7 Hz, 3H), 2.23 — 2.05 (m, 1H), 1.85—1.58 (m, 3H), 1.25 (t, J = 7.1 Hz,
3H); *C NMR (101 MHz, , CDCl3) § 169.4, 126.7 (q, *Jcr = 289.8 Hz), 71.1 (q), 63.1, 60.9,
59.4, 57.3, 30.5, 23.8, 22.7, 14.0; °F NMR (377 MHz, CDCls) 5 -62.94, IR (neat) cm'’: 3367
(br., N-H), 1701 (s, C=0); HRMS (ESI) calcd. for [C11H1sF3N2O2] [M+H]* 267.1315, found
267.1317.

H
N
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Ethyl (1S",2R",3S",4R")-7-(ethylcarbamoyl)-3-(methylamino)-3-(trifluoromethyl)-7-aza-
bicyclo[2.2.1]heptane-2-carboxylate (2.89)

EtHN\/(o To asolution of 2.88 (60.0 mg, 0.225 mmol) in CH:Cl; (2.5 mL) was added
N EtsN (47.0 pL, 0.338 mmol) and ethyl isocyanate (23.2 pL, 0.293 mmol)
 NHMe and the reaction mixture was stirred at 22 °C for 22 h. The mixture was con-
¢r?Et centrated in vacuo and purified directly by flash column chromatography
(EtOAc/heptane (3:1 to 97:3) to give the title compound as a sticky off-
white solid (56.2 mg, 74%).
R¢ = 0.58 (CH.Clo/MeOH/Et3N 90:10:2); m.p.: 76-78 °C; *H NMR (400 MHz, CDCl3) & 4.59
(s,1H),4.36 (d, J=4.5Hz, 1H), 4.25 - 4.21 (m, 1H), 4.16 (dtt, J = 13.8, 7.1, 3.6 Hz, 2H), 3.33
—3.16 (m, 2H), 2.99 (d, J =4.4 Hz, 1H), 2.51 (t, J = 1.4 Hz, 3H), 2.20 — 2.10 (m, 1H), 2.03 (br.
s, 1H), 1.90 — 1.72 (m, 3H), 1.25 (t, J = 7.1 Hz, 3H), 1.13 (t, J = 7.2 Hz, 3H); 3C NMR (101
MHz, CDCls) § 168.9, 158.0, 125.8 (q, Jcr = 288.3 Hz), 71.7 (q, 2Jcr = 25.8 Hz), 63.7, 61.1,
59.2, 54.3, 35.6, 30.6, 24.5, 23.1, 15.5, 14.0; *F NMR (377 MHz, CDCls) § -64.57; IR (neat)
cmt: 3303 (br., N-H), 1698 (s, C=0), 1677 (s, C=0), 1603 (s, N-H); HRMS (ESI) calcd. for
[C14H23F3N30s] [M+H]* 338.1686, found 338.1685.

7-(tert-Butyl) 2-ethyl (1S",2R",3S",4R")-3-(allylamino)-3-(trifluoromethyl)-7-azabicyclo
[2.2.1]hept-5-ene-2,7-dicarboxylate (2.90)

Boc \ To a solution of 2.76 (300 mg, 0.900 mmol) in EtOH (9 mL) was added allyl-
ib/ﬁ) amine (0.101 mL, 1.355 mmol) and EtsN (270 pL, 1.95 mmol) and the reaction
COEt  mixture was stirred at 22 °C for 4 h. The mixture was concentrated in vacuo puri-
fied directly by flash column chromatography (EtOAc/heptane 1:5 to 2:5) to give
the title compound as a yellow oil (216 mg, 62%).

R¢ = 0.55 (EtOAc/heptane 1:5); *H NMR (400 MHz, CDCls) § 6.78 (d, J = 17.1 Hz, 1H), 6.28
(d,J=17.1Hz, 1H), 6.00 —5.81 (m, 1H), 5.32 - 5.01 (m, 2H), 4.93 — 4.58 (m, 2H), 4.20 — 4.02
(m, 2H), 3.64 — 3.34 (m, 2H), 3.20 (s, 1H), 1.89 (s, 1H), 1.43 (s, 9H), 1.26 — 1.19 (m, 3H); 13C
NMR (101 MHz, CDCIs) 6 169.40 (minor rotamer), 169.35 (major rotamer), 154.1, 139.7
(major rotamer), 138.8 (minor rotamer), 136.3 (major rotamer), 134.1 (minor rotamer), 132.8
(minor rotamer), 131.8 (major rotamer), 125.5 (g, YJcr = 287.2 Hz), 116.5 (major rotamer),
116.3 (minor rotamer), 85.2 (g, 3Jcr = 5.8 Hz), 81.0 (major rotamer), 77.5 (minor rotamer),
66.1 (major rotamer), 65.6 (minor rotamer), 62.0 (minor rotamer), 61.3, 61.2 (major rotamer),
56.1 (minor rotamer), 55.2 (major rotamer), 47.7, 28.4 (3C), 14.0; *°F NMR (377 MHz, CDCls)
8 -64.06 (major rotamer), -64.39 (minor rotamer); IR (neat) cm™: 3322 (s, N-H), 1702 (s,
C=0), 1623 (m, C=C); HRMS (ESI) calcd. for [CigH26F3N204] [M+H]* 391.1839, found
391.1986.

CF;
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8-(tert-Butyl) 3a-ethyl (3aR",4S",7R",7aS")-2-benzyl-7a-(trifluoromethyl)-1,2,3,4,7,7a-
hexahydro-3aH-4,7-epiminoisoindole-3a,8-dicarboxylate (2.93)

To an ice-cooled solution of 2.76 (100 mg, 0.300 mmol) and N-(methoxy-

Boc

N methyl)-N-(trimethylsilylmethyl)benzylamine  (84.0 pL, 0.330 mmol) in
@NB” CH.Cl, (6 mL) was added trifluoroacetic acid (0.1 M in CH.Cl,, 0.300 mL,
c&ozEt 30.0 pumol) dropwise and the reaction mixture was stirred at 22 °C for 2 h. The

mixture was concentrated in vacuo and purified directly by flash column chromatography
(EtOAc/heptane /EtsN 95:5:1 to 90:10:1) to give the title compound as a yellow oil (82.0 mg,
59%).

Rt = 0.58 (EtOAc/heptane 2:5); *H NMR (400 MHz, CDCl3) § 7.57 — 7.08 (m, 5H), 6.86 —
6.62 (m, 1H), 6.48 — 6.25 (m, 1H), 4.79 — 4.39 (m, 2H), 4.38 — 4.20 (m, 1H), 4.20 — 4.03 (m,
1H), 4.01 — 3.54 (m, 2H), 3.54 — 3.14 (m, 2H), 2.66 — 2.35 (m, 2H), 1.42 (m, 9H), 1.28 (m,
3H); *C NMR (101 MHz, CDCl3) 6 167.0, 155.2, 140.1 (minor rotamer), 138.6, 138.2 (major
rotamer), 135.0 (major rotamer), 133.2 (minor rotamer), 128.4 (2C), 128.3 (2C), 127.2, 81.1,
66.5, 65.8 (minor rotamer), 65.6 (major rotamer), 65.1, 62.7, 62.0, 61.3, 59.7 (minor rotamer),
59.4 (major rotamer), 58.5, 28.4 (major rotamer, 3C), 28.2 (minor rotamer, 3C), 13.9. CF3; was
not observed; °F NMR (377 MHz, CDCls) § -62.13 (minor rotamer), -64.32 (major rotamer);
IR (neat) cm®: 1717 (s, C=0); HRMS (ESI) calcd. for [C2sH30FsN2O4] [M+H]" 467.2152,
found 467.2161.

Ethyl (3aR",4S",7R",7aS")-7a-(trifluoromethyl)octahydro-3aH-4,7-epiminoisoindole-3a-
carboxylate (2.94)

¥ To a solution of 2.93 (50.0 mg, 0.107 mmol) in EtOH (2.5 mL) was added 10%
Pd/C (11.4 mg, 10.7 umol) and the resulting suspension was stirred under an
%;H atmosphere of H; at 22 °C for 2 h. The mixture was filtered through a pad of
CF3 celite and concentrated in vacuo. The crude debenzylated product was subjected

to general procedure E to give to give the title compound as a yellow oil (26.7 mg, 90%).
'H NMR (400 MHz, CDs0D) 6 4.30 (g, J = 7.1 Hz, 2H), 3.93 (d, J = 5.3 Hz, 1H), 3.89 (d, J =
4.6 Hz, 1H), 3.85 (d, J = 12.3 Hz, 1H), 3.76 — 3.61 (m, 3H), 2.15 (ddd, J = 18.6, 9.8, 5.7 Hz,
2H), 1.80 (tdd, J = 12.3, 5.3, 2.7 Hz, 1H), 1.71 — 1.60 (m, 1H), 1.34 (t, J = 7.1 Hz, 3H); 13C
NMR (101 MHz, CDs0OD) s 167.8, 127.8 (q), 66.9, 66.5, 62.9, 62.8, 61.6, 58.2, 53.4, 26.1,
25.3, 14.1; *F NMR (377 MHz, CD30D) § -76.89; IR (neat) cm™: 3300 (br., N-H), 1734 (s,

C=0); HRMS (ESI) calcd for [C12H1sF3N20,] [M+H]* 278.1241, found 278.1248
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8-(tert-Butyl) 6-ethyl (1S",5R",6R")-3-benzyl-7-(trifluoromethyl)-3,8-diazabicyclo [3.2.1]
octane-6,8-dicarboxylate (2.98)

Boc To an ice-cooled solution of 2.76 (1.00 g, 3.00 mmol) in acetone/H,O/n-
ﬁN coee BUOH (19:1:1, 30 mL) was added N-methylmorpholine oxide (369 mg,
AXCFs 3.45 mmol) and K;0s04-(H20). (22.0 mg, 0.0600 mmol) and the turbid

reaction mixture was stirred on ice for 2 h and then at 22 °C for 1 h. 5% Pd/C
(639 mg, 0.300 mmol) was added to the mixture and the resulting suspension was stirred under
an atmosphere of H; at 22 °C for 1 h. The reaction was quenched with 10% ag. Na;SO3
(0.50 mL) and stirred for 30 min, then filtered through a pad of celite and concentrated in vacuo.
The crude diol was dissolved in EtOH/ H,O (9:1, 30 mL) and added NalO4 (1.95 g, 9.17 mmol)
and the reaction mixture was stirred at 22 °C for 17 h. Precipitate was filtered off and washed
with sat. ag. NaHCO3 (60 mL). The filtrate was extracted with CH2Cl, (5 x 100 mL) and the
combined organic layers were washed with brine (1 x 200 mL), dried over Na,SOg, filtered,
and concentrated in vacuo to give the crude, impure dialdehyde (1.13 g) that was used directly
in the next step without further purification.
To asolution of crude aldehyde (250 mg, 0.681 mmol) in anhydrous MeOH (13 mL) was
added 3A MS and benzylamine (88.8 pL, 0.817 mmol) and the reaction mixture was stirred at
22 °C for 2 h. The mixture was cooled to 0 °C and added NaBH3;CN (170 mg, 2.72 mmol).
After 10 min., cooling was removed and the mixture was stirred at 22 °C for 16 h. Sat. aqg.
NaHCO3 (10 mL) was added and the mixture was filtered. The filtrate was extracted with PhMe
(3 x 30 mL) and the combined organic layers were washed with brine (1 x 60 mL), dried over
Na>SOq, filtered, and concentrated in vacuo. The crude product was purified by flash column
chromatography (PhMe/EtOAC/EtsN 99:1:1 to 96:4:1, to give the title compound as an off-
white amorphous solid (14.4 mg, 5%).
Rt = 0.59 (PhMe/EtOACc 2:1); *H NMR (400 MHz, CDCls)  7.43 —7.20 (m, 5H), 4.69 — 4.42
(m, 2H), 4.22 — 4.07 (m, 2H), 3.59 — 3.43 (m, 2H), 3.43 — 3.23 (m, 2H), 2.75 — 2.61 (m, 2H),
2.41 — 2.20 (m, 2H), 1.47 (d, 9H, rotamers), 1.24 (dt, J = 9.9, 7.2 Hz, 3H); *C NMR (101
MHz, CDCl3) 6 170.79 (minor rotamer), 170.77 (major rotamer), 152.3 (minor rotamer), 151.8
(major rotamer), 137.8, 128.9, 128.6, 127.6, 126.4 (d, YJcr = 279.7 Hz), 80.3 (minor rotamer),
80.2 (major rotamer), 61.8 (minor rotamer), 61.7 (major rotamer), 61.4 (major rotamer), 61.3
(minor rotamer), 57.8 (major rotamer), 57.4 (minor rotamer), 57.00 (minor rotamer), 56.97
(major rotamer), 56.8 (minor rotamer), 56.7 (major rotamer), 55.7 (d, 3Jcr = 2.7 Hz, major
rotamer), 54.7 (d, *Jcr = 2.7 Hz, minor rotamer), 50.7 (d, 2Jcr = 27.8 Hz, major rotamer), 50.1
(d, 2Jcr = 27.9 Hz, minor rotamer), 48.62 (minor rotamer), 48.59 (major rotamer). 28.5 (3C,
rotamers), 14.0 (minor rotamer), 13.9 (major rotamer); **F NMR (377 MHz, CDCls) § -65.25
(major rotamer), -65.42 (minor rotamer); IR (neat) cm: 1740 (s, C=0), 1700 (s, C=0); HRMS
(ESI) calcd. for [Ca2H30F3N204] [M+H]* 443.2152, found 443.2162.

BnN
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[5+2] Cycloaddition

3-Hydroxy-4-methoxy-2-methylpyrylium trifluoromethanesulfonate (2.102)

OMe To a suspension of 3-hydroxy-2-methyl-4H-pyran-4-one (1.33 g, 10.6 mmol) in an-

~OH hydrous CH:Cl: (6 mL) was added methyl trifluoromethanesulfonate (1.79 mL,
@’\/O/t@Me 15.8 mmol) and the reaction mixture was refluxed under an atmosphere of N, for 4

TfO h. Then, the solution was concentrated in vacuo to give the title compound as a light
pink solid (2.91 g, 95%).
m.p.: 94-96 °C; *H NMR (400 MHz, D,0) 6 8.92 (d, J=5.2 Hz, 1H), 7.73 (d, J = 5.2 Hz, 1H),
4.38 (s, 3H), 2.77 (s, 3H); *C NMR (101 MHz, D;0) 5 168.4, 166.1, 160.1, 141.8, 119.6 (d, J
=317.2 Hz), 107.3, 59.7, 15.6; °F NMR (377 MHz, D;0) § -78.79; IR (neat) cm™: 3083 (br.,
O-H), 1631 (s, C=C).

Ethyl (1S",55"-3-methoxy-5-methyl-4-oxo-7-(trifluoromethyl)-8-oxabicyclo[3.2.1]octa-
2,6-diene-6-carboxylate (2.103)

MeQ To a suspension of 2.102 (86.0 mg, 0.296 mmol) in CHCI; (0.5 mL) was added
ethyl 4,4,4-trifluorobut-2-ynoate 2.4 (332mg, 2.96 mmol) and N,N-
Me diisopropylaniline (69.0 pL, 0.356 mmol) and the solution was subjected to
Fc CO2Ft microwave heating at 100 °C for 10 min. The reaction mixture was concentrated
in vacuo and purified directly by flash column chromatography (EtOAc/heptane 2:7) to give
the title compound as a yellow oil (70.0 mg, 77%).
R = 0.27 (EtOAc/heptane 2:7); *H NMR (400 MHz, CDCls) 6 6.08 (d, J = 4.8 Hz, 1H), 5.36
(d, J = 4.8 Hz, 1H), 4.38 — 4.15 (m, 2H), 3.61 (s, 3H), 1.66 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H);
13C NMR (101 MHz, CDCl3) 8 187.7, 161.3, 146.8, 146.0 (q, J = 36.5 Hz), 140.5 (g, J = 4.0
Hz), 120.9 (g, J = 271.0 Hz), 113.3,94.1, 77.3 (¢, J = 2.1 Hz), 62.4, 55.3, 16.3, 14.0; *F NMR
(377 MHz, CDCls) & -61.51; IR (neat) cm™: 1718 (s, C=0), 1659 (s, C=0), 1613 (s, C=C);
HRMS (ESI) calcd for [C13H14F30s] [M+H]* 307.0788, found 307.0794.

Ethyl (1S%,3S",55%,6R",7S%)-3-methoxy-5-methyl-4-oxo-7-(trifluoromethyl)-8-oxabicyclo
[3.2.1]octane-6-carboxylate (2.104)

MeQ To a solution of 2.103 (353 mg, 1.15 mmol) in EtOH (23 mL) was added 5%
g Pd/C (245 mg, 0.115 mmol) and the resulting suspension was stirred under an
@Me atmosphere of H; at 21 °C for 4 h. Then, the mixture was filtered through a pad
F3c§ Ot of celite, concentrated in vacuo, and purified directly by flash column chromato-
graphy (EtOAc/heptane 2:7) to give the title compound as a white crystalline solid (295 mg,

83%).
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Rt = 0.20 (EtOAc/heptane 2:7); m.p.: 92-94 °C; *H NMR (400 MHz, CD3;0D) 6 4.91 (ddd, J
=9.8,5.7, 29 Hz, 1H), 4.26 (t, J = 10.0 Hz, 1H), 4.11 (qq, J = 11.0, 7.1 Hz, 2H), 3.56 — 3.43
(m, 4H), 3.37 (d, J = 11.0 Hz, 1H), 2.74 (dt, J = 13.7, 10.0 Hz, 1H), 2.25 (ddd, J = 13.7, 10.0,
2.9 Hz, 1H), 1.50 (s, 3H), 1.26 (t, J = 7.1 Hz, 3H); *C NMR (101 MHz, CD;0D) & 211.4,
170.0, 126.1 (g, Ncr = 277.6 Hz), 91.2, 77.4, 74.3 (q, *Jcr = 1.9 Hz), 62.8, 58.9, 55.5 (q, 3Jcr =
1.5 Hz), 51.4 (q, 2Jcr = 28.3 Hz), 25.8 (g, “Jcr = 2.2 Hz), 21.12, 14.2; *F NMR (377 MHz,
CD;0D) 6 -60.40; IR (neat) cm™: 1744 (s, C=0), 1729 (s, C=0).

(1S7,25%,35%,55",65",7S")-7-(Hydroxymethyl)-3-methoxy-1-methyl-6-(trifluoromethyl)-8-
oxabicyclo[3.2.1]octan-2-ol (2.105)

MeQ To an ice-cooled solution of 2.104 (36.0 mg, 0.116 mmol) in anhydrous THF
~ (2.5 mL) was added LiAlH4 (2.0 M in THF, 290 pL, 0.580 mmol) and the reac-
@Me tion mixture was stirred at 21 °C under an atmosphere of N2 for 4 h. The mixture
e O™ was cooled to 0 °C and was added Na>SO4(H20)10 portion wise until bubbling
ceased. The suspension was filtered and the filtrate was added sat. ag. NaHCO3; (5 mL) and
extracted with CH,Cl; (5 x 5 mL). The combined organic layers were dried over MgSQy, fil-
tered, and concentrated in vacuo. The crude was purified by flash column chromatography
(EtOAc/heptane 1:1) to give the title compound as an off-white solid (30.0 mg, 96%).
Rt = 0.21 (EtOAc/heptane 1:1); m.p.: 101-103 °C; *H NMR (400 MHz, DMSO-ds) 5 4.79 (d,
J=7.0 Hz, 1H), 4.39 — 4.26 (m, 2H), 4.23 (t, J = 6.0 Hz, 1H), 3.71 (dt, J = 11.2, 6.6 Hz, 1H),
3.60 (t,J=7.0 Hz, 1H), 3.51 - 3.32 (m, 2H), 3.23 (s, 3H), 2.49 — 2.38 (m, 1H), 2.09 — 1.93 (m,
2H), 1.36 (s, 3H); *C NMR (101 MHz, DMSO-ds) & 126.5 (d, *Jcr = 278.8 Hz), 84.5, 76.2,
74.5,72.5 (q, Yer = 2.9 Hz), 58.2, 57.4, 49.3, 47.8 (9, ZJcr = 27.5 Hz), 30.6, 27.3; F NMR
(377 MHz, DMSO-ds) & -58.37; IR (neat) cm™: 3145 (br., O-H); HRMS (ESI) calcd for
[C11H1sF304] [M+H]* 271.1152, found 271.1136.
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Ethyl (1S%,4S",55%,65",7R")-4-hydroxy-3-methoxy-5-methyl-7-(methylamino)-7-(tri-
fluoromethyl)-8-oxabicyclo[3.2.1]oct-2-ene-6-carboxylate (2.108) and (3R",3aS",55",
7aS",8R")-7-methoxy-3a-methyl-8-(methylamino)-8-(trifluoromethyl)-3,3a,5,7a-tetra-
hydro-2H-3,5-methanofuro[3,2-b]pyran-2-one (2.109)

To suspension of 2.103 (120 mg, 0.392 mmol) in EtOH (4 mL) was added
‘/Me methylamine hydrochloride (30.4 mg, 0.451 mmol) and EtsN (105 pL,
0.784 mmol) and the reaction mixture was stirred at 21 °C for 4 h. The solu-
MeHN"7c €925 tion was cooled to 0 °C and added NaBH. (59.3mg, 1.57 mmol). After 15
min., cooling was removed and the reaction mixture was stirred at 21 °C for
1 h. Then, SiO; (875 mg) was added and the mixture was concentrated in
vacuo and purified by flash column chromatography (EtOAc/heptane 1:2) to
MeHN’ CF, give the title compounds 2.108 as a yellow amorphous solid (74.5 mg, 56%)
and 2.109 as a colorless amorphous solid (33.0 mg, 30%).
Data for 2.108: Rr = 0.28 (EtOAc/heptane 1:2); *H NMR (400 MHz, DMSO-ds) 8 5.78 (d, J =
5.1 Hz, 1H), 4.80 (dd, J = 5.0, 1.6 Hz, 1H), 4.69 (d, J = 5.0 Hz, 1H), 4.16 — 3.98 (m, 3H), 3.80
(s, 1H), 3.47 (s, 3H), 2.44 (9, J = 5.9 Hz, 1H), 2.34 (d, J = 5.9 Hz, 3H), 1.37 (s, 3H), 1.16 (t, J
= 7.1 Hz, 3H); C NMR (101 MHz, DMSO-ds) § 169.5, 155.3, 125.9 (d, Jcr = 286.5 Hz),
94.2, 83.4, 74.0 (g, 2Jcr = 23.0 Hz), 73.3, 71.8, 60.3, 54.4, 47.9, 29.6, 20.9, 13.9; °F NMR
(377 MHz, DMSO-ds) 6 -66.43; IR (neat) cm™: 3516 (s, N-H), 3350 (br., O-H), 1725 (s, C=0),
1662 (m, C=C); HRMS (ESI) calcd for [C14H2:F3NOs] [M+H]* 340.1372, found 340.1362.
Data for 2.109: R¢ = 0.14 (EtOAc/heptane 1:2); *H NMR (400 MHz, DMSO-ds) § 5.32 (d, J =
5.8 Hz, 1H), 4.84 (d, J = 1.3 Hz, 1H), 4.68 (d, J = 5.9 Hz, 1H), 3.51 (s, 3H), 2.89 — 2.79 (m,
2H), 2.34 (dd, J = 5.8, 1.5 Hz, 3H), 1.56 (s, 3H); *C NMR (101 MHz, DMSO-ds) 6 172.3,
153.8, 125.0 (q, YJcr = 286.8 Hz), 99.5, 86.1, 80.7, 76.5 (q, 2Jcr = 23.4 Hz), 76.1, 55.0, 53.1,
30.0, 21.2; 1F NMR (377 MHz, DMSO-ds) 6 -63.74; IR (neat) cm*: 3358 (s, N-H), 1776 (s,
C=0), 1666 (m, C=C); HRMS (ESI) calcd for [Ci12H1s5F3sNO4] [M+H]* 294.0948, found
294.0945.
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Ethyl (1S%,4S",55%,65",7R")-7-(but-3-en-1-ylamino)-4-hydroxy-3-methoxy-5-methyl-7-
(trifluoromethyl)-8-oxabicyclo[3.2.1]oct-2-ene-6-carboxylate (2.110) and (3R",3aS",55",
7aS",8R")-8-(but-3-en-1-ylamino)-7-methoxy-3a-methyl-8-(trifluoromethyl)-3,3a,5,7a-
tetrahydro-2H-3,5-methanofuro[3,2-b]pyran-2-one (2.111)

MeQ ~ oH To suspension of 2.103 (114 mg, 0.372 mmol) in EtOH (7 mL) was added

HMe but-3-en-1-amine hydrochloride (50.1 mg, 0.465 mmol) and EtzN (98.9 uL,

W2 Yot 0-745 mmol) and the reaction mixture was stirred at 21 °C for 4 h. The solu-

H CFs tion was cooled to 0 °C and added NaBH. (42.3 mg, 1.12 mmol). After 15

MeQ 0 min., cooling was removed and the reaction mixture was stirred at 21 °C for

\\\L“\‘\\iﬂe 1 h. Then, SiO; (1 g) was added and the mixture was concentrated in vacuo

O and purified by flash column chromatography (EtOAc/heptane 3:8) to give

a mixture of the title compounds as a yellow oil (100 mg, 80%). R¢ = 0.44
(EtOAc/heptane 2:3).

N CFs

Ethyl (1S%,4S",55",65",7R")-7-amino-4-hydroxy-3-methoxy-5-methyl-7-(trifluoromethyl)-
8-oxabicyclo[3.2.1]oct-2-ene-6-carboxylate (2.112) and (3R",3aS",5S",7aS",8R")-8-amino-
7-methoxy-3a-methyl-8-(trifluoromethyl)-3,3a,5,7a-tetrahydro-2H-3,5-methanofuro|3,2-
b]pyran-2-one (2.113)

MeO  OH To asolution of 2.110 and 2.111 (3:2 mixture, 98.0 mg, 0.258 mmol) in PhMe
X ve (26 mL) was added Hoveyda-Grubbs 2™ generation catalyst (8.1 mg,
12.9 umol) and the mixture was refluxed under an ethylene atmosphere for
16 h. The mixture was concentrated in vacuo and purified directly by flash
MeQ o column chromatography (EtOAc/heptane 2:3) to give 2.112 (51.0 mg, 53%)
@ ‘\\Me and 2.113 (14.0 mg, 15%) both as off-white amorphous solids.
M —,_CF'S"'\o Data for 2.112: R¢ = 0.52 (EtOAc/heptane 3:2); *H NMR (400 MHz, CDCls)
84.82 (dd, J = 4.7, 1.8 Hz, 1H), 4.29 (d, J = 4.5 Hz, 2H), 4.27 — 4.13 (m, 2H),
3.83 (s, 1H), 3.60 (s, 3H), 2.43 (dtd, J = 18.7, 7.1, 1.7 Hz, 3H), 2.48 — 2.24 (m, 3H), 1.47 (s,
3H), 1.27 (t, J = 7.1 Hz, 3H); ¥C NMR (101 MHz, CDCls) § 170.5, 154.5, 125.3 (d, YJcr =
281.8 Hz),93.9,84.2,79.5,74.5,71.9 (q, 2Jce = 25.2 Hz), 61.2,55.2, 47.4,21.2, 14.3; °F NMR
(377 MHz, CDCls) 6 -73.21.
Data for 2.113: R¢ = 0.28 (EtOAc/heptane 3:2); *H NMR (400 MHz, CDCl3) 6 5.17 (d, J=5.8
Hz, 1H), 4.69 (d, J = 0.8 Hz, 1H), 4.44 (d, J = 5.8 Hz, 1H), 3.60 (s, 3H), 2.58 (s, 1H), 1.87 (s,
2H), 1.71 (s, 3H); *C NMR (101 MHz, CDCls) & 171.1, 154.5, 124.4 (q, YJcr = 282.4 Hz),
98.0, 86.9, 81.4, 80.4, 72.9 (q, 2Jcr = 26.5 Hz), 58.2, 55.3, 22.4; F NMR (377 MHz, CDCl5)
6 -69.90.

~  “CO,Et
HoN CF,4
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Ethyl 4,6-dihydroxy-2-methyl-3-oxo-7-(trifluoromethyl)cyclohepta-1,4,6-triene-1-
carboxylate (2.114) and ethyl 6-hydroxy-4-methoxy-2-methyl-3-oxo-7-(trifluoro-
methyl)cyclohepta-1,4,6-triene-1-carboxylate (2.115)

HO To an ice-cooled solution of BClz (1.0 M in CH2Cl>, 3.27 mL, 3.27 mmol) in
anhydrous CH.Cl> (9 mL) under an atmosphere of N, was added an ice-cooled

HO " solution of 2.103 (84.0 mg, 0.274 mmol) in anhydrous CH.Cl, (12 mL) and
FCo O the reaction mixture was stirred at 0 °C for 1 h. Then, water (25 mL) was
MeO added and the mixture was stirred at 21 °C for 1 h. The layers were separated

e and the agueous phase was extracted with CH,Cl (1 x 25 mL). The combined

HO organic layers were dried over MgSOQ., filtered, and concentrated in vacuo.

FC “OF' The crude was purified by flash column chromatography (EtOAc/heptane 1:5

to EtOAC) to give the title compounds 2.114 as a yellow oil (22.2 mg, 28%) and 2.115 as a
colorless oil (12.2 mg, 14%).

Data for 2.114: R¢ = 0.30 (EtOAc); *H NMR (400 MHz, CDCls) & 7.97 (s, 1H), 4.43 (q, J =
7.1 Hz, 2H), 2.53 (s, 3H), 2.38 — 2.11 (m, 1H), 1.39 (t, J = 7.1 Hz, 3H); *C NMR (101 MHz,
CDCls) 6 181.6, 171.4, 170.1, 167.1, 141.5, 137.1, 135.8, 131.1, 123.6 (d, Jcr = 267.4 Hz),
62.7, 20.4, 13.9; °F NMR (377 MHz, CDCl3)  -57.48; IR (neat) cm™: 3320 (br., O-H), 1737
(s, C=0), 1516 (s, C=C); HRMS (ESI) calcd for [C12H12F30s] [M+H]* 293.0631, found
293.0631.

Data for 2.115: R = 0.30 (EtOAc/heptane 1:5); *H NMR (400 MHz, CDCls3) § 7.52 (s, 1H),
4.38 (q, J = 7.1 Hz, 2H), 3.96 (s, 3H), 2.29 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H); ¥C NMR (101
MHz, CDCls) & 182.3, 166.1, 157.9, 142.8, 132.9, 132.5 (q, 3Jcr = 6.8 Hz), 127.2, 124.0 (q,
2)er = 35.5 Hz), 122.8 (g, YJcr = 270.5 Hz), 62.6, 59.7, 19.2, 13.8; °F NMR (377 MHz, CDCls)
5 -59.88; IR (neat) cm™: 1734 (s, C=0), 1629 (s, C=C); HRMS (ESI) calcd for [C13H14F30s]
[M+H]* 307.0788, found 307.0786.

Ethyl (1S",55",6R",7R")-3-methoxy-5-methyl-4-oxo-7-(trifluoromethyl)-8-oxabicyclo
[3.2.1]oct-2-ene-6-carboxylate (2.119)

To a suspension of 2.102 (2.00 g, 6.89 mmol) in CHCI; (2.0 mL) was added
ethyl (E)-4,4,4-trifluorobut-2-enoate 2.2 (15.2 mL, 82.7 mmol) and N,N-
Me diisopropylaniline (69.0 puL, 0.356 mmol) and the solution was subjected to

. “coEt  microwave heating at 100 °C for 10 min. The reaction mixture was concen-
3

MeO o)

trated in vacuo and purified directly by flash column chromatography
(EtOAc/heptane/EtsN 30:80:2) to give the title compound as an off-white solid (1.21 g, 57%).
Rt = 0.22 (EtOAc/heptane 3:8); m.p.: 75-77 °C; 'H NMR (400 MHz, CDCl3) § 6.12 (d, J =
5.4 Hz, 1H), 4.99 (d, J = 5.4 Hz, 1H), 4.25 - 4.01 (m, 2H), 3.64 (s, 3H), 3.52 — 3.35 (m, 1H),
3.16 (d, J = 4.7 Hz, 1H), 1.70 (s, 3H), 1.25 (t, = 7.1 Hz, 3H); *C NMR (101 MHz, CDCls) 5
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190.2, 168.5, 151.1, 126.1 (q, *Jcr = 278.8 Hz), 115.6, 89.60, 73.3 (q, *Jcr = 2.8 Hz), 62.4, 55.4,
52.1 (g, 2Jcr = 26.2 Hz), 52.0, 20.1, 14.0; **F NMR (377 MHz, CDCls) § -70.27; IR (neat) cm
1: 1743 (s, C=0), 1705 (s, C=0), 1626 (s, C=C); HRMS (ESI) calcd for [C13H1sF30s] [M+H]*
309.0944, found 309.0943.

Ethyl (3aR",4S",5R",6R",7S",8aR")-8a-methoxy-7-methyl-8-oxo-5-(trifluoromethyl) deca-
hydro-4,7-epoxycyclohepta[c]pyrrole-6-carboxylate (2.120)

To an ice-cooled solution of 2.119 (241 mg, 0.783 mmol) and N-(methoxy-
methyl)-N-(trimethylsilylmethyl)benzylamine (315 pL, 1.17 mmol) in an-
me  hydrous CH,Cl, (5.0 mL) was added trifluoroacetic acid (0.5 M in CH,Cl,
“co,et 150 pL, 78.3 pmol) dropwise and the reaction mixture was stirred under an
atmosphere of N2at 21 °C for 2 h. The mixture was concentrated in vacuo and
filtered through a short plug of silica. The residue was dissolved in EtOH (12 mL), added 10%
Pd/C (167 mg, 0.157 mmol), and stirred at reflux under an atmosphere of H, for 4 h. The
suspension was filtered through a plug of celite, concentrated in vacuo, and purified by flash
column chromatography (EtOAc/MeOH/Et;N 95:3:2) to give the title compound as a colorless
oil (242 mg, 88%).
Rf = 0.23 (EtOAc/MeOH/EtsN 95:3:2); *H NMR (400 MHz, CDs0OD) & 4.53 (d, J = 2.2 Hz,
1H), 4.33 (dq, J = 10.8, 7.1 Hz, 1H), 4.22 (dq, J = 10.8, 7.1 Hz, 1H), 3.66 — 3.52 (m, 2H), 3.27
(s, 3H), 3.19 — 3.10 (m, 2H), 3.08 (d, J = 12.4 Hz, 1H), 2.96 (dd, J = 12.4, 0.9 Hz, 1H), 2.69
(dd, J =7.8, 5.3 Hz, 1H), 1.64 (s, 3H), 1.38 (t, J = 7.1 Hz, 3H); 3C NMR (101 MHz, CD;0D)
8207.7,168.0, 127.1 (d, Ncr = 277.3 Hz), 90.8, 88.9, 78.4 (d, 3Jcr = 2.7 Hz), 62.1, 59.1, 55.2
(d, 3Jcr = 1.7 Hz), 54.2, 52.7, 51.8 (q, *Jce = 28.1 Hz), 48.8, 19.4, 13.4; **F NMR (377 MHz,
CDsOD) & -72.64; IR (neat) cm™: 3328 (m, N-H), 1725 (s, C=0); HRMS (ESI) calcd for
[C15H21F3NOs] [M+H]* 352.1366, found 352.1344.

OMe
s 0

HN

FsC

(3R",3aS",55%,7aS",8R")-7-Methoxy-3a-methyl-8-(trifluoromethyl)-3,3a,5,7a-tetrahydro-
2H-3,5-methanofuro[3,2-b]pyran-2-one (2.121)

Ve To an ice-cooled solution of 2.119 (750 mg, 2.43 mmol) in EtOH (24 mL) was
W0 e added NaBHs (96.7 mg, 2.55 mmol). After 5 min. of stirring, cooling was re-
,.‘\\\O moved and the reaction mixture was stirred at 22 °C for 1 h. Then, SiO- (4.25 g)
CF, was added and the mixture was concentrated in vacuo and purified by flash
column chromatography (EtOAc/heptane 1:2) to give the title compound as a

white solid (296 mg, 46%).
Rt = 0.29 (EtOAc/heptane 1:2); m.p.: 80-82 °C; *H NMR (400 MHz, CDCl3) § 5.32 (dd, J =
6.0, 1.6 Hz, 1H), 4.90 (d, J = 6.0 Hz, 1H), 4.71 (d, J = 1.6 Hz, 1H), 3.56 (s, 3H), 3.00 (qd, J =

9.3, 2.6 Hz, 1H), 2.81 (d, J = 2.6 Hz, 1H), 1.69 (s, 3H); *C NMR (101 MHz, CDCls) § 174.0,

204



155.8, 125.3 (g, Wcr = 279.8 Hz), 102.0, 85.8, 81.9, 73.6, 55.4, 55.0 (4, 2Jcr = 27.9 Hz), 48.5,
21.3; F NMR (377 MHz, CDCls) 6 -71.24; IR (neat) cm™: 1775 (s, C=0), 1665 (s, C=C);
HRMS (ESI) calcd for [C11H12F304] [M+H]* 265.0682, found 265.0678.
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[2+2] Cycloaddition

Ethyl (1S",5R")-5-hydroxy-7-(trifluoromethyl)bicyclo[3.2.0]hept-6-ene-6-carboxylate
(2.126)

o CO.Et To an ice-cooled solution of ethyl 4,4,4-trifluorobut-2-ynoate 2.4 (2.90 g,
17.5 mmol) and 1-(trimethylsiloxy)cyclopentene (3.42 mL, 19.2 mmol) in
™ CH,Cl, (60 mL) was added ZrCl. (4.48 g, 19.2 mmol) and then THF (30 mL) and
the reaction mixture was stirred at 22 °C for 2 h. Sat. ag. NH4CI (90 mL) was added and the
layers were separated. The aqueous phase was extracted with CH,Cl, (1 x 90 mL) and the com-
bined organic layers were dried over MgSOQy, filtered, and concentrated in vacuo. The crude
product was purified by flash column chromatography (EtOAc/heptane 1:3) to give the title
compound as a yellow oil (4.00 g, 93%).
Rt = 0.22 (EtOAc/heptane 1:3); *H NMR (400 MHz, CDCls) 6 4.27 (qd, J = 7.1, 1.6 Hz, 2H),
3.05 (dp, J=6.8, 1.4 Hz, 1H), 2.71 (br. s, 1H), 2.20 — 2.10 (m, 1H), 1.95 - 1.82 (m, 1H), 1.76
—1.42 (m, 4H), 1.32 (t, J = 7.1 Hz, 3H); *C NMR (101 MHz, CDCl3) 6 159.7, 140.6 (q, 2Jcr
=37.7 Hz), 139.5 (q, *Jcr = 5.2 Hz), 119.3 (q, YJcr = 272.5 Hz), 84.8, 61.5, 53.4 (q, *Jcr = 1.7
Hz), 32.8, 24.4, 23.9, 14.1; *F NMR (377 MHz, CDCls) § -63.73; IR (neat) cm*: 3414 (br.,
O-H), 1723 (s, C=0), 1666 (s, C=C); HRMS (ESI) calcd. for [C11H14F303] [M+H]+ 251.0889,
found 251.0884.

tert-Butyl 4-((trimethylsilyl)oxy)-3,6-dihydropyridine-1(2H)-carboxylate (2.128)

omms Following a reported procedure.®® To a solution of tert-butyl 4-oxo-
Boc@/ piperidine-1-carboxylate (1.28 g, 6.42 mmol) in anhydrous DMF (7 mL) was
added TMSCI (1.63 mL, 12.9 mmol) and EtsN (3.58 mL, 25.7 mmol) and the
reaction mixture was stirred under an atmosphere of N»at 90 °C for 21 h. Pentane (30 mL) was
added and the mixture was washed with 5% ag. NaHCO3 (1 x 30 mL), H>O (1 x 30 mL), and
brine (1 x 30 mL). The organic layer was dried over MgSO, and concentrated in vacuo to give
the title compound as an orange oil (1.70 g, >95%).
Rt = 0.45 (EtOAc/heptane 1:4); 'H NMR (400 MHz, CDCls) 8 4.79 (s, 1H), 3.87 (s, 2H), 3.52
(t, 3 = 5.8 Hz, 2H), 2.11 (s, 2H), 1.46 (s, 9H), 0.19 (s, 9H); °C NMR (101 MHz, CDCls) &
155.0, 148.9, 101.0, 79.7, 42.2, 40.3, 30.2, 28.6 (3C), 0.4 (3C). Spectroscopic data were con-
sistent with those reported in the literature.!
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Ethyl (E)-4,4,4-trifluoro-3-(4-oxopiperidin-3-yl)but-2-enoate (2.130)

added 2.128 (1.75 mg, 0.614 mmol) and AgF (62.3 mg, 0.491 mmol) and the
reaction mixture was stirred under an atmosphere of N at 22 °C for 24 h.
Precipitate was removed by filtration and the filtrate was concentrated in
vacuo. The crude product was purified by flash column chromatography (EtOAc/heptane 1:9)
to give the title compound as a yellow oil (42.0 mg, 39%).

R¢ = 0.25 (EtOAc/heptane; *H NMR (400 MHz, CDCls) § 6.36 (p, J = 1.4 Hz, 1H), 5.18 (td, J
=7.9,7.3,14Hz 1H), 4.22 (qd, J = 7.1, 1.9 Hz, 2H), 3.98 — 3.80 (m, 2H), 2.38 (qd, J = 7.3,
3.8 Hz, 1H), 2.11 — 1.80 (m, 3H), 1.31 (t, J = 7.1 Hz, 3H); *C NMR (101 MHz, CDCls) §
164.8, 144.2 (g, J = 27.4 Hz), 123.0 (9, J = 6.3 Hz), 122.8 (q, J = 276.1 Hz), 75.0, 69.2, 61.2,
32.6, 26.2, 14.1.

N To a solution of 2.4 (68.8 mg, 0.409 mmol) in anhydrous THF (4 mL) was
%Coza

F3C

1-Benzyl-4-((trimethylsilyl)oxy)-1,2,3,6-tetrahydropyridine (2.131)

otms 1O a solution of 1-benzylpiperidin-4-one (1.60 g, 8.45 mmol) in anhydrous
Bn@/ DMF (8 mL) was added TMSCI (2.15 mL, 16.9 mmol) and EtsN (4.71 mL,
33.8 mmol) and the reaction mixture was stirred under an atmosphere of N, at
90 °C for 21 h. Pentane (35 mL) was added and the mixture was washed with 5% ag. NaHCOs3
(1 x 35 mL), H20 (1 x 35 mL), and brine (1 x 35 mL). The organic layer was dried over Na;SOa
and concentrated in vacuo to give the title compound as an orange oil (2.16 g, >95%).
IH NMR (400 MHz, CDCl3) § 7.29 — 7.14 (m, 5H), 4.70 (tt, J = 3.5, 1.2 Hz, 1H), 3.51 (s, 2H),
2.91 (dt, J=3.5,2.7 Hz, 2H), 2.52 (t, J = 5.9 Hz, 2H), 2.06 (tdd, J =5.9, 2.7, 1.2 Hz, 2H), 0.12
(s, 9H); C NMR (101 MHz, CDCl3) & 149.1, 138.6, 129.2 (2C), 128.3 (2C), 127.1, 101.5,
62.3, 51.6, 50.0, 30.5, 0.5 (3C).

1-Benzyl-5-methyl-4-((trimethylsilyl)oxy)-1,2,3,6-tetrahydropyridine (2.132)

otms 10 asolution of 1-benzylpiperidin-4-one (126 mg, 0.620mmol) in anhydrous
Bnl\(\/‘[ DMF (6 mL) was added TMSCI (0.158 mL, 1.24 mmol) and EtsN (0.330 mL,
Me . . .
2.48 mmol) and the reaction mixture was stirred under an atmosphere of N at
90 °C for 21 h. Pentane (20 mL) was added and the mixture was washed with 5% ag. NaHCOs
(1 x 20 mL), H20O (1 x 20 mL), and brine (1 x 20 mL). The organic layer was dried over Na;SO.
and concentrated in vacuo to give the title compound as an orange oil (157 mg, 92%, 3:1 mix-
ture of silyl enol ether isomers).
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tert-Butyl 3-((trimethylsilyl)oxy)-2,5-dihydro-1H-pyrrole-1-carboxylate and tert-butyl 4-
((trimethylsilyl)oxy)-2,3-dihydro-1H-pyrrole-1-carboxylate (2.134)

otms 1o asolution of 1-benzylpiperidin-4-one (1.00 g, 5.40 mmol) in anhydrous DMF

(6 mL) was added TMSCI (1.16 mL, 9.18 mmol) and EtsN (2.44 mL, 18.4 mmol)

BocN and the reaction mixture was stirred under an atmosphere of N2at 90 °C for 21 h.

Pentane (20 mL) was added and the mixture was washed with 5% agq. NaHCOs (1 x 20 mL),

H,O (1 x 20 mL), and brine (1 x 20 mL). The organic layer was dried over Na,SO, and con-
centrated in vacuo to give the title compound as an orange oil (1.13 g, 70%).

tert-Butyl (3aR",6aR")-5-((trimethylsilyl)oxy)-3,3a,4,6a-tetrahydrocyclopenta[c]pyrrole-
2(1H)-carboxylate (2.135)

u oThS To a solution of tert-butyl 5-oxohexahydrocyclopenta[c]pyrrole-2(1H)-
@/ carboxylate (277 mg, 1.23 mmol) in anhydrous DMF (4 mL) was added
BocN TMSCI (0.234 mL, 1.84 mmol) and EtsN (0.514 mL, 3.69 mmol) and the
reaction mixture was stirred under an atmosphere of Nzat 90 °C for 21 h. Pentane (25 mL) was
added and the mixture was washed with 5% agq. NaHCO; (1 x 25 mL), H.O (1 x 25 mL), and
brine (1 x 25 mL). The organic layer was dried over Na,SO,4 and concentrated in vacuo to give
the title compound as an orange oil (209 mg, 57%)
Rt = 0.65 (EtOAc/heptane 1:2); *"H NMR (400 MHz, CDCls) § 4.52 (s, 1H), 3.62 (s, 1H), 3.50
—3.35(m, 1H), 3.24 (ddt, J = 7.9, 5.8, 2.4 Hz, 2H), 3.14 — 2.95 (m, 1H), 2.73 (p, J = 7.9, 7.4
Hz, 1H), 2.55 (ddt, J = 16.0, 7.9, 2.1 Hz, 1H), 2.01 (d, J = 16.0 Hz, 1H), 1.44 (d, J = 5.8 Hz,
9H), 0.19 (s, 9H); *°C NMR (101 MHz, CDCls)  154.6 (minor rotamer), 154.5 (major rota-
mer), 154.2 (minor rotamer), 154.1 (major rotamer), 105.3, 79.7 (minor rotamer), 79.1 (major
rotamer), 52.9 (minor rotamer), 52.6 (major rotamer), 51.6 (minor rotamer), 51.2 (major rota-
mer), 46.2 (minor rotamer), 45.4 (major rotamer), 39.5, 38.7 (major rotamer), 37.8 (minor rota-
mer), 28.7 (3C), 0.1 (3C).

tert-Butyl 3-((tert-butyldimethylsilyl)oxy)azete-1(2H)-carboxylate (2.136)

TBSO To asolution of tert-butyl 3-oxoazetidine-1-carboxylate (206 mg, 1.20 mmol) in

—\Boo anhydrous THF (6 mL) at -78 °C was added TBSOTf (0.332 mL, 1.44 mmol)

and LiHMDS (1.32 mL, 1.32 mmol) and the reaction mixture was stirred under

an atmosphere of N at -78 °C for 1 h. Then, sat. ag. NH4Cl (6 mL) was added and the mixture

was slowly warmed to 22 °C. The mixture was extracted with CH,Cl, (2 x 6 mL) and the

combined organic layers were dried over Na,SO,, filtered, and concentrated in vacuo. The

crude product was purified by flash column chromatography (EtOAc/heptane 1:12) to give the
title compound as a colorless oil (76.0 mg, 22%).
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Rr = 0.60 (EtOACc/heptane 1:2): *H NMR (400 MHz, CDCls) § 5.70 (s, 1H), 4.30 (s, 2H), 1.45
(s, 9H), 0.93 (s, 12H), 0.18 (s, 6H); *C NMR (101 MHz, CDCls) 5 155.6, 139.4, 114.7, 79.8,
60.0, 28.3 (3C), 25.4 (3C), 18.1, -5.0 (2C).

Ethyl (E)-4,4,4-trifluoro-3-(2-oxocyclopentylidene)butanoate (2.138)

o To asolution of 2.126 (668 mg, 2.67 mmol) in EtOH (13 mL) was added EtsN
f{/ _ /=Co.Et (1.12mL, 8.01 mmol) and the reaction mixture was stirred at 40 °C for 1 h.
CF, The mixture was concentrated in vacuo to give the title compound as a color-
less oil (668 mg, >95%).

R¢ = 0.50 (EtOAc/heptane 2:3); *H NMR (400 MHz, CDCls) 6 4.15 (q, J = 7.2 Hz, 2H), 3.85
(t, J= 1.3 Hz, 2H), 2.96 (tddd, J =5.2, 4.3, 2.9, 1.3 Hz, 2H), 2.41 (t, J = 7.8 Hz, 2H), 1.98 (p,
J=7.8Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H); C NMR (101 MHz, CDCl3) § 207.9, 169.3, 141.2
(9, *Jcr = 3.2 Hz), 128.8 (q, 2Jcr = 31.1 Hz), 123.7 (9, {Jcr = 276.3 Hz), 61.3, 39.5, 31.5 (q, 3Jcr

= 2.4 Hz), 29.8 (9, 3Jcr = 1.8 Hz), 19.3, 14.2; *F NMR (377 MHz, CDCls) § -64.54.

Ethyl 2-((4S",55%)-2-benzyl-6-oxo0-4-(trifluoromethyl)-2-azaspiro[4.4]Jnonan-4-yl)acetate
(2.139)

(methoxymethyl)-N-(trimethylsilylmethyl)benzylamine (0.969 mL, 4.00 mmol)

FaC”: and TFA (0.5 M in CHCl,, 0.535 mL, 0.267 mmol). The solution was stirred at
EtO,C

% To a solution of 2.138 (668 mg, 2.67 mmol) in CH.Cl, (13 mL) was added N-
<~ "NBn

22 °C for 2 h and the concentrated in vacuo. The crude product was filtered
through a short plug of silica to give the title compound as an impure yellow oil (1.27 g) that
was used directly in the next step without further purification.

(3aS",6aR",9aS")-3a-(trifluoromethyl)octahydrocyclopenta[2,3]pyrano[3,4-c]pyrrol-5
(1H)-one (2.140)

Pd/C (107 mg, 0.100 mmol) and the resulting suspension was stirred under an
atmosphere of H» at 22 °C for 2 h. The suspension was filtered through a plug of
celite and the filtrate was cooled to 0 °C. NaBH4 (28.4 mg, 0.751 mmol) was
added and the solution was stirred at 22 °C for 1 h. Sat. aqueous NaHCO3 (10 mL) was added
and the mixture was extracted with CH>Cl, (3 x 10 mL). The combined organic layers were
dried over Na;SO4, concentrated in vacuo, and purified by flash column chromatography
(EtOAc/heptane 3:1) to give the title compound as a white amorphous solid (44.0 mg, 44%)

Rt = 0.26 (EtOAc/heptane 3:1); *H NMR (400 MHz, CDCls) § 4.45 (dd, J = 9.7, 8.4 Hz, 1H),
3.37(d,J=11.4 Hz, 1H), 3.30 (d, J=11.2 Hz, 1H), 3.01 (d, J = 11.4 Hz, 1H), 2.87 (d, J = 15.2

To a solution of 2.139 (192 mg, 0.501 mmol) in EtOH (10 mL) was added 10%
5 “SNH
CF

o} 3
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Hz, 1H), 2.75 (d, J = 11.2 Hz, 1H), 2.56 (d, J = 15.2 Hz, 1H), 2.19 — 2.08 (m, 1H), 1.90 — 1.63
(m, 6H); *C NMR (101 MHz, CDCls) 8 171.4, 127.5 (q, *Jcr = 280.9 Hz), 81.9, 56.7 (q,

3Jcr = 2.1 Hz), 55.1, 53.5, 52.0 (4, 2cr = 25.3 Hz), 36.6 (q, 3Jcr = 2.6 Hz), 29.4 (q, *Jor = 2.4
Hz), 25.0, 19.0; °F NMR (377 MHz, CDCls) § -71.85; IR (neat) cm: 3326 (br., N-H), 1751
(s, C=0); HRMS (ESI) calcd for [C1aH1sFsNO2] [M+H]* 250.1049, found 250.1049.

(4S°,5S7,6S")-2-Benzyl-4-(2-hydroxyethyl)-4-(trifluoromethyl)-2-azaspiro[4.4]nonan-6-ol
(2.141)

OH To an ice-cooled solution of 2.139 (118 mg, 0.308 mmol) in THF (6 mL) was
%N’B” added LiBH4 (40.2 mg, 1.85 mmol) and the mixture was stirred at 22 °C for 16 h.
FoC”= SiO; (750 mg) was added and the suspension was concentrated in vacuo and

Oc purified by flash column chromatography (EtOAc/heptane/EtsN 50:50:2) to give

the title compound as a colorless oil (64.0 mg, 76%).

Rt = 0.26 (EtOAc/heptane 1:1); *H NMR (400 MHz, CDCls) § 7.42 — 7.26 (m, 5H), 4.15 —
4.05 (m, 1H), 3.82 — 3.56 (m, 4H), 3.25 — 3.14 (m, 2H), 2.69 (d, J = 11.1 Hz, 1H), 2.54 — 2.39
(m, 1H), 2.25 - 2.02 (m, 3H), 1.89 — 1.72 (m, 1H), 1.69 — 1.46 (m, 4H); *C NMR (101 MHz,
CDCl3) 8 137.0, 129.2 (d, YJcr = 284.9 Hz), 128.9 (2C), 128.7 (2C), 127.9, 75.9, 59.8, 59.82
(2C), 58.75, 55.7, 52.0 (q, 2Jcr = 22.6 Hz), 34.7, 30.5, 28.4 (d, 3Jcr = 2.4 Hz), 19.2; F NMR
(377 MHz, CDCl3) & -66.11; IR (neat) cm™: 3358 (br., O-H); HRMS (ESI) calcd for
[CigH25FsNO2] [M+H]* 344.1832, found 344.1850.

Ethyl 2-((4S",55%)-6-0x0-4-(trifluoromethyl)-2-azaspiro[4.4]nonan-4-yl)acetate (2.142)

o To a solution of 2.139 (336 mg, 0.876 mmol) in EtOH (18 mL) was added 10%
@NH Pd/C (187 mg, 0.175 mmol) and the resulting suspension was stirred under an
Fic” atmosphere of H, at 22 °C for 2 h. The suspension was filtered through a plug of
Et0,C” celite and the filtrate was concentrated in vacuo. The crude product was purified
by flash column chromatography (EtOAc/heptane/EtsN 55:45:2) to give the title compound as
a colorless oil (160 mg, 78%).

Rt = 0.35 (EtOAc/heptane 3:2); *H NMR (400 MHz, CDCls) 6 4.07 (qq, J = 10.8, 7.2 Hz, 2H),
3.34(d, J = 13.4 Hz, 1H), 3.24 (d, J = 16.0 Hz, 1H), 3.13 (d, J = 12.7 Hz, 1H), 3.08 (d, J = 13.4
Hz, 1H), 2.79 (d, J = 12.8 Hz, 1H), 2.72 (d, J = 16.0 Hz, 1H), 2.68 — 2.56 (m, 2H), 2.45 — 2.26
(m, 2H), 2.19 - 2.04 (m, 1H), 1.93 (dd, J = 12.8, 6.8 Hz, 1H), 1.72 (qdd, J = 12.7, 8.2, 6.8 Hz,
1H), 1.22 (t, J = 7.2 Hz, 3H); *C NMR (101 MHz, CDCls) & 218.7, 171.0, 128.4 (q, YJcr =
284.6 Hz), 60.9, 60.5, 58.1, 57.7 (q, *Jcr = 3.0 Hz), 54.5 (q, 2Jcr = 22.6 Hz), 36.8, 34.5 (q, *Jcr
= 2.7 Hz), 31.3 (9, 3Jcr = 2.6 Hz), 20.7, 14.2; *F NMR (377 MHz, CDCls) § -69.59; IR (neat)
cmt: 3325 (br., N-H), 1720 (s, C=0); HRMS (ESI) calcd for [CisHisFsNOs] [M+H]*
294.1312, found 294.1308.
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Ethyl (1S",5R",6R",7R")-5-hydroxy-7-(trifluoromethyl)bicyclo[3.2.0]heptane-6-carboxy-
late (2.147)

ho COEt To a solution of 2.126 (800 mg, 3.20 mmol) in EtOH/AcOH (4:1, 50 mL) was
, added 5% Pd/C (681 mg, 0.320 mmol) and the resulting suspension was stirred
’ “°F2 under an atmosphere of H at 22 °C for 1 h. The suspension was filtered through
a plug of celite and the filtrate was concentrated in vacuo to give the title com-

pound as a colorless oil (807 mg, >95%).
'H NMR (400 MHz, CDCl3) 8 4.25 — 4.06 (m, 2H), 3.54 (d, J = 11.9 Hz, 1H), 3.38 (pd, J =
11.8,10.4 Hz, 1H), 2.86 (s, 1H), 2.75 - 2.66 (m, 1H), 2.40 — 2.27 (m, 1H), 2.02 - 1.91 (m, 1H),
1.91-1.80 (m, 2H), 1.80 — 1.67 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H); 3C NMR (101 MHz, CDCl5)
8 169.3, 126.5 (q, YJcr = 278.3 Hz), 84.3, 60.9, 48.3 (q, *Jcr = 2.4 Hz), 45.1 (q, *Jcr = 2.0 Hz),
38.0, 35.9 (q, 2Jcr = 29.2 Hz), 27.2, 25.9, 14.2; **F NMR (377 MHz, CDCls) § -60.90; IR (neat)
cmt: 3428 (br., O-H), 1724 (s, C=0); HRMS (ESI) calcd for [C11H16F303] [M+H]* 253.10486,

found 253.1037.

(1S%,257)-2-((S)-1,1,1-Trifluoro-4-hydroxybutan-2-yl)cyclopentan-1-ol (2.148)

oH To an ice-cooled solution of 2.147 (274 mg, 1.09 mmol) in THF (15 mL) was
O&H/\/OH added LiBH, (95.0 mg, 4.35 mmol) and the reaction mixture was stirred at 22
E;F3 °C for 16 h. Then, SiO; (1.85 g) was added and the suspension was concen-

trated in vacuo and purified directly by flash column chromatography (EtOAc/heptane 1:1) to
give the title compound as a colorless oil (63.0 mg, 28%)

Rt = 0.29 (EtOAc/heptane 1:1); 'H NMR (400 MHz, DMSO-ds) 6 4.56 (t, J = 5.2 Hz, 1H),
4.43 (d, J = 4.0 Hz, 1H), 4.05 — 3.96 (m, 1H), 3.46 (dtd, J =13.7, 8.9, 7.9, 4.9 Hz, 2H), 2.57
(dtt, J=16.1, 6.3, 3.5 Hz, 1H), 1.82 — 1.38 (m, 9H); **C NMR (101 MHz, DMSO-ds) 5 129.1
(9, YJcr = 281.3 Hz), 71.6 (d, ®Jcr = 1.3 Hz), 58.8 (d, “Jcr = 1.0 Hz), 43.9 (q, 3Jcr = 1.6 Hz),
37.8(q, 2Jcr = 24.0 Hz), 34.7, 30.4 (q, *Jcr = 2.1 Hz), 26.4, 20.5; °F NMR (377 MHz, DMSO-
ds) & -67.17; IR (neat) cm™*: 3329 (br., O-H); HRMS (ESI) calcd for [CoH16F302] [M+H]*
213.1097, found 213.1102.
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Double [3+2] Cycloaddition

Ethyl (3as,6as)-2,5-dibenzyl-6a-(trifluoromethyl)hexahydropyrrolo[3,4-c]pyrrole-3a
(1H) -carboxylate (2.152)

To an ice-cooled solution of ethyl (E)-4,4,4-trifluorobut-2-ynoate 2.4 (1.58 g,
. Z%NZ 9.04 mmol, 95% purity) and N-(methoxymethyl)-N-(trimethylsilyl-
co,et methyl)benzylamine (6.89 mL, 27.1 mmol) in anhydrous CHCl, (18 mL) was
Bn added trifluoroacetic acid (1.0 M in CH,Cl,, 0.904 mL, 0.904 mmol) dropwise
and the reaction mixture was stirred under an atmosphere of N, at 21 °C for 2 h. Sat. ag.
NaHCOs (25 mL) was added and the layers were separated. The organic layer was washed with
brine (1 x 25 mL), dried over Na,SOs, filtered, and concentrated in vacuo. The crude was puri-
fied by flash column chromatography (heptane/EtsN 98:2) to give the title compound as a color-
less oil (3.48 g, 89%).
R = 0.13 (heptane/EtsN 98:2); *H NMR (400 MHz, CDCl3) & 7.34 — 7.14 (m, 10H), 4.11 (g, J
= 7.1 Hz, 2H), 3.66 (d, J = 13.4 Hz, 2H), 3.56 (d, J = 13.4 Hz, 2H), 3.12 (d, J = 9.2 Hz, 2H),
2.88 (d, J=9.4 Hz, 2H), 2.61 (d, J = 9.4 Hz, 2H), 2.55 (d, J = 9.2 Hz, 2H), 1.24 (t, J = 7.1 Hz,
3H); 3C NMR (101 MHz, CDCls) § 171.9, 138.6 (2C), 128.3 (8C), 127.03 (2C), 126.98 (q,
ek = 280.7 Hz), 62.8 (g, 2Jcr = 25.8 Hz), 62.7 (2C), 61.3, 60.4 (q, 3Jcr = 2.1 Hz, 2C), 59.9,
58.5 (2C), 13.8; F NMR (377 MHz, CDCls) & -68.88; IR (neat) cm™: 3028 (m, C=C—H),
1722 (s, C=0); HRMS (ESI) calcd for CasH2sF3NO, [M+H]* 433.2097, found 433.2099.

Bn

((3as,6as)-2,5-Dibenzyl-6a-(trifluoromethyl)hexahydropyrrolo[3,4-c]pyrrol-3a(1H)-yl)
methanol (2.253)

o To an ice-cooled solution of 2.152 (674 mg, 1.56 mmol) in anhydrous THF
N (12 mL) was added LiAlH. (2.0 M in THF, 3.12 mL, 6.23 mmol) and the reac-
tion mixture was stirred at under an atmosphere of N, 21 °C for 16 h. The mixture
N™ OH was cooled to 0 °C and added sequentially water (0.25 mL), 15% aq. NaOH
(0.25 mL), and water (0.75 mL). Precipitate was removed by filtration and washed with CH,Cl>
(3 x 15 mL). The filtrate was dried over Na»SOs, filtered, and concentrated in vacuo to give the
crude product as an impure yellow oil (605 mg). The crude product was used directly in the
next step without further purification.

FsC
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((3as,6as)-6a-(Trifluoromethyl)hexahydropyrrolo[3,4-c]pyrrol-3a(1H)-yl)methanol
(2.153)

N To a solution of 2.253 (284 mg, 0.727 mmol) in EtOH (10 mL) was added 10%
Facz%é Pd/C (77.4 mg, 72.7 umol) and the resulting suspension was stirred under an Hp-
atmosphere at 60 °C for 2 h. The mixture was filtered through a pad of celite and
concentrated in vacuo to give the crude product as a white amorphous solid
(150 mg, 98%). The crude product was used directly in the next step without further purifica-
tion.
'H NMR (400 MHz, CD3;0D) 6 3.77 (d, J = 1.3 Hz, 1H), 3.30 (d, J = 12.4 Hz, 1H), 3.12 (d, J
=12.0 Hz, 1H), 2.99 (d, J = 12.4 Hz, 1H), 2.94 (d, J = 12.0 Hz, 1H); *C NMR (101 MHz,
CD30OD) 5 129.8 (q, “Jcr = 280.5 Hz), 64.3 (q, *Jcr = 3.8 Hz), 63.6 (q, 2Jcr = 23.9 Hz), 63.2,
58.3 (2C), 56.5 (g, J = 2.7 Hz, 2C); *F NMR (377 MHz, CDs;0OD) 5 -68.41; IR (neat) cm™:
3278 (s, N-H), 3213 (s, N-H, 3156 (br., O-H); HRMS (ESI) calcd for [CgH14F3sN2O] [M+H]*
211.1053, found 211.1033.

N
H OH

((3as,6as)-2,5-Dimethyl-6a-(trifluoromethyl)hexahydropyrrolo[3,4-c]pyrrol-3a(1H)-yl)
methanol (2.154)

To a solution of 2.253 (100 mg, 0.256 mmol) in EtOH (3 mL) was added 10%
N Pd/C (54.5 mg, 51.2 umol) and the resulting suspension was stirred under an H.-
FsCZ%% atmosphere at 60 °C for 2 h. The mixture was cooled to 21 °C and formaldehyde
Ne OH (37% in water, 41.6 pL, 0.563 mmol) was added. After stirring 2 h at 21 °C, the
mixture was filtered through a pad of celite and the filtrate was concentrated in vacuo. The
crude was purified by flash column chromatography (EtOAc/MeOH/NH; 380:20:1) to give the
title compound as a white amorphous solid (29.0 mg, 48%).
Rt = 0.20 (EtOAc/MeOH/NH; 380:20:1); *H NMR (400 MHz, DMSO-ds) 6 4.83 (t, J = 5.1
Hz, 1H), 3.48 (d, J = 4.2 Hz, 2H), 2.70 (d, J = 9.5 Hz, 2H), 2.58 (d, J = 9.0 Hz, 2H), 2.53 -
2.50 (m, 2H), 2.42 (d, J = 9.0 Hz, 2H), 2.21 (s, 6H); 3C NMR (101 MHz, DMSO-ds) 5 128.2
(9, YJcr = 281.2 Hz), 65.1 (2C), 63.0 (g, 3Jce = 2.6 Hz, 2C), 62.5 (q, *Jcr = 3.6 Hz), 58.6 (q, 2Jcr
= 24.3 Hz), 58.5, 41.0 (2C); **F NMR (377 MHz, DMSO-ds) & -65.93; IR (neat) cm™: 3166
(br., O-H); HRMS (ESI) calcd for C1oH1sF3N2O [M+H]* 239.1366, found 239.1366.
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1,1'-((3as,6as)-3a-(Hydroxymethyl)-6a-(trifluoromethyl)tetrahydropyrrolo[3,4-
c]pyrrole-2,5(1H,3H)-diyl)bis(propan-1-one) (2.155)

OyEt To asolution of 2.153 (79.0 mg, 0.376 mmol) in CH,Cl,/MeOH (3:1, 4 mL) was
N added EtsN (0.150 mL, 1.13 mmol) and propionyl chloride (72.0 pL,
FSCZ% 0.827 mmol) and the reaction mixture was stirred 30 min. The mixture was con-
N~ on Centrated in vacuo and concentrated directly by flash column chromatography
OAEt (EtOACc/MeOH 19:1) to give the title compound as a white solid (106 mg, 88%).
Rt = 0.33 (EtOAc/MeOH 19:1); m.p.: 47-49 °C; *H NMR (400 MHz, CDs0D) § 4.11 — 3.89
(m, 2H), 3.90 — 3.38 (m, 8H), 2.46 — 2.18 (m, 4H), 1.28 — 0.89 (m, 6H) (rotamers); *C NMR
(101 MHz, CDs0D) 6 175.9 — 174.8 (m, 2C), 128.2 (d, Jcr = 281.8 Hz), 63.1 — 62.5 (m), 58.1
—57.5(m), 56.6 — 55.6 (M), 54.9 — 53.4 (m, 2C), 52.8 —51.1 (m, 2C), 28.2 (2C), 9.1 (2C) (four
rotamers); °F NMR (377 MHz, CDs;0D) § -70.54 — -70.64 (m) (rotamers); IR (neat) cm™:
3381 (br., O-H), 1622 (s, C=0); HRMS (ESI) calcd for Ci4H2F3sN2O3 [M+H]" 323.1577,
found 323.1577.

1-((3aR",6aS")-5-Benzyl-3a-(hydroxymethyl)-6a-(trifluoromethyl)hexahydropyrrolo[3,4-
c]pyrrol-2(1H)-yl)ethan-1-one (2.156)

A To asolution of 2.153 (66.0 mg, 0.314 mmol) in MeOH (7 mL) was added AcOH
N (200 pL, 0.691 mmol) and benzaldehyde (32.0 pL, 0.314 mmol) and the reaction
mixture was stirred at 21 °C for 1 h. Then, the mixture was cooled to 0 °C and
B, OH NaBH; (30.0 mg, 0.785 mmol) was added. After 15 min., cooling was removed
and the reaction mixture was stirred at 21 °C for 16 h. The solution was cooled to 0 °C and
added 4 M HCI (4 drops) to quench excess NaBH.. EtsN (0.850 mL, 6.28 mmol) and acety!l
chloride (41.0 pL, 0.628 mmol) were added and the reaction mixture was stirred at 0 °C for 1
h. The mixture was then concentrated in vacuo and purified directly by flash column chromato-
graphy (EtOAC/EtsN 98:2) to give the title compound as a colorless amorphous solid (35.0 mg,
35%).
Rr = 0.19 (EtOAC/Et;N 98:2); 'H NMR (400 MHz, CD30D) § 7.39 — 7.23 (m, 5H), 4.02 (dd,
J=12.6,5.9 Hz, 1H), 3.90 — 3.62 (m, 7H), 2.92 — 2.80 (m, 3H), 2.74 (d, J = 9.6 Hz, 1H), 2.15
—2.07 (m, 3H) (two rotamers); *C NMR (101 MHz, CDsOD) & 171.4 (major rotamer), 171.3
(minor rotamer), 139.6, 129.6 (2C), 129.4 (2C), 128.9 (d, *Jcr = 280.0 Hz, major rotamer),
128.8 (d, *Jcr = 280.9 Hz, minor rotamer), 128.3, 64.5 (d, 3Jcr = 3.8 Hz, minor rotamer), 64.43
(minor rotamer), 64.40 (d, *Jcr = 4.1 Hz, major rotamer), 64.1 (major rotamer), 61.6 (d, 3Jcr =
2.2 Hz, major rotamer), 61.4 (d, *Jcr = 2.1 Hz, minor rotamer), 59.92 (minor rotamer), 59.89
(major rotamer), 58.9 (major rotamer), 58.8 (minor rotamer), 57.7 (major rotamer), 57.5 (minor
rotamer), 56.1 (q, *Jcr = 3.2 Hz, minor rotamer), 55.7, 54.2 (q, 3Jcr = 2.5 Hz, major rotamer),
21.81 (minor rotamer), 21.79 (major rotamer); *°F NMR (377 MHz, CD3;0D) & -69.27 (minor

F3C
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rotamer), -69.40 (major rotamer); IR (neat) cm™: 3362 (br., O-H), 1624 (s, C=0); HRMS
(ESI) calcd for [C17H22F3N20,] [M+H]* 343.1628, found 343.1620.

Ethyl (3as,6as)-6a-(trifluoromethyl)hexahydropyrrolo[3,4-c]pyrrole-3a(1H)-carboxylate
(2.157)

To a solution of 2.152 (35.0 mg, 80.9 umol) in EtOH (2 mL) was added 10% Pd/C (17.2 mg,
N 16.2 umol) and the resulting suspension was stirred at under an H,-atmosphere
FSCZ%ZCO . at 60 °C for 2 h. The mixture was filtered through a pad of celite and concen-
>~ trated in vacuo to give the title compound as a white amorphous solid (19.0 mg,
93%).
!H NMR (400 MHz, CD30D) & 4.24 (q, J = 7.2 Hz, 2H), 3.58 (d, J = 12.3 Hz, 2H), 3.38 (d, J
= 8.2 Hz, 3H), 3.00 (d, J = 12.6 Hz, 2H), 2.91 (d, J = 12.3 Hz, 2H), 1.32 (t, J = 7.2 Hz, 3H);
13C NMR (101 MHz, CDsOD) & 173.3, 128.9 (q, Ncr = 280.4 Hz), 69.6 (q, 2Jcr = 24.3 Hz),
66.4, 62.7, 57.9, 56.2 (2C), (g, 3Jcr = 2.6 Hz, 2C), 14.1; **F NMR (377 MHz, CD3;0D) § -
69.65; IR (neat) cm™: 3205 (s, N-H), 1716 (s, C=0); HRMS (ESI) calcd for [C1oH16F3N202]
[M+H]* 253.1158, found 253.1091.

2,5-Dibenzyl-6a-(trifluoromethyl)hexahydropyrrolo[3,4-c]pyrrole-3a(1H)-carboxylic
acid (2.254)

To a solution of ester 2.152 (793 mg, 1.83 mmol) in EtOH (37 ml) was added
LiOH (2 M in water, 3.67 mL) and the reaction mixture was stirred at 22 °C
coon for 2 days. Two-thirds of the solvent was removed in vacuo, added sat. aq.
B NaHCO; (40 mL), and extracted with CH2Cl, (3 x 40 mL). The combined
organic layers were dried over MgSOQ., filtered, and concentrated in vacuo to give the title
compound as an off white solid (735 mg, 99%).
m.p.: 45-47 °C; 'H NMR (400 MHz, CDCls) & 7.36 — 7.20 (m, 10H), 3.73 — 3.62 (m, 2H),
3.50 (d, J = 13.0 Hz, 2H), 3.16 (d, J = 9.2 Hz, 2H), 2.82 (d, J = 9.6 Hz, 2H), 2.57 — 2.45 (m,
4H); 3C NMR (101 MHz, CDCl3) & 176.9, 137.8 (2C), 129.1 (2C), 128.5 (4C), 127.5 (m),
127.3 (4C), 63.7 (2C), 61.4 (d, 2Jce = 25.0 Hz), 61.0, 60.3 (2C), 58.8 (2C); °F NMR (377
MHz, CDCls) § -69.01; IR (neat) cm™: 3350 (br., O—H), 1597 (s, C=0); HRMS (ESI) calcd
for [Ca2H23F3N20;] [M+H]* 405.1784, found 405.1789.

Bn
N

FsC

215



N,2,5-Tribenzyl-6a-(trifluoromethyl)hexahydropyrrolo[3,4-c]pyrrole-3a(1H)-carbox-
amide (2.255)

To a solution of carboxylic acid 2.254 (144 mg, 0.519 mmol) in MeCN (6 mL)
N was added benzylamine (142 pl, 1.30 mmol), DIPEA (271 pl, 1.56 mmol), and
FaC o HATU (341 mg, 953 umol) and the reaction mixture was stirred at 22 °C for
N~ NHBn 18 h. The mixture was concentrated in vacuo and purified directly by flash
column chromatography (EtOAc/heptane/EtsN 20:70:2) to give the title com-
pound coreless oil (168 mg, 96%).
Rt = 0.29 (EtOAc/heptane 2:7); *H NMR (400 MHz, CDCls) § 7.63 (t, J = 5.1 Hz, 1H), 7.43 -
7.12 (m, 15H), 4.37 (d, J = 5.1 Hz, 2H), 3.72 (d, J = 12.8 Hz, 2H), 3.57 (d, J = 12.8 Hz, 2H),
3.09 (d, J = 9.4 Hz, 2H), 2.98 (d, J = 9.4 Hz, 2H), 2.64 (t, J = 9.4 Hz, 4H); *C NMR (101
MHz, CDCls) 6 171.2, 138.2 (2C), 138.1 (4C), 128.8 (4C), 128.6 (2C), 128.6, 128.3, 127.7
(CF5 observed by HMBC), 127.5, 127.4 (2C), 61.7 (d, 2Jcr = 25.2 Hz), 61.3, 60.9 (d, *Jce = 2.1
Hz, 2C), 60.0 (2C), 59.0 (2C), 44.2; F NMR (377 MHz, CDCl3) & -69.64; IR (neat) cm'™:
3325, , 2920, 2822, 1673, 1529; HRMS (ESI) calcd for [CooH31F3NsO] [M+H]* 494.2414,
found 494.24109.

N-Benzyl-6a-(trifluoromethyl)hexahydropyrrolo[3,4-c]pyrrole-3a(1H)-carboxamide
(2.158)

To asolution of amide 2.255 (70.0 mg, 0.142 mmol) in EtOH (3 ml) was added

10% Pd/C (38.0 mg, 35.5 pumol) and the resulting suspension was stirred at re-
o  flux under an atmosphere of H, for 18 h. The mixture was filtered through a
N~ NuBn  pad of celite, concentrated in vacuo, and purified by flash column chromato-

graphy (CH.Cl,/MeOH/NH; 380:19:1) to give the title compound as a colorless

oil (25.0 mg, 56%)
R = 0.26 (EtOAc/heptane/EtsN 70:28:2); *H NMR (400 MHz, CD3;0D) 6 7.37 — 7.20 (m, 5H),
4.38 (s, 2H), 3.48 (d, J = 11.8 Hz, 2H), 3.40 — 3.27 (m, 3H), 2.95 (d, J = 11.8 Hz, 2H), 2.85 (d,
J =11.8 Hz, 2H); 3C NMR (101 MHz, CDs0D) & 173.5, 139.7, 129.5 (2C), 129.4 (2C), 129.1
(0, 3Jcr = 280.3 Hz), 128.8, 128.2, 67.6 (q, 2Jcr = 24.2 Hz), 65.8, 57.2 (2C), 56.0 (q, *Jcr = 2.6
Hz, 2C), 44.7; *F NMR (377 MHz, CDs;0D) § -69.55; IR (neat) cm: 3305 (br., N-H), 1650
(s, C=0), 1534 (m, C=C); HRMS (ESI) calcd for [CisH19F3N3O] [M+H]* 314.1475, found
314.1475.
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[3+2] Cycloaddition — Dihydropyrazole
Compounds 2.170 was synthesized by Thomas P. Klevin. Compounds 2.169, 2.171, 2.172, and
2.177 were synthesized by BSc student Mie A. Larsen.

Diethyl (4S",5R")-4-(trifluoromethyl)-4,5-dihydro-1H-pyrazole-3,5-dicarboxylate (2.159)
cF, To asolution of 2-(trifluoromethyl)propenoic acid 2.5 (413 mg, 295 mmol)
EtOzCWCOZEt in MeCN (20 mL) was added ethyl diazoacetate (85% purity, 360 uL,
HN-N 2.95 mmol) and the solution was stirred at 22 °C for 2 h. The solution was
concentrated in vacuo to give the title compound as a yellow oil (587 mg, 95%).
Rf = 0.49 (EtOAc/heptane 1:1); *H NMR (400 MHz, CDCls) 6 7.02 (br. s, 1H), 4.60 (d, J = 3.7
Hz, 1H), 4.37 - 4.29 (m, 3H), 4.26 (q, J = 7.3 Hz, 2H), 1.34 (t, J=7.0 Hz, 3H), 1.31 (t, J= 7.3
Hz, 3H); ¥*C NMR (101 MHz, CDCls) § 169.0, 160.8, 136.1, 124.4 (q, J = 280.7 Hz), 63.7 (q,
J=2.1Hz),63.2,61.9,51.6 (q, J = 31.0 Hz), 14.2, 14.1; F NMR (377 MHz, CDCls) § -69.50.

Ethyl (4S",5R")-5-(allyl(methyl)carbamoyl)-4-(trifluoromethyl)-4,5-dihydro-1H-pyra-
zole-3-carboxylate (2.161) and ethyl (4S",5R")-4-(allyl(methyl)carbamoyl)-5-(trifluoro-
methyl)-4,5-dihydro-1H-pyrazole-3-carboxylate (2.162)

A Following general procedure A using (E)-4,4,4-trifluorocrotonic acid 2.1
NMe CF, (682 mg, 4.72 mmol) and N-allylmethylamine (0.545 mL, 5.68 mmol) af-
OMCOZH forded the crude amide. The crude amide was dissolved in MeCN (20 mL)
HN-N and ethyl diazoacetate (85 wt. %, 0.872 mL, 7.10 mmol) was added. The

| solution was then subjected to microwave heating at 140 °C for 4 h. The

mixture was concentrated in vacuo and purified directly by flash column
fo chromatography (EtOAc/heptane 2:3) to give the title compounds 2.161
WCOZEt (625 mg, 43%) and 17 (224 mg, 15%) both as viscous yellow oils.

Data for 2.161: Rf = 0.18 (EtOAc/heptane 2:3); *H NMR (400 MHz,
CDCls) 6 6.89 (br. s, 1H), 5.91 —5.62 (m, 1H), 5.42 —5.11 (m, 2H), 4.81 (dd, J = 20.4, 3.5 Hz,
1H), 4.45 — 3.83 (m, 5H), 3.04 (s, 1.6H, major rotamer), 2.98 (s, 1.4H, minor rotamer), 1.35
(td, J=7.1, 1.9 Hz, 3H); 3C NMR (101 MHz, CDCls)  167.9 (minor rotamer), 167.4 (major
rotamer), 160.94 (minor rotamer), 160.88 (major rotamer), 136.8 (minor rotamer), 131.7 (major
rotamer), 124.8 (d, *Jcr = 281.5 Hz), 119.0, 117.9, 62.9 (major rotamer), 62.8 (minor rotamer),
61.92 (major rotamer), 61.86 (minor rotamer), 52.6 (d, 2Jcr = 30.1 Hz, minor rotamer), 52.5 (d,
2)cr = 30.2 Hz, major rotamer), 51.5 (major rotamer), 51.3 (minor rotamer), 35.1 (major rota-
mer), 34.1 (minor rotamer), 14.3; **F NMR (377 MHz, CDCls) § -68.43 (major rotamer), -
68.45 (minor rotamer); IR (neat) cm™: 3296 (br., N-H), 1709 (s, C=0), 1650 (s, C=0); HRMS
(ESI) calcd for [C12H17F3sN3O3] [M+H]* 308.1217, found 308.1220.
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Data for 2.162: Rf = 0.27 (EtOAc/heptane 2:3); *H NMR (400 MHz, CDCls) § 6.65 (br. s, 1H),
5.92 -5.64 (m, 1H), 5.32 - 5.15 (m, 2H), 4.80 (dpd, J = 16.2, 6.9, 2.6 Hz, 1H), 4.59 — 4.37 (m,
1.5H),4.28 (qd, J=7.1, 3.9 Hz, 2H), 4.17 — 3.83 (m, 1.5H), 3.19 (s, 1.7H, major rotamer), 3.01
(s, 1.3H, minor rotamer), 1.33 (td, J = 7.2, 0.9 Hz, 3H); **C NMR (101 MHz, CDCls) § 168.6,
161.5 (minor rotamer), 161.4 (major rotamer), 141.3 (major rotamer), 140.7 (minor rotamer),
132.2 (minor rotamer), 132.1 (major rotamer), 124.4 (major rotamer, d, *3Jcr = 278.1 Hz), 124.3
(minor rotamer, d, *Jcr = 278.1 Hz) 117.8 (minor rotamer), 117.7 (major rotamer), 67.4 (minor
rotamer, g, 2Jcr = 31.6 Hz), 67.3 (major rotamer, g, 2Jcr = 31.6 Hz), 61.94 (major rotamer),
61.90 (minor rotamer), 53.2 (minor rotamer), 51.1 (major rotamer), 47.93 (major rotamer),
47.85 (minor rotamer), 35.8 (major rotamer), 34.9 (minor rotamer), 14.30 (minor rotamer),
14.28 (major rotamer); *F NMR (377 MHz, CDCls) & -74.99 (minor rotamer), -75.23 (major
rotamer); IR (neat) cm™: 3293 (br., N-H), 1740 (s, C=0), 1636 (s, C=0); HRMS (ESI) calcd
for [C12H17F3N3O3] [M+H]* 308.1217, found 308.1219.

Ethyl (45",5R")-5-(allyl(methyl)carbamoyl)-4-(trifluoromethyl)-1-(vinylsulfonyl)-4,5-di-
hydro-1H-pyrazole-3-carboxylate (2.163)

A To a solution of 2.161 (341 mg, 1.11 mmol) in CH,Cl, (12 mL) was added
NMe CF, ethenesulfonyl chloride (154 mg, 1.22 mmol) and EtN (309 uL,

o :/ co,et 2.22 mmol) and the solution was stirred at 22 °C for 16 h. Sat. ag. NaHCOs
0=5 N-N (12 mL) was added and the layers were separated. The organic layer was
/) dried over MgSO., filtered, and concentrated in vacuo. The crude product

was purified by flash column chromatography (EtOAc/heptane 2:3, Rs = 0.23) to give the title
compound as a colorless oil (157 mg, 36%).

'H NMR (400 MHz, CDCl3) 8 6.83 — 6.65 (m, 1H), 6.49 (d, J = 4.0 Hz, 0.6H, major rotamer),
6.45 (d, J = 4.0 Hz, 0.4H, minor rotamer), 6.15 (d, J = 9.9 Hz, 1H), 5.94 — 5.62 (m, 1H), 5.45
(d, J=4.9 Hz, 0.6H, major rotamer), 5.38 (d, J = 4.0 Hz, 0.4H, minor rotamer), 5.35-5.19 (m,
2H), 4.34 (qd, J = 7.2, 2.3 Hz, 2H), 4.29 — 4.22 (m, 1H), 4.22 — 4.09 (m, 1H), 3.97 (ddt, J =
17.5,5.1, 1.8 Hz, 0.4H), 3.89 (ddt, J = 15.2, 5.9, 1.4 Hz, 0.6H, major rotamer), 3.13 (s, 2H,
major rotamer), 2.97 (s, 1H, minor rotamer), 1.34 (t, J = 7.1 Hz, 3H); *C NMR (101 MHz,
CDCls) 6 166.40 (minor rotamer), 166.38 (major rotamer), 159.6, 140.7 (q, 3Jcr = 1.3 Hz, minor
rotamer), 140.4 (q, 3Jcr = 1.3 Hz, major rotamer), 134.3, 131.5 (minor rotamer), 131.4 (major
rotamer), 131.1 (minor rotamer), 130.9 (major rotamer), 123.8 (q, *Jcr = 280.6 Hz, major rota-
mer), 123.7 (g, 3Jcr = 281.2 Hz, minor rotamer), 118.5 (minor rotamer), 118.4 (major rotamer),
62.7, 61.3 (q, *Jcr = 2.0 Hz, minor rotamer), 61.2 (q, *Jcr = 2.0 Hz, major rotamer), 55.52 (q,
2)cr = 30.8 Hz, major rotamer), 55.37 (q, 2Jcr = 30.6 Hz, minor rotamer), 52.5 (minor rotamer),
51.2 (major rotamer), 35.2 (minor rotamer), 34.7 (major rotamer), 14.2; **F NMR (377 MHz,
CDCls) 6 -67.90, -68.01; IR (neat) cm™: 1723 (s, C=0), 1658 (s, C=0), 1364 (s, S=0); HRMS
(ESI) calcd for [C14aH19F3N305S] [M+H]* 398.0992, found 398.0931.
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Ethyl 3-(trifluoromethyl)-4,5-dihydro-1H-pyrazole-5-carboxylate (2.168)

FiC To a solution of 2-(trifluoromethyl)propenoic acid 2.5 (413 mg, 295 mmol)
m’COZEt in MeCN (20 mL) was added ethyl diazoacetate (85% purity, 360 pL,
2.95 mmol) and the solution was stirred at 22 °C for 2 h. The solution was

concentrated in vacuo to give the title compound as a yellow oil (587 mg, 95%).
'H NMR (400 MHz, CDCls) 6 4.44 (dd, J = 11.9, 5.2 Hz, 1H), 4.24 (g, J = 7.2 Hz, 2H), 3.25
(ddq, J =17.4, 5.3, 1.3 Hz, 1H), 3.20 — 3.06 (m, 1H), 1.30 (t, J = 7.2 Hz, 3H). 3C NMR (101
MHz, CDCls) § 171.31, 141.36 (q, 2Jcr = 37.8 Hz), 120.43 (q, *Jcr = 269.6 Hz), 62.44, 61.36,
33.78, 14.21. **F NMR (377 MHz, CDCls) § -66.99; IR (neat) cm™: 3349 (br., N-H), 1734 (s,

C=0); HRMS (ESI) calcd. for C7H1oN2F30, [M+H]* 211.0689, found 211.0810

Ethyl 1-(methylsulfonyl)-3-(trifluoromethyl)-4,5-dihydro-1H-pyrazole-5-carboxylate
(2.169)

To a solution of 2.168 (100 mg, 0.476 mmol) in CH2Cl; (10 mL) was added
d methanesulfonyl chloride (44.2 L, 0.571 mmol) and EtsN (133 puL,
NN 0.952 mmol) and the reaction mixture was stirred at 22 °C for 16 h. Water
(10 mL) was added and the phases were separated. The aqueous phase was ex-
tracted with CH.Cl, (3 x 5 mL) and the combined organic layers were dried
over MgSO., filtered, and concentrated in vacuo. The crude product was purified by flash
column chromatography (EtOAc/heptane 1:2) to give the title compound as an off-white solid
(104 mg, 76%).
R = 0.26 (EtOAc/heptane 1:2); m.p.: 105-107 °C; 'H NMR (400 MHz, CDCl3) § 5.07 (dd, J
=12.7, 7.6 Hz, 1H), 4.29 (qd, J = 7.1, 2.6 Hz, 2H), 3.49 (ddd, J = 18.1, 7.6, 1.3 Hz, 1H), 3.19
(ddd, J=18.1,7.6,1.3 Hz, 1H), 1.33 (t, J = 7.1 Hz, 3H); *C NMR (101 MHz, CDCl3) 5 168.7,
144.6 (q, 2Jcr = 39.4 Hz), 118.9 (q, “Jcr = 271.4 Hz), 62.6, 61.1, 40.1, 36.1, 13.8; F NMR
(377 MHz, CDCls) & -67.29; IR (neat) cm™: 1739 (s, C=0), 1396 (m, S=0); HRMS (ESI)
calcd. for CgH12F3sN204S [M+H]* 289.0464, found 289.0464.

CO,Et

Ethyl 1-(thiophene-3-carbonyl)-3-(trifluoromethyl)-4,5-dihydro-1H-pyrazole-5-carboxy-
late (2.170)

To a solution of 2.168 (100.0 mg, 0.476 mmol) in MeCN (5 mL) was

FsC
7 added thiophene-3-carbonyl chloride (76.0 mg, 0.523 mmol) and Et;N
N">coet (73.0 pL, 0.523 mmol) and the solution was stirred at reflux for 24 h. The
S@”% solution was concentrated in vacuo and purified directly by flash column

chromatography (EtOAc/heptane 1:3, R = 0.34) to give the title compound as a white solid
(80.0 mg, 53%).
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Rt = 0.34 (EtOAc/heptane 1:3); m.p.: 87-88 °C; 'H NMR (400 MHz, CDCls) & 8.41 (dd, J =
3.0, 1.2 Hz, 1H), 7.73 (dd, J = 5.1, 1.2 Hz, 1H), 7.30 (dd, J = 5.1, 3.0 Hz, 1H), 5.19 (dd, J =
12.8, 6.6 Hz, 1H), 4.28 (qd, J = 7.1, 1.5 Hz, 2H), 3.43 (ddq, J = 18.6, 12.8, 1.5 Hz, 1H), 3.13
(ddg, J=18.6, 6.6, 1.3 Hz, 1H), 1.31 (t, J = 7.1 Hz, 3H); *C NMR (101 MHz, CDCl3) 5 168.7,
161.1, 144.21 (q, 2Jcr = 39.0 Hz), 134.1, 133.2, 129.5, 124.9, 119.5 (d, YJcr = 270.9 Hz), 62.3,
59.7, 34.2, 14.0; F NMR (377 MHz, CDCls) § -67.31; IR (neat) cm™: 1732 (s, C=0), 1649
(s, C=0), 1506 (m, C=C); HRMS (ESI) calcd. for [C12H12F3N203S] [M+H]* 321.0515, found
321.0703

Ethyl 5-(trifluoromethyl)-4,5-dihydro-1H-pyrazole-3-carboxylate (2.171)
FsC To a solution of 2.168 (95.0 mg, 0.452 mmol) in MeCN (5 mL) was added
H\Q' COE' HATU (206 mg, 0.542 mmol), DIPEA (0.315mL, 1.81 mmol), and
(51.3 mg, 0.542 mmol) and the reaction mixture was stirred 22 °C for 42 h. The mixture was
concentrated in vacuo and purified directly by flash column chromatography (EtOAc/heptane
1:2) to give the title compound as a yellow oil (16.0 mg, 17%)

'H NMR (400 MHz, DMSO-ds) 5 8.94 (s, 1H), 4.68 (dddd, J = 15.9, 10.1, 5.0, 3.3 Hz, 1H),
4.18 (9, J=7.1 Hz, 2H), 3.23 (dd, J = 17.7, 13.2 Hz, 1H), 2.88 (dd, J = 17.7, 8.6 Hz, 1H), 1.23
(t,J=7.1Hz, 3H); ®C NMR (101 MHz, DMSO-ds) 5 161.4, 139.6, 125.1 (q, *Jcr = 279.2 Hz),
60.4, 60.1 (q, 2Jcr = 30.2 Hz), 31.7, 14.1; *F NMR (377 MHz, DMSO-d¢) & -75.61; IR (neat)
cmt: 3302 (br., N-H), 1747 (s, C=0); HRMS (ESI) calcd. for C/H1oN2Fs0, [M+H]* 211.0689,
found 211.0810.

Ethyl 1-(3-(hydroxymethoxy)-2-oxopropyl)-3-(trifluoromethyl)-4,5-dihydro-1H-pyra-
zole-5-carboxylate (2.172)

Fc To a solution of 2.168 (205 mg, 0.975 mmol) in MeCN (10 mL) was added
\@’COZH 2-(benzyloxy)acetyl chloride (216 mg, 1.17 mmol) and DIPEA (0.340 mL,
2\ 1.95 mmol) and the reaction mixture was stirred at 22 °C for 14 h. The mix-
©  OH  ture was concentrated in vacuo and dissolved in EtOH (6 mL). 10% Pd/C
(10.4 mg, 97.6 pmol) was added and the resulting suspension was stirred under an atmosphere
of Hzat 22 °C for 12 h. The mixture filtered through a pad of celite and concentrated in vacuo.
The crude product was purified by flash column chromatography (EtOAc/heptane 5:6) to give
the title compound as a colorless oil (103 mg, 39%).
R¢=0.23 (EtOAc/heptane 5:6); 'H NMR (400 MHz, DMSO-ds) 6 5.24 (t, J = 6.5 Hz, 1H), 5.05
(dd, J = 13.0, 6.1 Hz, 1H), 4.33 (d, J = 6.5 Hz, 2H), 4.15 (qd, J = 7.1, 1.8 Hz, 2H), 3.67 — 3.53
(qq, J = 4 Hz, 1H), 3.34 - 3.24 (qq, J = 4 Hz, 1H), 1.21 (t, J = 7.1 Hz, 3H); *C NMR (101
MHz, DMSO-ds) 6 170.7, 168.6, 144.8 (q, 2cr = 37.9 Hz), 119.5 (q, Jcr = 270.8 Hz), 61.6,
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59.9, 58.6, 34.4, 13.9; F NMR (377 MHz, CDs0OD) 6 -69.00; IR (neat) cm™: 1747 (s, C=0),
1701 (s, C=0), 1604 (m, C=N).

1-morpholino-2-(trifluoromethyl)prop-2-en-1-one (2.174)

" Following general procedure A using 2-(trifluoromethyl)acrylic acid 2.5
%N/\ (86.0 mg, 0.614 mmol) and morpholine (56.0 uL, 0.644 mmol) afforded the
AR crude amide as a colorless oil after filtration through a short plug of silica. The
crude product was used directly in the next step without further purification.
Rt = 0.38 (EtOAc/heptane 7:3); *H NMR (400 MHz, CDCls) § 6.07 (s, 1H), 5.68 (s, 1H), 3.68
(d, J =16.8 Hz, 6H), 3.51 (s, 2H); 3C NMR (101 MHz, CDCls) § 162.7, 134.4 (q, 2Jcr = 32.4
Hz), 122.9 (q, *Jcr = 5.5 Hz), 121.3 (q, YJer = 273.7 Hz), 66.6 (2C), 47.6, 42.5; *F NMR (377
MHz, CDCls) 6 -65.55.

Ethyl 5-(morpholine-4-carbonyl)-5-(trifluoromethyl)-4,5-dihydro-1H-pyrazole-3-
carboxylate (2.175)

o To a solution of 2.174 (70.0 mg, 0.335 mmol) in MeCN (3 mL) was added
{J ethyl diazoacetate (43.0 pL, 0.368 mmol) and the reaction mixture was sub-
o jected to microwave heating at 140 °C for 4 h. The mixture was concentrated
F;S/}C%Et in vacuo and purified directly by flash column chromatography

(EtOAc/heptane 5:6) to give the title compound as a colorless oil (36.0 mg,

HN-N

33%).

Rr = 0.31 (EtOAc/heptane 1:1); *H NMR (400 MHz, CDCl3)  7.79 — 7.48 (m, 1H), 4.31 (g, J
= 7.1 Hz, 2H), 3.82 — 3.63 (M, 6H), 3.54 (d, J = 7.5 Hz, 2H), 3.48 (dd, J = 18.1, 1.8 Hz, 1H),
3.32 (d, J = 18.1 Hz, 1H), 1.35 (t, J = 7.1 Hz, 3H); $3C NMR (101 MHz, CDCls) 5 163.9, 161.3,
141.4,123.8 (q, YJcr = 282.1 Hz), 72.4 (q, Ycr = 28.8 Hz), 66.6, 66.5 (3C), 61.8, 37.6 (d, *Jcr
= 1.2 Hz), 14.2; °F NMR (377 MHz, CDCls) § -75.78.

5-(tert-Butyl) 3-ethyl 5-(trifluoromethyl)-4,5-dihydro-1H-pyrazole-3,5-dicarboxylate
(2.177)

To a solution of tert-butyl 2-(trifluoromethyl)acrylate 2.176 (196 mg,
F,c_COaBu 0.998 mmol) in MeCN (10 mL) was added ethyl diazoacetate (1.02 mL,
HN 1.20 mmol, 15% in PhMe) and the solution was stirred at reflux for 14 h.
N~ co,et The solution was concentrated in vacuo to give the title compound as a yel-

low oil (240 mg, 78%).
'H NMR (400 MHz, CDCl3) 8 6.93 (s, 1H), 4.32 (q, J = 7.2 Hz, 2H), 3.57 (d, J = 18.6 Hz, 1H),

3.33 (d, J = 18.6 Hz, 1H), 1.50 (s, 9H), 1.36 (t, J = 7.2 Hz, 3H); *C NMR (101 MHz, CDCls)

221



8 165.3,160.9, 142.2, 123.2 (q, YJcr = 282.1 Hz), 85.6, 73.8 (q, 2Jcr = 29.4 Hz), 61.6, 37.0 (d,
3Jcr = 1.4 Hz), 27.5 (3C), 13.9; F NMR (377 MHz, CDCls) & -75.01; IR (neat) cm™: 3338
(br., N-H), 1738 (s, C=0), 1702 (s, C=0). HRMS (ESI) calcd for [CsH1oF3N304] [M+H-
C4Hs]* 255.0587, found 255.0583 (loss of 'Bu ester).
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Dinucleophile Cyclizations

Compounds was 2.182, 2.188, 2.189, 2.190, 2.191, 2.193 and 2.194 were synthesized by MSc
student Ida S. A. Jensen. Compounds 2.181, 2.184, and 2.192 were synthesized by BSc student
Julie Forchhammer. Compounds 2.183 and 2.256 were synthesized by Thomas P. Klevin.
Compound 2.185 was synthesized by BSc student Mie A. Larsen. Compound 2.186 was syn-
thesized by MSc student Katarzyna J. Sniady.

4-(Trifluoromethyl)-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one (2.178)

§ To a solution of (E)-4,4,4-trifluorocrotonic acid 2.1 (155 mg, 1.11 mmol) in
@[ j MeCN (20 mL) was added o-phenylenediamine (251 mg, 2.32 mmol) and the
reaction mixture was stirred at reflux for 40 h. Then, HATU (421 mg,
1.11 mmol) and DIPEA (0.394 mL, 2.21 mmol) was added and the solution was
stirred at 22 °C for 8 h. The mixture was concentrated in vacuo and purified directly by flash
column chromatography (EtOAc/heptane 2:3) to give the title compound as a white solid (166
mg, 65%).
Rr = 0.21 (EtOAc/heptane 2:3); m.p.: 186-188 °C; 'H NMR (400 MHz, DMSO-ds) & 9.69 (s,
1H), 7.01 (dd, J=7.9, 1.6 Hz, 1H), 6.96 (ddd, 7.9, 6.7, 1.9 Hz, 1H), 6.90 (dd, 7.9, 1.9 Hz, 1H),
6.86 (ddd, 7.9, 6.7, 1.6 Hz, 1H), 5.89 (d, J = 4.2 Hz, 1H), 4.46 (m, 1H), 2.63 (dd, J = 13.9, 5.1
Hz, 1H), 2.48 (dd, J = 13.9, 7.1 Hz, 1H); **C NMR (101 MHz, DMSO-ds) & 169.0, 137.4,
129.1, 125.6 (q, Jcr = 282 Hz), 124.8, 122.0, 121.7, 121.3, 59.3 (q, ¥Jcr = 28.5 Hz), 32.7; °F
NMR (377 MHz, DMSO-ds) & -75.43; HRMS (ESI) calcd for [CioH10FsN20] [M+H]*
231.0742, found 231.0740; IR (neat) cm™: 3307 (s, N-H), 3200 (br., N-H), 3048 (s, C=C-H),
1666 (s, C=0), 1497 (s, C=C).

3-((2-Aminobenzyl)amino)-4,4,4-trifluorobutanoic acid (2.179)

To a solution of (E)-4,4,4-trifluorocrotonic acid 2.1 (109 mg, 755 pmol) in
(P\NHZ MeCN (8 mL) was added 2-aminobenylamine (203 mg, 1.66 mmol) and the

reaction mixture was stirred at reflux for 4 h. The solution was concentrated in
‘. C)Ni/COOH vacuo and the crude product was purified directly by flash column chromato-

graphy (EtOAc/heptane/AcOH 50:50:1) to give the title compound as a white
solid (168 mg, 85%).
Rr = 0.30 (EtOAc/heptane/AcOH 50:50:1); m.p.: 106-108 °C; *H NMR (400 MHz, DMSO-
de) 6 7.04 —6.87 (m, 2H), 6.63 (dd, J = 8.4, 1.3 Hz, 1H), 6.49 (td, J = 7.3, 1.2 Hz, 1H), 3.73 (s,
2H), 3.56 (pd, J = 7.8, 5.5 Hz, 1H), 2.62 — 2.50 (m, 2H); *C NMR (101 MHz, DMSO-ds) &
171.6, 147.5,129.5, 128.0, 126.9 (q, *Jcr = 284.3 Hz), 122.6, 115.8, 114.8, 55.4 (q, 2Jcr = 27.6
Hz), 49.7, 34.0; °F NMR (377 MHz, DMSO-de) & -73.44; IR (neat) cm™: 3423 (m, N-H),
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3325 (s, N-H), 3084 (br., O-H), 1745 (s, C=0), 1591 (s, C=C); HRMS (ESI) calcd for
[C11H14F3N20;] [M+H]* 263.1002, found 263.1003.

4-(Trifluoromethyl)-3,4,5,6-tetrahydrobenzo[b][1,5]diazocin-2(1H)-one (2.180)

To a solution of 2.179 (101 mg, 0.385 mmol) and DIPEA (0.20 mL, 1.2

N mmol) in MeCN (50 mL) was added HATU (220 mg, 0.577 mmol) and

qji\ stirred at 21 °C for 2 h. Then, the reaction mixture was concentrated in vacuo,
N CFy . ) .

H dissolved in CH:ClI; (15 mL), and washed with sat. aq. NaHCO3 (2 x 10 mL).

The organic layer was dried over MgSQ, filtered, and concentrated in vacuo. The crude was
purified by flash column chromatography (EtOAc/heptane 1:1) to give the title compound as
a light yellow solid (830 mg, 88%).
Rt = 0.25 (EtOAc/heptane 1:1); m.p.: 157-159 °C; *H NMR (400 MHz, DMSO-ds)  9.97 (s,
1H), 7.41 (dd, J=7.4, 1.9 Hz, 1H), 7.31 (td, J= 7.4, 2.0 Hz, 1H), 7.27 (td, J = 7.3, 1.6 Hz, 1H),
7.02 (dd, J=7.4, 1.8 Hz, 1H), 3.87 (dd, J = 14.1, 6.3 Hz, 1H), 3.54 (m, 1H), 3.38 (dd, J = 14.1,
3.0 Hz, 1H), 3.22 (td, J = 6.2, 3.0 Hz, 1H), 2.27 (d, J = 12.5, 1H), 2.10 (dd, J = 12.6, 9.4, 1H);
13C NMR (101 MHz, DMSO-dg) & 170.5, 136.7, 136.0, 131.9, 128.1, 126.7, 125.9 (q, YJcr =
280 Hz), 124.2, 55.8 (g, 2Jcr = 28.0 Hz), 46.5, 34.5; °F NMR (377 MHz, DMSO-ds) § -75.26;
IR (neat) cm™: 3348 (m, N-H), 3172 (br., N-H), 3050 (m, C=C-H), 1661 (s, C=0), 1493 (m,
C=C); HRMS (ESI) calcd for [C11H12F3sN20] [M+H]* 245.0896, found 245.0900.

7,8-Dimethoxy-4-(trifluoromethyl)-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one
(2.181)

To a solution of 4,5-dimethoxybenzene-1,2-diamine (50.0 mg,
0.297 mmol) in MeCN (20 mL) was added (E)-4,4,4-trifluorocrotonic acid
2.1 (41.0 mg, 0.297 mmol) and the reaction mixture was stirred at reflux
for 44 h. The mixture was concentrated in vacuo and purified directly flash
column chromatography (EtOAc/heptane 1:1) to give the title compound as a brown oil
(28.0 mg, 33%).

R¢ = 0.33 (EtOAc/heptane 1:1); H NMR (400 MHz, CDCls) § 8.41 (s, 1H), 6.51 (s, 1H), 6.48
(s, 1H), 4.34 (dddd, J = 12.3, 11.0, 6.9, 5.4 Hz, 1H), 3.86 (s, 3H), 3.84 (s, 3H), 2.72 (dd, J =
13.0, 11.0 Hz, 1H), 2.62 (ddd, J = 13.0, 5.4, 1.3 Hz, 1H); *C NMR (101 MHz, CDCl3) § 171.6,
147.7, 146.0, 129.4, 128.0 (d, YJcr = 285.7 Hz), 122.9, 107.3, 106.4, 61.8 (d, 2Jcr = 29.0 Hz),
56.5, 56.4, 31.9; °®F NMR (377 MHz, CDCl3) § -78.15; IR (neat) cm®: 3323 (s, N-H), 3297
(br., N-H), 1648 (s, C=0), 1518 (s, C=C); HRMS (ESI) calcd for [C12H14F3N2O3] [M+H]*
291.0951, found 291.0982.

H CFs
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3-((2-Aminoethyl)amino)-4,4,4-trifluorobutanoic acid (2.182)

HN To a solution of (E)-4,4,4-trifluorocrotonic acid 2.1 (155 mg, 1.11 mmol)
__cooH in MeCN (15 mL) was added ethylenediamine (0.739 mL, 1.11 mmol) and
FsC the reaction mixture was stirred at reflux for 3 h. Precipitate was collected
by filtration and washed with MeCN (2 x 5 mL) to give the title compound as a white solid
(0.136 mg, 63%).
m.p.: 200-202 °C; 'H NMR (400 MHz, D,0) & 3.57 (dqd, J = 14.8, 7.5, 4.2 Hz, 1H), 3.18 —
2.97 (m, 4H), 2.62 (dd, J = 15.4, 4.2 Hz, 1H), 2.35 (dd, J = 15.4, 9.8 Hz, 1H); *C NMR (101
MHz, D;0) § 178.4, 126.5 (q, *Jcr = 289 Hz), 56.5 (q, 2Jcr = 28 Hz), 43.8, 38.9, 37.90; °F
NMR (377 MHz, D;0) § -75.03; IR (neat) cm™: 3330 (s, N-H), 3001 (br., O-H), 1636 (s,
C=0); HRMS (ESI) calcd. for [CsH12F3N202] [M+H]* 201.0845, found 201.0870.

3-((2-Acetamidoethyl)amino)-4,4,4-trifluorobutanoic acid (2.183)

To a solution of (E)-4,4,4-trifluorocrotonic acid 2.1 (200.0 mg,
1.43 mmol) in MeCN (10 mL) was added N-(2-aminoethyl)acetamide
(357 mg, 3.49 mmol) and the solution stirred at reflux for 24 h. The solu-
tion was concentrated in vacuo and purified directly by flash column chromatography
(EtOAc/MeOH/ACOH 90:9:1) to give the title compound as a yellow amorphous solid
(240 mg, 70%).

Rt = 0.27 (EtOAc/MeOH/AcOH 90:9:1); *H NMR (400 MHz, CD3;0D) & 3.65 —3.51 (m, 1H),
3.23 (td, J = 6.7, 6.0, 2.5 Hz, 2H), 2.91 (dt, J = 11.9, 5.8 Hz, 1H), 2.80 (dt, J = 12.4, 6.3 Hz,
1H), 2.63 (dd, J = 16.1, 3.8 Hz, 1H), 2.43 (dd, J = 16.1, 9.7 Hz, 1H), 1.94 (s, 3H); *C NMR
(101 MHz, CDs0D) 8 173.0, 172.1, 126.62 (q, *Jcr = 283.1 Hz), 56.5 (q, 2Jcr = 28.4 Hz), 46.8,
39.2, 34.2 (d, ®Jcr = 2.2 Hz), 21.2; **F NMR (377 MHz, CDs;0D) § -76.73; IR (neat) cm™:
3411 (M, N-H), 3350 (m, N-H), 3010 (br., O-H), 1718 (s, C=0), 1680 (s, C=0); HRMS
(ESI) calcd. for [CsH14F3N203] [M+H]* 243.0951, found 243.0938.

ACHN\V//\NH

COOH
F3C

8-Chloro-4-(trifluoromethyl)-3,4,5,6-tetrahydrobenzo[b][1,5]diazocin-2(1H)-one (2.184)

° To a solution of 2-aminomethyl)-4-chloroaniline (175 mg, 1.12 mmol) in

N MeCN (6 mL) was added (E)-4,4,4-trifluorocrotonic acid 2.1 (75.0 mg,
c/@ﬁca 0.536 mmol) and the reaction mixture was stirred at reflux for 4 h. The
H mixture was concentrated in vacuo and filtered through a short plug of

silica. The crude Michael adduct was dissolved in MeCN (5 mL) and added HATU (192 mg,
0.505 mmol) and DIPEA (117 uL, 0.674 mmol). The reaction mixture was stirred at 22 °C for
2 h and then concentrated in vacuo. The residue was dissolved in CH2Cl, (10 mL) and washed
with sat. ag. NaHCOs (2 x 10 mL), dried over MgSOs., filtered, and concentrated in vacuo. The
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crude product was purified by flash column chromatography (EtOAc/heptane 1:1) to give the
title compound as a white amorphous solid (86.0 mg, 54%).

Rt = 0.30 (EtOAc/heptane 1:1); *H NMR (400 MHz, DMSO-dg) & 9.98 (s, 1H), 7.48 (d, J =
2.5Hz, 1H), 7.36 (dd, J = 8.4, 2.5 Hz, 1H), 7.09 (d, J = 8.4 Hz, 1H), 3.86 (dd, J = 14.2, 6.2 Hz,
1H), 3.54 (h, J = 7.9 Hz, 1H), 3.36 (dd, J = 14.2, 3.5 Hz, 1H), 3.23 (td, J = 6.2, 3.5 Hz, 1H),
2.28 (d, J =12.9 Hz, 1H), 2.11 (dd, J = 12.9, 9.3 Hz, 1H); **C NMR (101 MHz, DMSO-d¢) &
170.4, 137.9, 135.7, 131.4, 130.6, 128.0, 126.3, 126.0, 55.8, 46.1, 34.7; **F NMR (377 MHz,
DMSO-ds) & -74.99; IR (neat) cm™: 3333 (m, N-H), 3166 (br., N-H), 1664 (s, C=0), 1488 (m,
C=C); HRMS (ESI) calcd for [C11H11CIF3N.0] [M+H]* 279.0507, found 279.0494.

3-Amino-7-(trifluoromethyl)-6,7-dihydrothieno[3,2-b]pyridin-5(4H)-one (2.185)

HN To a suspension of thiophene-3,4-diamine dihydrochloride (201 mg,
wo 1.07 mmol) in MeCN (4 mL) was added EtsN (600 uL, 4.29 mmol) and (E)-
S 4,4 A-trifluorocrotonic acid 2.1 (100 mg, 0.714 mmol) and the suspension was
subjected to uW heating at 140 °C for 2 h. The suspension was filtered and the
filtrate was concentrated in vacuo. The crude product was purified by flash column chromato-
graphy (EtOAc/heptane 3:2) to give the title compound as a brown solid (34.6 mg, 21%).
Rt = 0.23 (EtOAc/heptane 3:2); m.p.: 122-123 °C; *H NMR (400 MHz, CDCl3) & 10.31 (s,
1H), 6.20 (s, 1H), 3.76 (br. s, 2H), 3.70 (pd, J = 8.4, 4.9 Hz, 2H), 3.24 — 2.53 (q, J = 16 Hz,
1H), 3.03 — 2.85 (m, 2H); 3C NMR (101 MHz, CDCls)  169.8, 134.8, 130.8, 126.0 (q, *Jcr =
280.8 Hz), 107.71 (q, *Jcr = 1.9 Hz), 102.5, 38.8 (q, 2Jcr = 30.4 Hz), 31.1; °F NMR (377 MHz,
CDCl3) 8 -72.92; IR (neat) cmt: 3407 (m, N-H), 3212 (br., N-H), 1670 (s, C=0), 1495 (m,
C=0C).

CF;

3-((2-Aminophenethyl)amino)-4,4,4-trifluorobutanoic acid (2.186)

- To a solution of (E)-4,4,4-trifluorocrotonic acid 2.1 (263 mg, 1.88
@L/\ CFs oo mmol) in MeCN (13 ml) was added 2-(2-aminoethyl)aniline (320 mg,
N 2.35 mmol) and DIPEA (258 pl, 1.48 mmol) and the mixture was re-
fluxed for 3 h. The reaction mixture was concentrated in vacuo and purified directly by flash
column chromatography (EtOAc/heptane/AcOH 65:33:2) to give the title compound as an off-
white solid (175 mg, 34%).
Rt = 0.45 (EtOAc/heptane/AcOH 73:25:2); m.p.: 157-158 °C; *H NMR (400 MHz, CD;0D)
8 7.05-6.93 (m, 2H), 6.75 (dd, J = 7.8, 1.2 Hz, 1H), 6.68 (td, J = 7.8, 1.2 Hz, 1H), 3.74 - 3.61
(m, 1H), 3.05 — 2.89 (m, 2H), 2.73 — 2.66 (m, 3H), 2.49 (dd, J = 16.2, 8.8 Hz, 1H); *C NMR
(101 MHz, CDsOD) & 173.9, 145.7, 131.0, 128.3, 127.8 (d, Jcr = 282.5 Hz), 126.2, 120.2,
117.6, 58.1 (g, 2Jcr = 28.5 Hz), 48.9, 35.1, 33.0; *F NMR (377 MHz, CDs;0D) § -76.40; IR
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(neat) cm™: 3403 (br., N-H), 3369 (br., N-H), 1578 (s, C=0), 1458 (m, C=C); HRMS (ESI)
calcd for [C12H15F3N20O2] [M+H]* 277.1158, found 277.1158.

2-(Trifluoromethyl)-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine (2.188)

H To an ice-cooled solution of 2.178 (288 mg, 1.25 mmol) in anhydrous THF
@N under an atmosphere of N, was added LiAlHs (2 M in THF, 2.0 mL,

N} 3.80 mmol). After 5 min., cooling was removed and the reaction mixture was
" stirred at reflux for 4 h. The reaction mixture was then cooled to 0 °C and excess
reagent was quenched by addition of water (4 mL) and 1 M NaOH (1 mL). Precipitate was
removed by filtration and the filtrate was concentrated in vacuo. The crude was purified by
flash column chromatography (EtOAc:heptane 2:7) to give the title compound as a light brown
solid (230 mg, 85%).
Rt = 0.21 (EtOAc/heptane 2:7); m.p.: 47-48 °C; 'H NMR (400 MHz, DMSO-ds) & 6.84 (d, J
= 7.5 Hz, 1H), 6.68 — 6.59 (m, 2H), 6.54 (ddd, J = 7.7, 5.2, 3.6 Hz, 1H), 5.28 (t, J = 3.7 Hz,
1H), 5.11 (d, J = 3.3 Hz, 1H), 3.76 (pdd, J = 8.4, 4.6, 3.3 Hz, 1H), 3.18 (ddt, J = 12.2, 8.1, 3.1
Hz, 1H), 3.02 (ddt, J = 13.4, 7.3, 3.7 Hz, 1H), 2.01 (ddt, J = 13.0, 8.4, 4.0 Hz, 1H), 1.82 (dddd,
J=135,8.4,7.2,3.1 Hz, 1H); **C NMR (101 MHz, DMSO-ds) & 141.7, 135.7, 126.6 (¢, *Jcr
= 283.0 Hz) 121.4, 121.4, 118.9, 118.2, 56.2 (q, 2Jcr = 26.4 Hz), 42.2, 29.9; °F NMR (377
MHz, DMSO-ds) & -72.45; IR (neat) cm: 3330 (s, N-H), 1602 (s, C=0), 1485 (s, C=C);
HRMS (ESI) calcd for [CiogH12F3N2] [M+H]* 217.0954, found 217.0947.

3

1-(Cyclopropylsulfonyl)-4-(trifluoromethyl)-2,3,4,5-tetrahydro-1H-benzo[b][1,4]
diazepine (2.189)

o To a solution of 2.188 (70.0 mg, 0.324 mmol) in anhydrous CH,Cl, (6 mL)
D '\';0 under an atmosphere of N, was added cyclopropane sulfonyl chloride (99.0 uL,
@N 971 pmol) and EtsN (100 pL, 712 pmol) and the reaction mixture was stirred at
Hzc reflux for 3 days. The reaction mixture was then concentrated in vacuo and puri-
fied directly by flash column chromatography (EtOAc/heptane 1:5) to give the

title compound as a colorless oil (48.0 mg, 46%).
Rt = 0.19 (EtOAc/heptane 1:5); *H NMR (800 MHz, DMSO-dg) § 7.11 (dd, J = 7.8, 1.6 Hz,
1H), 7.07 (td, J= 7.8, 1.6 Hz, 1H), 7.03 (dd, J = 7.8, 1.6 Hz, 1H), 6.86 (td, J = 7.8, 1.6 Hz, 1H),
5.80 (d, J = 2.8 Hz, 1H), 4.16 — 4.05 (m, 1H), 3.88 (ddd, J = 14.1, 6.6, 4.9 Hz, 1H), 3.55 (ddd,
J=13.3,8.4,4.4Hz, 1H), 2.20 (ddt, J = 13.3, 8.7, 4.4 Hz, 1H), 1.97 — 1.88 (m, 2H), 1.47 (ddd,
J=10.7, 8.1, 6.2 Hz, 1H), 1.35 (ddd, J = 10.7, 8.1, 6.2 Hz, 1H), 1.18 (ddd, J = 11.4, 8.1, 6.2
Hz, 1H), (CH,)-CH-S(0).- was not observed *H NMR; *C NMR (101 MHz, DMSO-dg) §
142.7, 133.0, 127.2, 127.0, 126.2 (q, *Jcr = 285.0 Hz), 121.1, 121.0, 55.0 (q, ZJcr = 27.3 Hz),
52.0, 42.4, 27.5, 12.1, 10.2; *F NMR (377 MHz, DMSO-ds) 6 -73.22; IR (neat) cm™: 3330

227



(br., N-H), 1492 (s, C=C), 1252 (s, S=0); HRMS (ESI) calcd for [C13H16F3N20-S] [M+H]*
221.0879, found 221.0892.

1-(4-(Trifluoromethyl)-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepin-1-yl)butan-1-one
(2.190)

br To a solution of 2.188 (72.0 mg, 0.333 mmol) in DMF (10 mL) was added
oﬂ/N butyric acid (62.0 pL, 67.0 pmol), DIPEA (0.290 mL, 1.67 mmol), and HATU
©[ 1 (253 mg, 0.666 mmol) and the solution was stirred at 22 °C for 48 h. The reac-
N cF, tion mixture was concentrated in vacuo, dissolved in CH:Cl, (10 mL), and
washed with brine (3 x 10 mL). The organic layer was dried over NazSOs, fil-
tered, and concentrated in vacuo. The crude product was purified by flash column chromato-
graphy (EtOAc:heptane 1:3) to give the title compound as an off-white solid (60.0 mg, 63%).
Rt = 0.23 (EtOAc/heptane 1:3); m.p.: 76-77 °C; *H NMR (400 MHz, DMSO-dg) 6 7.26 — 6.99
(m, 3H), 6.99 — 6.87 (m, 1H), 5.87 (d, J = 4.1 Hz, 0.6H, major rotamer), 5.56 (br. s., 0.4H,
minor rotamer) 4.52 (dt, J = 13.5, 4.9 Hz, 1H), 3.97 (tq, J = 9.1, 4.4 Hz, 0.6H, major rotamer),
3.72 (br. s., 0.4H, minor rotamer), 2.99 — 2.70 (m, 1H), 2.16 — 1.63 (m, 4H), 1.41 (ddt, J = 14.2,
11.0, 6.9 Hz, 2H), 0.81 — 0.65 (m, 3H); *C NMR (101 MHz, DMSO-dg) & 171.4 (major rota-
mer), 171.3 (minor rotamer), 143.7 (minor rotamer), 142.9 (major rotamer), 132.6 (major rota-
mer), 132.2 (minor rotamer), 128.9 (minor rotamer), 128.5 (major rotamer), 128.3 (minor rota-
mer), 128.2 (major rotamer), 126.4 (q, *Jcr = 287.4 Hz, major rotamer), 125.7 (d, *Jce = 281.0
Hz, minor rotamer), 121.7 (major rotamer), 121.6 (minor rotamers, 2C), 121.3 (major rota-
mer), 55.4 (g, 2Jcr = 28.1 Hz, minor rotamer), 53.1 (g, 2Jcr = 26.6 Hz, major rotamer), 41.5
(major rotamer), 41.3 (minor rotamer), 35.3 (minor rotamer), 35.1 (major rotamer), 25.8 (minor
rotamer), 25.7 (major rotamer), 18.0, 13.6 (major rotamer), 13.5 (minor rotamer); *°F NMR
(377 MHz, DMSO-ds) & -71.02 (major rotamer), -73.93 (minor rotamer); IR (neat) cm™: 3311
(s, N-H, 1639 (s, C=0), 1498 (s, C=C); HRMS (ESI) calcd for [CisH1sF3N.O] [M+H]*
287.1366, found 287.1358.

1-Acetyl-4-(trifluoromethyl)-3,4,5,6-tetrahydrobenzo[b][1,5]diazocin-2(1H)-one (2.191)

To an ice-cooled solution of 2.180 (150 mg, 0.614 mmol) in CHCl, (15 mL)
R° was added EtsN (100 mL, 0.921 mmol), acetic anhydride (0.100 mL,
q& 1.05 mmol), and DMAP (3.0 mg, 26 pmol) and the reaction mixture was
N o stirred for 6 h at 21 °C. Then, the reaction mixture was washed with a sat. ag.
NaHCOs (2 x 15 mL) and 0.1 M HCI (1 x 15 mL). The organic layer was dried over Na;SOs,
filtered, and concentrated in vacuo. The crude was purified by flash column chromatography
(EtOAc/heptane 1:2) to give the title compound as a white solid (71.0 mg, 40%).
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Rt = 0.31 (EtOAc/heptane 1:2); m.p.: 94-95 °C; *H NMR (400 MHz, DMSO-dg) 6 7.47 (dd, J
=7.6,1.8 Hz, 1H), 7.41 (td, J = 7.4, 1.5 Hz, 1H), 7.36 (td, J = 7.5, 1.9 Hz, 1H), 7.18 (dd, J =
7.7, 1.5 Hz, 1H), 3.86 (dd, J = 14.2, 4.9 Hz, 1H), 3.77 (q, J = 7.4 Hz, 1H), 3.46 (d, J = 14.2,
1H), 3.31 (m, 1H), 2.58 (s, 3H), 2.47 (d, J = 12.9, 1H), 2.23 (t, J = 11.6, 1H); **C NMR (101
MHz, DMSO-dg) 6 173.4, 172.2, 138.9, 137.1, 131.7, 129.1, 128.4, 128.1, 125.5 (g, *Jcr = 281
Hz), 57.6 (g, J = 29.0 Hz), 45.6, 36.7, 27.2; °F NMR (377 MHz, DMSO-dg) & -75.76; IR
(neat) cm™: 3298 (s, N-H), 1698 (s, C=0); HRMS (ESI) calcd for [Ci3H14F3N2O;] [M+H]*
287.1015, found 287.1002.

(1-(2-(Dimethylamino)-2-oxoethyl)-4-(trifluoromethyl)-3,4,5,6-tetrahydrobenzo[b][1,5]
diazocin-2(1H)-ylidene)oxonium (2.192)

Me;N To a solution of 2.180 (101 mg, 0.414 mmol) in MeCN (25 mL) was added
o\ P K:CO; (174mg, 1.26 mmol) and 2-bromo-N,N-dimethylacetamide
q (89.0 puL, 0.827 mmol) and the suspension was stirred at reflux for 21 h.

N s The reaction mixture was concentrated in vacuo, dissolved in CH.Cl,

(25 mL), and washed with water (3 x 25 mL). The organic layer was dried over MgSOQs., fil-
tered, and concentrated in vacuo. The crude product was purified by flash column chromato-
graphy (EtOAc/heptane 4:1) to give the title compound as a white amorphous solid (108 mg,
79%).

Rr = 0.30 (EtOAc/heptane 4:1); *H NMR (400 MHz, DMSO-ds) & 7.42 (dd, J = 6.7, 2.3 Hz,
1H), 7.40 — 7.26 (m, 4H), 4.76 — 4.46 (m, 2H), 3.95 (dd, J = 14.2, 2.3 Hz, 1H), 3.82 (dd, J =
14.2, 4.9 Hz, 1H), 3.54 (q, J = 7.8 Hz, 1H), 3.20 (br. s, 1H), 2.98 (s, 3H), 2.80 (s, 4H), 2.31 (d,
J =12.7 Hz, 1H), 2.12 (dd, J = 12.7, 10.2 Hz, 1H); *C NMR (101 MHz, DMSO-ds) 5 169.3,
167.1, 141.2, 137.8, 131.9, 128.4, 127.6, 125.7 (CF3, observed by HMBC), 124.3, 51.4, 50.5,
46.1, 35.9, 35.1, 34.3; *F NMR (377 MHz, DMSO-dg)  -75.24; IR (neat) cm™*: 3490 (br., N—
H), 3308 (br., N-H), 1644 (s, C=0), 1456 (m, C=C); HRMS (ESI) calcd for [C15sH19F3sN302]
[M+H]* 330.1424, found 330.1440.

1-(2-Methoxyethyl)-4-(trifluoromethyl)-3,4,5,6-tetrahydrobenzo[b][1,5]diazocin-2(1H)-
one (2.193)

To a solution of 2.180 (0.120 g, 0.491 mmol) in anhydrous MeCN (20 mL)

MeO/\\N P was added KI (100 mg, 0.604 mmol), K,COs (200 mg, 1.45 mmol), and 2-
Jj\ bromoethyl methyl ether (0.10 mL, 1.07mmol) and the mixture was stirred

at reflux for 40 h. The reaction mixture was concentrated in vacuo, dis-
solved in CH,Cl; (20 mL), and washed with water (3 x 20 mL). The organic
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layer was dried over MgSQ., filtered, and concentrated in vacuo. The crude product was puri-
fied by flash column chromatography (EtOAc/heptane 1:1) to give the title compound as a light
yellow solid (140 mg, 94%).

R¢ = 0.29 (EtOAc/heptane 1:1); m.p.: 84-86 °C; *H NMR (400 MHz, CDCl3) § 7.43 (dd, J =
6.9, 2.1 Hz, 1H), 7.40-7.30 (m, 3H), 4.42 (ddd, J = 14.0, 7.6, 4.4 Hz, 1H), 3.97 (d, J = 14.2 Hz,
1H), 3.74-3.60 (m, 3H), 3.58-3.44 (m, 2H), 3.25 (s, 3H), 2.54 (d, 12.6, 1H), 2.24 (dd, J = 12.7,
10.3 Hz, 1H), 1.93 (br. s, 1H); **C NMR (101 MHz, CDCls) & 170.5, 140.8, 138.1, 131.5,
129.3, 128.7, 125.5, 125.4 (q, Ncr = 278 Hz), 69.6, 58.6, 58.1 (q, 2Jcr = 28.5 Hz), 49.1, 46.9,
35.6; °F NMR (377 MHz, CDCls) 6 -76.10; IR (neat) cm™: 3323 (s, N-H), 1643 (s, C=0);
HRMS (ESI) calcd for [C1aH1sF3N20-] [M+H]* 303.1319, found 303.1315.

N-(2-Aminobenzyl)tetrahydro-2H-pyran-4-amine (2.194)

NH, To a solution of tetrahydro-4H-pyran-4-one (207 mg, 2.07 mmol) in MeOH
@H (20 mL) was added 2-aminobenzylamine (379 mg, 3.10 mmol) and AcOH
(0.177 mL, 3.10 mmol) and the reaction mixture was stirred ta 22 °C for 3
h. The solution was cooled to 0°C and added NaBH3;CN (390 mg,
6.20 mmol) and the mixture was stirred at 0 °C for 1 h. Then, cooling was removed and the
solution was stirred at 22 °C for 16 h. SiO; (4.8 g) was added and the suspension was concen-
trated in vacuo and purified directly by flash column chromatography (EtOAc/EtsN 50:1) to
give the title compound as a light yellow solid (421 mg, 99%).
R = 0.19 (EtOAC/Et;N 50:1); m.p.: 72-74 °C; *H NMR (400 MHz, DMSO-ds) 5 6.98 (dd, J
=7.6,1.6 Hz, 1H), 6.94 (td, J = 7.6, 1.6 Hz, 1H), 6.60 (dd, J = 7.6, 1.2 Hz, 1H), 6.48 (td, J =
7.6, 1.2 Hz, 1H), 5.22 (s, 2H), 3.81 (dt, J = 11.5, 3.8 Hz, 2H), 3.64 (s, 2H), 3.33 (s, 1H), 3.26
(td, J = 11.5, 2.3 Hz, 2H), 2.56 (tt, J = 10.2, 3.8 Hz, 1H), 1.83 — 1.74 (m, 2H), 1.33 — 1.21 (m,
2H); C NMR (101 MHz, DMSO-ds) & 147.5, 127.4, 123.8, 115.8, 114.6, 65.9, 52.7, 48.3,
33.1; IR (neat) cm™: 3384 (s, N-H), 3322 (s, N-H), 3300 (s, N-H), 3034 (m, C=C-H), 1631
(s, C=C); HRMS (ESI) calcd. for [C12H19N2O] [M+H]+ 207.1492, found 207.1492.

4,4 4-Trifluoro-1,3-dimorpholinobutan-1-one (2.256)

o) To an ice-cooled solution of (E)-4,4,4-trifluorocrotonic acid 2.1 (140 mg,
[Nj o 1.00 mmol) in CH.CI, (10 mL) was added PyBroP (560 mg, 1.20 mmol),
. C)\)L DIPEA (522 uL, 2.99 mmol) and then morpholine (90.1 pL, 1.04 mmol) and

3

Nk/o the solution was stirred at 22 °C for 72 h. Saturated aqueous NaHCOs
(10 mL) was added and the phases were separated. The aqueous phase was extracted with
CHCl; (1 x 15 mL) and the combined organic layers were dried over MgSO., filtered, and
concentrated in vacuo. The crude product was purified by flash column chromatography
(EtOAc/heptane 1:1) to give the title compound as colorless oil (80.0 mg, 52%).
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Rr = 0.33 (EtOAc/heptane 1:1); *H NMR (400 MHz, CD;0D) & 3.84 (pd, J = 8.8, 4.3 Hz, 1H),
3.73 - 3.65 (M, 4H), 3.65 — 3.57 (M, 8H), 2.93 (dd, J = 16.0, 8.8 Hz, 1H), 2.89 — 2.82 (M, 2H),
2.78 — 2.65 (m, 2H), 2.58 (dd, J = 16.0, 4.3 Hz, 1H); *C NMR (101 MHz, CD:OD) 5 168.9,
126.94 (q, YJcr = 287.9 Hz), 67.3 (2C), 66.4, 66.3, 62.2 (4, Zcr = 26.2 Hz), 49.8 (2C), 46.0,
42.3,28.7 (d, 3Jcr = 1.6 Hz); *°F NMR (377 MHz, CD:0D) § -71.01; IR (neat) cm-*: 1634 (s,
C=0): HRMS (ESI) calcd. for [C1zH20FsN20s] [M+H]* 297.1421, found 297.1434.
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Hydrazine Cyclization — Pyrazolidinone
Compound was 2.207 synthesized by MSc student Ana Laura da Silva.

5-(Trifluoromethyl)pyrazolidin-3-one (2.196)

To a solution of ethyl (E)-4,4,4-trifluorobut-2-enoate 2.2 (8.87 g, 52.8 mmol) in
N EtOH (525 mL) was added hydrazine hydrate (50-60% in water, 3.28 mL,
HN 52.8 mmol) and the solution was stirred at reflux for 18 h. The solution was con-

CFs  centrated in vacuo to give the title compound as a light pink solid (7.97 g, 98%).

m.p.: 116-118 °C; 'H NMR (400 MHz, CD3;0D) & 5.83 — 5.64 (m, 1H), 4.58 (dd, J = 17.4,
10.0 Hz, 1H), 3.98 (dd, J = 17.5, 2.6 Hz, 1H); *C NMR (101 MHz, CDs0D) & 175.6, 124.0
(d, J =288.5 Hz), 57.6 (q, J = 31.5 Hz), 32.3 (d, J = 1.6 Hz); **F NMR (377 MHz, CDs0D) &
-80.46; IR (neat) cm™: 3246 (s, N-H), 1643 (s, C=0); HRMS (ESI) calcd for [C4HsFsN,O]
[M+H]* 155.0427, found 155.0434.

1,2-Diallyl-5-(trifluoromethyl)pyrazolidin-3-one (2.197)

To a solution of 2.196 (1.14 g, 7.40 mmol) in anhydrous THF (50 mL) was
N added allyl bromide (1.76 mL, 20.3 mmol) and a solution of 'BuOK (2.28 g,
N 20.3 mmol) in THF (25 mL) and the reaction mixture was stirred under an
CFs atmosphere of N2 at 22 °C for 16 h. Precipitate was removed by filtration and
the filtrate was concentrated in vacuo. CH,Cl, (50 mL) and sat. ag. NaHCOs (50 mL) were
added and the layers were separated. The organic layer was dried over MgSQO., filtered, and
concentrated in vacuo to give the title compound as a brown oil.
'H NMR (400 MHz, CDCls) 6 5.95 —5.71 (m, 2H), 5.41 — 5.16 (m, 4H), 4.31 — 4.16 (m, 1H),
3.92 -3.78 (m, 1H), 3.67 (dqd, J = 9.8, 7.5, 2.0 Hz, 1H), 3.54 (ddt, J = 13.9, 6.1, 1.4 Hz, 1H),
3.42 (dd,J=13.9, 7.5 Hz, 1H), 3.08 — 2.91 (m, 1H), 2.49 (dd, J = 17.6, 2.0 Hz, 1H); *C NMR
(101 MHz, CDCls) 6 168.7, 132.1, 131.3, 124.7 (q, J = 279.5 Hz), 121.8, 118.8, 59.2, 58.5 (q,
J =31.5Hz), 46.4,29.8 (d, J = 1.3 Hz); °F NMR (377 MHz, CDCls)  -78.41; IR (neat) cmr
111690 (s, C=0); HRMS (ESI) calcd for [C1oH14F3N20] [M+H]* 235.1053, found 235.1013.

\/\
i

3-(Trifluoromethyl)tetrahydro-1H,7H-pyrazolo[1,2-a]pyrazole-1,7-dione (2.198)

To an ice-cooled solution of 2.196 (487 mg, 3.16 mmol) in MeCN (30 mL) was
O 7 added acryloyl chloride (300 mg, 3.32 mmol) and EtsN (881 pL, 6.32 mmol) and
{EE the reaction mixture was stirred at 22 °C for 16 h. The mixture was concentrated
cF; invacuo and purified directly by flash column chromatography (EtOAc/heptane

1:1) to give the title compound as a white amorphous solid (37.0 mg, 6%).
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Rr = 0.24 (EtOAc/heptane 1:1); *H NMR (400 MHz, CDsOD) § 4.05 (tq, J = 9.8, 6.1 Hz, 1H),
3.77 (it, J = 8.5, 0.9 Hz, 1H), 3.27 (ddd, J = 13.4, 8.7, 7.3 Hz, 1H), 3.16 (d, J = 9.7 Hz, 2H),
3.14 — 3.05 (m, 1H), 2.82 (ddd, J = 17.1, 7.3, 0.9 Hz, 1H); *C NMR (101 MHz, CD;0D) 3
167.28, 164.41, 125.61 (g, J = 276.3 Hz), 65.22 (g, J = 31.9 Hz), 55.27, 36.81, 36.27 (q, J =
2.2 Hz); 1F NMR (377 MHz, CDs0D) § -76.75; IR (neat) cm: 1774 (s, C=0), 1714 (s, C=0);
HRMS (ESI) calcd for [C17HsFsN20;] [M+H]* 209.0532, found 209.0532.

2-Phenyl-4-(trifluoromethyl)pyrazolidin-3-one (2.202)

To a solution of 2-(trifluoromethyl)acrylic acid 2.6 (25.0 mg, 0.178 mmol) in
Ph. P MeCN (5 mL) was added phenylhydrazine (20.0 mg, 0.192 mmol) and Et;N
HN (22.5 uL 0.179 mmol) and the solution was subjected to microwave heating at
CFs 140 °C for 2 h. The solution was concentrated in vacuo and purified directly by
flash column chromatography (EtOAc/heptane 1:4) to give the title compound as a dark red
solid (30.0 mg, 75%).
Rt = 0.45 (EtOAc/heptane 2:1); *H NMR (400 MHz, CDCl3) § 7.89 — 7.80 (m, 2H), 7.43 —
7.33 (m, 2H), 7.23 - 7.13 (m, 1H), 3.81 (dd, J = 12.7, 8.4 Hz, 1H), 3.70 (dd, J = 12.7, 6.3 Hz,
1H), 3.62 — 3.40 (m, 1H); ¥C NMR (101 MHz, CDCls) § 163.6, 137.9, 128.9 (2C), 125.3,
121.6 (d, J = 288.5 Hz), 118.7 (2C), 49.3 (d, J = 28.5 Hz), 43.8 (d, J = 2.7 Hz); °F NMR (377
MHz, CDCls) 6 -68.31; IR (near) cm™: 3244 (s, N-H), 1685 (s, C=0), 1595 (m, C=C);
HRMS (ESI) calcd. for [CioH10F3N20] [M+H]* 231.0740, found 231.0745.

2-(Tetrahydro-2H-pyran-4-yl)-4-(trifluoromethyl)pyrazolidin-3-one (2.203)

To a solution of 2-(trifluoromethylacrylic acid 2.6 (146 mg, 1.04 mmol) in

O 0 MeCN (10 mL) was added (tetrahydro-2H-pyran-4-yl)hydrazine dihydro-

N§0F3 chloride (201 mg, 1.06 mmol) and EtsN (580 pL 4.17 mmol) and the solu-

AN tion was subjected to microwave heating at 140 °C for 30 min. The solution

was concentrated in vacuo and purified directly by flash column chromatography

(CH2Cl/MeOH/NH; 380:20:1) to give the title compound as an off-white amorphous solid

(41.0 mg, 17%).

Rt = 0.27 (CH2Clz/MeOH/NH; 380:20:1); *H NMR (400 MHz, CDs0D) & 4.21 (tt, J = 11.8,

4.3 Hz, 1H), 4.04 (ddq, J = 11.7, 4.6, 1.6 Hz, 2H), 3.77 — 3.60 (m, 2H), 3.53 (tdd, J = 12.0, 4.8,

2.2 Hz, 2H), 3.47 — 3.37 (m, 1H), 1.99 (dqd, J = 33.7, 12.4, 4.7 Hz, 2H), 1.65 (tdq, J = 12.8,

4.3, 2.2 Hz, 2H); C NMR (101 MHz, CD;0D) & 166.7 (q, J = 2.4 Hz), 126.2 (q, J = 277.2

Hz), 67.9, 67.9, 51.7, 49.1 (g, J = 28.5), 45.3 (q, J = 2.8 Hz), 30.7, 30.6; °F NMR (377 MHz,

CD;0D) & -70.13; IR (neat) cm™: 3235 (s, N-H), 1678 (s, C=0); HRMS (ESI) calcd for
[C9H14F3N202] [I\/H'H:rr 239.1002, found 239.1004.
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4-(Trifluoromethyl)pyrazolidin-3-one (2.205)

To a solution of methyl 2-(trifluoromethyl)acrylate 2.5 (2.40 g, 15.6 mmol) in
N § EtOH (310 mL) was added hydrazine hydrate (50-60% in water, 881 mL,
HN CFs  15.6 mmol) and the solution was stirred at reflux for 2 h. The solution was con-
centrated in vacuo to give the title compound as a yellow oil (2.16 g, 90%).
'H NMR (400 MHz, CD30D) 8 3.69 (dd, J = 11.3, 8.3 Hz, 1H), 3.59 (tt, J = 17.2, 8.3 Hz, 1H),
3.49 (dd, J = 11.3, 8.3 Hz, 1H); **C NMR (101 MHz, CDs0D) & 170.8, 126.2 (q, J = 277.0
Hz), 47.7 (g, J = 28.4 Hz), 47.2 (9, J = 2.6 Hz); **F NMR (377 MHz, CD3;0D) § -69.88; HRMS
(ESI) calcd for [C4HsF3N20] [M+H]* 155.0427, found 155.0433.

1-Benzyl-4-(trifluoromethyl)pyrazolidin-3-one (2.207)

To a solution of 2.205 (99.0 mg, 0.642 mmol) in MeOH (7 mL) was added
? benzaldehyde (80.0 uL, 0.779 mmol) and the reaction mixture was stirred at
A §CF3 22 °C for 4 h. Then, NaBH, (48.6 mg, 1.28 mmol) was added and the mixture
was stirred for another 2 h. SiO; (750 mg) was added and the suspension was
concentrated in vacuo and purified directly by flash column chromatography (EtOAc/heptane
2:5) to give the title compound as a yellow oil (20.0 mg, 13%).
Rt = 0.28 (EtOAc/heptane 2:5); *H NMR (400 MHz, CD3;0OD) § 7.45 — 7.34 (m, 5H), 4.02 —
3.91 (m, 2H), 3.77 (dg, J = 10.6, 9.1 Hz, 1H), 3.61 (dd, J = 11.9, 8.9 Hz, 1H), 3.49 — 3.41 (m,
1H); 3C NMR (101 MHz, CDs0D) & 183.8, 136.9, 130.6, 129.7, 129.1, 125.0 (d, J = 281.4
Hz), 64.5, 52.0 (d, J = 2.4 Hz), 45.9; *F NMR (377 MHz, CD30D) & 69.53; IR (neat) cm™:
3220 (br., N-H), 1684 (s, C=0); HRMS (ESI) calcd for [C1:H12FsN.0] [M+H]* 245.0896,
found 245.0885.

Bn

(4R",7S")-4-Phenyl-7-(trifluoromethyl)hexahydro-8H-pyrazolo[1,2-a][1,2,4]triazin-8-one
(2.209) and (4S",7S")-4-Phenyl-7-(trifluoromethyl)hexahydro-8H-pyrazolo[1,2-a][1,2,4]
triazin-8-one (2.210)

0 To a solution of 2.205 (100 mg, 0.649 mmol) in MeOH (2 mL) was added

H"(:E cr, benzaldehyde (80.0 pL, 0.779 mmol) and the reaction mixture was stirred at
S 22 °C for 4 h. The mixture was concentrated in vacuo and the crude azo-

o methine imine was dissolved in CH,Cl, (5 mL). N-(methoxymethyl)-N-(tri-
HN/\N§_ methylsilylmethyl)benzylamine (90% purity, 249 pL, 0.876 mmol) was
K(N “Fs added and then TFA (0.5 M in CHCl, 130 pL) and the reaction mixture was
Ph stirred at 22 °C for 2 h. The mixture was diluted with EtOH (10 mL) and
added 10% Pd/C (265 mg, 0.249 mmol). The reaction mixture was stirred under a Hz-atosphere
for another 16 h. The suspension was filtered through a celite plug and concentrated in vacuo.
The crude product was purified by flash column chromatography (EtOAc/heptane/EtsN
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60:20:1) to give the title compounds 2.209 (26.0 mg, 11%) and 2.210 (11.0 mg, 5%) both as
brown oils.

Data for 2.209: R = 0.27 (EtOAc/heptane 60:20:1); *H NMR (400 MHz, CDsOD) & 7.51 —
7.35 (m, 5H), 5.02 (dd, J = 12.6, 1.3 Hz, 1H), 4.09 (dd, J = 12.7, 1.2 Hz, 1H), 3.79 — 3.65 (m,
1H), 3.61 (t, J =10.3 Hz, 1H), 3.51 (dd, J = 10.4, 3.1 Hz, 1H), 3.09 (ddd, J = 13.9, 3.1, 1.3 Hz,
1H), 2.97 — 2.78 (m, 2H); *C NMR (101 MHz, CD3;0D) & 162.7, 138.5, 130.0 (2C), 129.7,
128.8 (2C), 125.7 (d, J = 276.4 Hz), 74.0, 57.8, 52.8, 50.4 (q, J = 2.3 Hz), 46.4 (q, J = 29.5
Hz); 1°F NMR (377 MHz, CD3;0D) § -69.09; IR (neat) cm™: 3302 (br., N-H), 1704 (s, C=0);
HRMS (ESI) calcd for [C13H15F3N3O] [M+H]* 286.1162, found 286.1162.

Data for 2.210: Rf = 0.17 (EtOAc/heptane/EtsN 60:20:1); *H NMR (400 MHz, CD3;0D) & 7.53
—7.33(m, 5H), 5.03 (dd, J =12.8, 1.3 Hz, 1H), 4.10 (d, J = 12.8 Hz, 1H), 3.93 (qd, J = 9.4, 8.4
Hz, 1H), 3.66 (dd, J = 10.3, 3.1 Hz, 1H), 3.42 (dd, J = 12.3, 8.4 Hz, 1H), 3.23 (dd, J = 12.3,
9.6 Hz, 1H), 3.08 (ddd, J =13.9, 3.1, 1.4 Hz, 1H), 2.96 (dd, J = 13.9, 10.3 Hz, 1H); *C NMR
(101 MHz, CDs0D) 6 164.6 (d, J = 2.8 Hz), 139.2, 130.0 (2C), 129.6, 128.8 (2C), 126.2 (q, J
= 277.4 Hz), 71.8, 56.8, 52.9, 49.6, 45.6 (g, J = 28.9 Hz); *°®F NMR (377 MHz, CD3;0D) § -
69.94; IR (neat) cm™: 3307 (br., N-H ), 1703 (s, C=0); HRMS (ESI) calcd for [C13H15F3N30]
[M+H]* 286.1162, found 286.1172.
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Other Scaffolds

tert-Butyl (E)-(2-(4,4,4-trifluoro-N-methylbut-2-enamido)ethyl)carbamate (2.220)

To an ice-cooled solution of (E)-4,4,4-trifluorocrotonic acid 2.1
/\)L _NHBoc (2.01 g, 14.4 mmol) in CH:ClI. (30 mL) was added DIPEA (7.50 mL,
Me 43.0 mmol), PyBroP (7.36 g, 15.8 mmol), and tert-butyl (2-(methyl-
amino)ethyl)carbamate (2.63 g, 15.1 mmol) and the solution was stirred at 22 °C for 2 h. Satu-
rated agqueous NaHCO3 (30 mL) was added and the layers were separated. The aqueous phase
was extracted with CHCl, (3 x 30 mL) and the combined organic layers were dried over
MgSQ., filtered, and concentrated in vacuo. The crude product was purified by flash column
chromatography (EtOAc/heptane 1:1) to give the title compound as a white solid (2.81 g, 66%).
Rt = (EtOAc/heptane 1:1); m.p.: 104-106 °C; *H NMR (400 MHz, DMSO-ds) & 7.29 — 7.11
(m, 1H), 6.94 (t, J = 6.0 Hz, 0.6H, major rotamer), 6.83 (t, J = 6.0 Hz, 0.4H, minor rotamer),
6.72 (dq, J = 14.5, 7.2 Hz, 1H), 3.44 (t, J = 5.8 Hz, 1.3H, major rotamer), 3.39 (t, J = 6.2 Hz,
0.7H, minor rotamer), 3.14 — 3.01 (m, 3H), 2.89 (s, 2H, major rotamer), 1.36 (s, 3H, minor
rotamer), 1.33 (s, 6H, major rotamer); *C NMR (101 MHz, DMSO-ds) & 163.2 (minor rota-
mer), 162.9 (major rotamer), 155.90 (major rotamer), 155.87 (minor rotamer), 131.1 (d, J=5.8
Hz, minor rotamer), 130.1 (q, J = 6.1 Hz, major rotamer), 126.9 (d, J = 33.5 Hz, major rotamer),
126.6 (d, J = 38.8 Hz, minor rotamer), 123.32 (d, J = 269.6 Hz, major rotamer), 123.28 (d, J =
269.8 Hz, minor rotamer) 78.1 (major rotamer), 77.9 (minor rotamer), 49.0 (major rotamer),
47.8 (minor rotamer), 38.1 (major rotamer), 37.5 (minor rotamer), 36.2 (minor rotamer), 33.5
(major rotamer), 28.4 (minor rotamer), 28.3 (major rotamer); 1°F NMR (377 MHz, DMSO-d)
5 -63.09 (major rotamer), -63.18 (minor rotamer); IR (neat) cm™: 3317 (s, N-H), 1703 (s,
C=0), 1622 (s, C=0), 1523 (s, C=C); HRMS (ESI) calcd. for C12H20F3N.O3 [M+H]* 297.1421,
found 297.1425.
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tert-Butyl 4-methyl-2-oxo0-1,3,4,6-tetrahydrobenzo[b][1,5]diazocine-5(2H)-carboxylate
(2.234)
To a suspension of (E)-crotonic acid 2.233 (126 mg, 1.46 mmol) in PhMe
H (10 mL) was added 2-aminobenylamine (393 mg, 3.22 mmol) and the
@&ﬂ suspension was stirred at reflux for 3 h. Precipitate was collected by filtration
Noc Me " was washed with PhMe (3 x 5 mL) to afford the crude Michael addition prod-
uct.
To a suspension of crude Michael addition product in MeCN (150 mL) was added HATU
(655 mg, 1.72 mmol) and EtsN (0.800 mL, 5.74 mmol) and the reaction mixture was stirred at
22 °C for 18 h. Then, Boc,O (313 mg, 1.44 mmol) was added and the mixture was stirred for
another 8 h. The solution was concentrated in vacuo and purified directly by flash column
chromatography (EtOAc/heptane 1:1) to give the title compound as a white amorphous solid
(320 mg, %).
Rt = 0.25 (EtOAc/heptane 1:1); *H NMR (400 MHz, CDCls) § 8.18 — 7.98 (m, 1H), 7.94 —
7.62 (m, 1H), 7.33 - 6.93 (m, 3H), 5.07 — 4.37 (m, 2H), 3.71 (dd, J = 55.4, 14.9 Hz, 1H), 2.60
—2.27 (m, 3H), 1.57 (s, 5H), 1.46 (s, 5H), 1.33 (s, 2H), 1.32 (s, 2H); *C NMR (101 MHz,
CDCls) 6 172.9, 172.7, 154.9, 154.6, 136.1, 135.9, 134.7, 134.4, 132.8, 132.0, 129.1, 128.8,
127.7, 127.4, 124.6, 124.0, 80.7, 80.3, 46.1, 44.7, 41.1, 40.5, 39.60, 39.57, 28.8, 28.6, 16.6,
16.3.

Ethyl (1S",55%)-3-methoxy-5,7-dimethyl-4-oxo-8-oxabicyclo[3.2.1]octa-2,6-diene-6-
carboxylate (2.237)

veo o To a suspension of 2.102 (1.52 g, 5.24 mmol) in CHCI; (6 mL) was added
ethyl but-2-ynoate 2.236 (11.8 g, 105 mmol) and N,N-diisopropylaniline
"Me (1.22 mL, 6.29 mmol) and the solution was subjected to microwave heating at
COEt 120 °C for 15 min. The reaction mixture was concentrated in vacuo and puri-
fied directly by flash column chromatography (EtOAc/heptane 1:3) to give the title compound
as a yellow oil (379 mg, 29%).
Rt = 0.24 (EtOAc/heptane 1:3); *H NMR (400 MHz, CDCls) 6 6.27 (d, J = 4.9 Hz, 1H), 5.33
(dt, J=4.9, 0.8 Hz, 1H), 4.25 (qd, J = 7.1, 2.5 Hz, 2H), 3.56 (s, 3H), 2.06 (s, 3H), 1.54 (s, 3H),
1.32 (t, J = 7.1 Hz, 3H); C NMR (101 MHz, CDCls) & 191.3, 163.6, 153.8, 146.2, 139.1,
117.1,95.7,77.5, 60.8, 54.8, 16.0, 14.3, 11.1.
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Cheminformatics Library Analysis

Cheminformatics library analysis was performed for the 102 (out of 115) fragments that passed
quality control and were selected for screening. Principal moment of inertia (PMI) analysis was
performed computationally using an algorithm developed by Colomer et al.**! relying on
Indigo®? to convert structures to canonical SMILES format and RDK:itB¥ to compute the
lowest energy conformer of each compound. Normalized PMI ratios (NPRs) were plotted in a
triangular graph with coordinates (0;1), (¥2;%), and (1;1) representing a perfect rod, disc, and
sphere, respectively. The NuBBE database of 2712 natural products was the source for natural
product data.[**! For an easier visual comparison of libraries, only half of the NuBBE database
was plotted in the PMI plot (randomly selected).

The natural product-likeness of molecules was calculated using the open-source and open-
data “Natural-Product-Likeness Scorer”?®®! based on a previously developed algorithm.1264!
This Bayesian measure evaluates how similar a molecule is to the structural space covered by
natural products. The algorithm removes small disconnected fragments (e.g. counter ions and
metals) and divides each compound into smaller substructures, which are compared to two
training sets consisting of: 1) 113,425 synthetic lead-like compounds selected from the ZINC
databasel?%¢! and 2) 58,018 natural products derived from the Traditional Chinese Medicinal
Database @ Taiwan and the ChEMBL database (only Journal of Natural Products struc-
tures selected).%1 On a logarithmic scale, each molecule is assigned a score (typically in the
range of -3 to 3) based on the resemblance of its substructures to the two training sets. Positive
values indicate higher resemblance to natural products and negative values indicate a more
synthetic character. For full experimental details see references.[264255 The NuBBE database of
2712 natural products was used as the source for natural products.™*3s

Other physicochemical properties including AlogP, molecular weight, hydrogen bond
acceptors, hydrogen bond donors, chiral centers, polar surface area, and Fsp® were calculated
using Canvas (v. 3.6.013) by Schrodinger Software Modules. The NPRs and natural product-
likeness score of the 3F library along with canonical SMILES can be found in the Supporting
Information (Table S1).
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General (NMR Screening)

UltraPure™ Tris-HCI buffer (1 M at pH 7.5) was purchased from Invitrogen™. Phosphate-
buffered saline (PBS, 137 mM NaCl, 2.7 mM KCI, 8 mM Na;HPO., and 2 mM KH,PO, at pH
7.4) purchased from Sigma-Aldrich. Recombinant full-length human p70S6K1 (9.1 uM) was
purchased from SignalChem and supplied in a stock solution of 50 mM sodium phosphate, 300
mM NaCl, 150 mM imidazole, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 0.25 mM DL-
dithiothreitol (DTT), and 25% glycerol. Recombinant full-length human BACEL (7.8 uM) was
purchased from Sino Biological and supplied in neat phosphate buffered saline. p70S6K1
inhibitor PF-4708671 was purchased from Sigma-Aldrich. Proteins were stored at -80 °C and
thawed on ice before use.

NMR screening was conducted using either a 600 MHz Bruker AVANCE Il spectrometer
equipped with a Bruker BBFO SmartProbe, a 700 MHz Bruker AVANCE |11 HD spectrometer
equipped with a 5mm TCI CryoProbe, or an 800 MHz Bruker AVANCE I1IHD spectrometer
equipped with a TCI CryoProbe. All experiments were performed in 3 mm NMR tubes at 298
K. H chemical shifts are reported relative to the signal for HDO (8 4.79 ppm for *H NMR) and
¥F chemical shifts are referenced using the deuterium lock-signal with §(CFCls) = 0 ppm.
NMR screening data was analyzed using TopSpin 3.5 pl 7 (of April 32017) by Bruker BioSpin.

All screening data can be found in the Supporting Information (Figures S10-S50).

Screening Cocktails

Each fragment was stored in DMSO-ds at 50 mM and used to prepare premixed cocktails in
DMSO-ds with each fragment at 1.25 mM. Cocktails were designed to avoid overlap of ‘°F-
NMR signals. All  *°F are reported in PBS buffer/D,0O 9:1 + 4% DMSO-ds (pH = 7.4). Re-
corded 8'°F may differ slightly depending on buffer, pH, and salt concentration. Cocktails 1-5
were screened against HSA, p70S6K1, p38y, p38a, and BACE1L. Cocktails A—D were used
against DC-SIGN (for cocktail compositions, see the Supporting Information, Tables S2-S10).

Protein Expression and Purification

Expression and purification of p38a, p38y, and p38J

Expression and purification of p38 kinases was performed by collaborators at the CNB/CSIC.
Human recombinant p38a, p38y, and p385 were expressed as a glutathione-S-transferase
(GST) fusion proteins from E. coli following a previously reported procedure.** GST-
p38a/y/6 were purified by affinity chromatography (glutathione sepharose) in buffer A: 50 mM
Tris-HCI (pH 8.0), 0.2 mM EGTA, 0.2 mM EDTA, 0.1% Triton X100, 0.25 M NaCl, 0.1% B-
mercaptoethanol, 1.0 mM benzamidine, 0.2 mM PMSF, and 20.0 mM glutathione. The GST
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part was removed by incubation with thrombin using 60 pl (60 Units) of thrombin and 1.5 ml
GST-p38y solution (buffer A). Following proteolysis, the protein solution was dialyzed against
buffer B: 50 mM Tris-HCI (pH 7.5), 1.0 mM EGTA, 1.0 mM EDTA, 0.1 M NacCl, 0.01% B-
mercaptoethanol, 0.01 mM benzamidine, and 0.02 mM PMSF. The GST part was removed by
affinity chromatography (glutathione sepharose) to provide solutions of p38a (19.8), p38y
(22.8 pM), and p386 (26.4 uM) in buffer B.

Expression and purification of DC-SIGN

Expression and purification of DC-SIGN was performed by collaborators at the Max-Planck
Institute of Colloids and Interfaces. DC-SIGN was expressed and purified according to a pre-
viously reported procedure.?*l

Screening

Protein and ligand concentrations were based on reported recommendations for each experi-
ment type.'% Generally, as protein size increases, ligands experience a larger effect when
bound, which in turn decreases the protein concentration needed. All screening was performed
at 298K and screening cocktails were allowed to equilibrate for 20 min. prior to start of each
experiment (including 10 min. inside the NMR spectrometer to adjust the temperature).

°F NMR screening

A T, CPMG pulse sequence with adiabatic decoupling schemel*”“8was used for primary *°F
NMR screen. Each cocktail was acquired in the absence of protein as a negative control. The
longest T»-relaxation delay used was 200 ms. As most of the fragments only contained CF; the
sweep width was limited to 50 ppm following the acquisition of a 1D °F spectrum to verify
that these were the only resonances present. The spectra were processed using a 1 Hz expo-
nential line broadening. The apparent binding of fragment 2.115 in all assays was attributed
chemical instability and the fragment was treated as a false positive in all cases.

STD NMR

Standard STD pulse sequences were used. 337 Several protein irradiation frequencies outside
the region of ligand resonances were acquired based on the presence of protein resonances.
Included was always a reference spectrum with irradiation at -40 ppm. The spectra were pro-
cessed using a 1 Hz exponential line broadening.

WaterLOGSY NMR

WaterLOGSY was performed a standard sequence. %835 WaterLOGSY was performed by ir-
radiation of bulk water at 4.701 ppm. The spectra were processed using a 1 Hz exponential line
broadening and phased with the binders being positive and non-binders being negatives.
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p70S6K1

F NMR screening:

Screening was performed with p70S6K1 at 2.25 uM and fragments at 25 UM using cocktails
1-5. In an Eppendorf tube, p70S6K1 (9.1 uM, 45 L), PBS (50 mM with 0.2 mM dithiothreitol,
113 pL), D2O (18 pL), and premixed cocktail (1.25 mM in DMSO-dg, 3.6 pL) were gently and
thoroughly mixed and then transferred to a 3 mm NMR tube for screening in a 600 MHz
spectrometer. Then, the competitor inhibitor PF-47086712"? (K; = 20 nM, 5.0 mM in DMSO-
ds, 1.8 pL) was added and the experiment was repeated.

'H NMR validation:

Validation was performed with p70S6K1 at 4.5 uM and fragments at 200 pM. °F NMR frag-
ment hits were pooled in smaller cocktails with each fragment at 10 mM: 1) 2.114 and 2.120;
2) 2.191. In an Eppendorf tube, p70S6K1 (9.1 uM, 90.0 pL), PBS (50 mM with 0.2 mM di-
thiothreitol, 68 L), D,O (18 L), and *H NMR fragment cocktail (10 mM in DMSO-ds, 3.6
pL) were gently and thoroughly mixed and then transferred to a 3 mm NMR tube for screening.
STD NMR was perform by irradiation of resonance frequencies of p70S6K1 at 1.49 ppm, 0.85
ppm, 0.77 ppm, -0.2 ppm, and -1.3 ppm, respectively.

p38 kinases

F NMR screening:

Screening was performed with p38a/y/4 at 5.7 UM and fragments at 25 uM using cocktails 1—
5. In an Eppendorf tube, p38a (19.8 uM, 51.8 puL) or p38y (22.8 uM, 45 uL) or p385 (26.4 uM,
39.0 M), D,O (18 pL), premixed cocktail (1.25 mM, 3.6 pL), and Tris-HCI (50 mM, fill up
to 180 uL), were gently and thoroughly mixed and then transferred to a 3 mm NMR tube for
screening in a 600 MHz spectrometer.

'H NMR validation:

Validation was performed with p38y at 11.4 uM and fragments at 200 uM. °F NMR fragment
hits were pooled in smaller cocktails with each fragment at 10 mM: 1) 2.43, 2.49, 2.114, and
2.191; 2) 2.32, 2.120, and 2.190; 3) 2.42, 2.170, 2.198, , and 2.209. In an Eppendorf tube, p38y
(22.8 uM, 90 pL), Tris-HCI (50 mM, 68 pL), D.O (18 pL), and *H NMR fragment cocktail
(10 mM, 3.6 pL) were gently and thoroughly mixed and then transferred to a 3 mm NMR tube
for screening.

STD NMR was perform by irradiation of resonance frequencies of p38y at 8.156 ppm, 0.339
ppm, and -0.577 ppm, respectively.

Enzymatic assays
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Enzymatic assays were performed by collaborators at CNB/CSIC. Following a previously re-
ported radioactive kinase assay,®% p38y kinase activity of hits was evaluated with either acti-
vating transcription factor 2 (ATF2) or Myelin Basic Protein (MBP, Ala-Pro-Arg-Thr-Pro-Gly-
Gly-Arg-Arg) as substrate. The pan-p38 kinase inhibitor BIRB-796 was used as a positive con-
trol.

Differential chemical shift perturbation

For the four fragments exhibiting in vitro inhibition of p38y (2.42, 2.43, 2.114, and 2.191),
binding affinities were estimated using a differential chemical shift perturbation (dCSP) experi-
ment. The ligand-observed **F NMR experiment gives a fair estimation of K4 (<1 mM) by
comparing A8*F or Avyy, (full width at half maximum) at two different ligand concentrations
([L]1 and [L].) assuming [L]o >> [P]o:12%¢

L], —[L
K, = y[L], — [L],
1-vy
where
, - VL= Vrer , - AU%J - Av%,ref
Vy — Vper Av%‘2 - Av%'re y

The experiment was performed in the same buffer as described for the primary °F NMR
screening assay.

Table 4.1. Determination of Ky using differential chemical shift perturbation. Measurements were per-
formed at 600 MHz with p38y at 5.7 uM. No line broadening was used.

Concentrations A3¥F1or ASPF; or

Hit (uUM) Awiz (Hz) Awirz (Hz) Ka (LM)™ LEF
2.42 - - - NDEI -
2.43 50/200 53.4[ 45.2 750 0.19
2.114 50/200 467.90 348.0 400 0.23
2.191 100/200 0.073M 0.056 250 0.25

(2l Rounded to nearest 50 uM. P! Including fluorine as a heavy atom. 1 A§*F; used. [ Ay1/2 used. 1 The
uncertainty of these measurements were larger and partly inconclusive. A clear shift of both §°F and
Awi2 Was observed upon addition of protein but no Kg-value could be determined. LE = ligand efficiency;
ND = not determined
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BACE1l

F NMR screening:

Screening was performed with BACEL at 2.8 UM and fragments at 25 UM using cocktails 1
5. In an Eppendorf tube, BACEL (7.8 UM, 64 uL), PBS (50 mM, 94 pL), DO (18 pL), and
premixed cocktail (1.25 mM, 3.6 pL) were gently and thoroughly mixed and then transferred
to a 3 mm NMR tube for screening in a 600 MHz spectrometer (cocktail 1 was screened in a
800 MHz spectrometer).

'H NMR validation:

Validation was performed with BACE1 at 5.6 uM and fragments at 200 uM. *°F NMR fragment
hits were pooled in smaller cocktails with each fragment at 10 mM: 1) 2.120, 2.147, and 2.168;
2) 2.26, 2.121, and 2.198; 3) 2.105. In an Eppendorf tube, BACE1 (7.8 uM, 128 uL), PBS
(50 mM, 30 pL), D20 (18 pL), and *H NMR fragment cocktail (10 mM, 3.6 pL) were gently
and thoroughly mixed and then transferred to a 3 mm NMR tube for screening.

STD NMR was perform by irradiation of resonance frequencies of p38y at 7.222 ppm, 0.423
ppm, 0.840, and -0.033 ppm, respectively.

DC-SIGN
All work related to DC-SIGN was performed by collaborators at MPI.

F NMR screening:

Screening was performed with DC-SIGN at 10 uM and fragments at 25 pM using cocktails A—
D. In an Eppendorf tube, DC-SIGN (20 uM, 90 pL) and premixed cocktail (50 UM in 20 mM
Tris-HCI, pH 7.8 with 150 mM NaCl, 0.5mM EDTA, 20% D0, and 200 pM TFA, 90 pL)
were gently and thoroughly mixed and then transferred to a 3 mm NMR tube for screening in
a 700 MHz spectrometer. Then, Ca?* (CaCl,) was added to a final screening concentration of
10 mM and the experiment was repeated.

Affinity data by NMR

Affinity data on hits against DC-SIGN was obtained with a *°F R.-filtered NMR assay using a
previously reported experimental setup with propargyl-2-deoxy-2-2°,2”,2’-trifluoroacetamido-
a-D-mannopyranoside (2.224) as reporter molecule.”®” For the most potent hit, fragment
2.114, further validation was performed by *H-**>N HSQC NMR to determine Kq and binding
site using a previously reported procedure. 2%l Both experiments were performed on a 700 MHz
spectrometer.
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Table 4.2. Affinity data for DC-SIGN hits. K; was measured with °F R,-filtered NMR. Kq and binding

site for 2.114 was determined using *H-*N HSQC NMR.

Ligand Ki (mM) LE (K™ Kd (MmM) LE (Kg)®  Binding site

Mannose 2.34+£0.00 0.30 6.4+0.3 0.25 carbohydrate
2.43 2.68 £ 0.02 0.17 ND - ND
2.56 4.08 £ 0.02 0.14 ND - ND
2.66 3.33+£0.01 0.15 ND - ND
2.114 1.69£0.01 0.19 0.150 £ 0.05 0.26 11!
2.170 129+0.3 0.13 ND - ND
2.188 3.22 £ 0.02 0.23 ND - ND

@ Including fluorine as a heavy atom. ! Binding to residues 270Met, 310Ser, and 374Phe (see

referencel?®l). ND = not determined.
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4.2. Part Il

General

Commercially available reagents were used without further purification and all solvents were
freshly distilled. THF was distilled from CaH. and LiAlH. in the presence of triphenyl methane.
CH.CI;, MeOH, PhMe, MeCN, and petroleum ether were distilled from CaH,. Unless other-
wise stated, reactions were carried out as open-system reactions and were monitored by thin
layer chromatography (TLC) conducted on Merck TLC Silica gel 60 F2s4 on glass plates. The
plates were either visualized under UV-light or stained by dipping in a developing agent fol-
lowed by heating. KMnO4 [3 g in water (300 mL) along with K,COs3 (20 g) and 5% ag. NaOH
(5 mL)] or ninhydrin [0.1 g in AcOH (0.5 mL) and acetone (100 mL)] were used as developing
agents. Flash column chromatography was performed using Merck 9385 Kieselgel 60 silica
gel. All new compounds were characterized by *H NMR, *C NMR, IR, HRMS (ESI), and
melting point (byproducts were not fully characterized).

NMR data were acquired at 298 K using either a 400 MHz Bruker AVANCE Il HD
spectrometer equipped with a Smart probe, a 500 MHz Bruker AVANCE 111 HD spectrometer
equipped with a DCH Cryoprobe, or a 600 MHz Bruker AVANCE 11 spectrometer equipped
with a inverse broadband probe. The chemical shifts (8) are reported in parts per million (ppm)
and the coupling constants (J) in Hz. For spectra recorded in DMSO-ds, chemical shifts are
reported relative to the signal for DMSO-ds (5 2.50 ppm for *H NMR and & 39.52 ppm for *C
NMR). For spectra recorded in CDClIs, chemical shifts are reported relative to the signal for
CHClI; (8 7.26 ppm for 'H NMR and & 77.16 ppm for *C NMR). For spectra recorded in
CDs0D, chemical shifts are reported relative to the signal for CHD,O(D/H) (4 3.31 ppm for
'H NMR and & 49.00 ppm for **C NMR). For spectra recorded in D,O, *H chemical shifts are
reported relative to the signal for HDO (8 4.79 ppm for *H NMR) and *C chemical shifts are
referenced using the deuterium lock-signal from solvent with 6 (TMS) = 0 ppm. NMR data was
analyzed using MestReNova (v11.0.0-17609) by Mestrelab Research S.L.

IR analysis was performed on a Perkin-Elmer Spectrum One spectrometer with internal
referencing as neat films. In the reporting of IR, s = strong signal, m = medium signal, w =
weak signal, and br. = broad signal. Melting points were obtained using a Biichi Melting Point
B-545 melting point apparatus and are uncorrected. Analytical LC-HRMS (ESI) analysis was
performed on a Micromass QTOF mass spectrometer or a Waters LCT Premier Time of Flight
mass spectrometer.

245



Building Block Synthesis
2-Methyl-2-(prop-2-yn-1-yl)cyclopentane-1,3-dione (3.3)

, o Toasuspension of 2-methylcyclopentane-1,3-dione 3.2 (10.0 g, 89.2 mmol) in
=z H>O (100 mL) was added NaOH (3.92 g, 98.1 mmol) and propargyl bromide
° (10.6 mL, 98.1 mmol) and the reaction mixture was stirred at 65 °C for 18 h. The
aqueous layer was extracted with CH,Cl, (3 x 100 mL) and the combined organic layers were
washed with brine (1 x 100 mL), dried over MgSOQs., filtered, and concentrated in vacuo. The
crude product was purified by flash column chromatography (EtOAc/petroleum ether 1:4) to
give the title compound as a white solid (10.7 g, 88%).
Rt = 0.29 (EtOAc/petroleum ether 1:4); m.p.: 68-70 °C; *H NMR (400 MHz, CDCls3) 6 2.91
—2.72 (m, 4H), 2.46 (d, J = 2.6 Hz, 2H), 1.97 (t, J = 2.6 Hz, 1H), 1.13 (s, 3H); *C NMR (101
MHz, CDCls) 6 215.1 (2C), 78.8, 70.8, 55.3, 35.8 (2C), 24.3, 19.4; IR (neat) cm™: 3280 (m,
C=C-H), 1723 (C=0). Spectroscopic data were consistent with those reported in the litera-
ture. 471

syn-3-Hydroxy-2-methyl-2-(prop-2-yn-1-yl)cyclopentan-1-one (syn-3.1) and anti-3-
hydroxy-2-methyl-2-(prop-2-yn-1-yl)cyclopentan-1-one (anti-3.1)

Me o To a solution of 3.3 (10.7 g, 71.2 mmol) in DME (145 mL) at -60 °C was added
/5 NaBH, (1.40 g, 37.0 mmol) portion wise and the reaction mixture was stirred
under an atmosphere of N, at -60 °C for 24 h. Then, 1 M aq. HCI (145 mL) was
added and the mixture was allowed to warm to 22 °C. The aqueous phase was
= ;Uo extracted with EtOAc (3 x 300 mL) and the combined organic layers were dried
over MgSO;, filtered and concentrated in vacuo. The crude products were puri-
fied by flash column chromatography (EtOAc/petroleum ether 7:3) to give syn-3.1 (4.08 g,
38%) and anti-3.1 (2.93 mg, 27%) both as colorless oils.
Data for syn-3.1: R = 0.19 (EtOAc/hexane 1:4); *H NMR (400 MHz, CDCl3) 6 4.26 (dd, J =
4.6,1.9 Hz, 1H), 2.55 — 2.32 (m, 4H), 2.22 (dddd, J = 13.8, 10.2, 9.2, 4.6 Hz, 1H), 2.13 (s, 1H),
2.08 —2.00 (m, 2H), 1.12 (s, 3H); *C NMR (101 MHz, CDCl3) 6 219.7, 81.2, 76.9, 70.8, 53.3,
34.2, 27.6, 21.0, 20.1; IR (neat) cm™: 3435 (br., O-H), 3289 (m, C=C-H), 1729 (s, C=0).
Spectroscopic data were consistent with those reported in the literature.47)
Data for anti-3.1: R = 0.17 (EtOAc/hexane 1:4); *H NMR (400 MHz, CDCls) § 4.41 (dd, J =
8.9, 6.4 Hz, 1H), 2.54 — 2.44 (m, 1H), 2.40 — 2.25 (m, 3H), 2.24 - 2.06 (m, 2H), 2.05 (t, J = 2.7
Hz, 1H), 1.92 — 1.79 (m, 1H), 1.06 (s, 3H); **C NMR (101 MHz, CDCls) § 218.5, 80.8, 75.5,
71.3,51.9, 35.0, 27.3, 25.1, 15.2; IR (neat) cm™: 3439 (br., O-H), 3287 (m, C=C-H), 1731 (s,
C=0). Spectroscopic data were consistent with those reported in the literature.4"]
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syn-3-((tert-Butyldimethylsilyl)oxy)-2-methyl-2-(prop-2-yn-1-yl)cyclopentan-1-one (3.27)

To a solution of syn-3.1 (2.60 g, 17.1 mmol) in anhydrous DMF (60 mL) was
/,,,'}"80 added TBSCI (10.3 g, 68.3 mmol) and imidazole (9.30 g, 37 mmol) and the
TBSO™ reaction mixture was stirred under an atmosphere of N at 22 °C for 24 h. Water
(200 mL) was added and the aqueous phase was extracted with petroleum ether (3 x 200 mL).
The combined organic layers were dried over Na,SOq, filtered, and concentrated in vacuo. The
crude product was purified by flash column chromatography (EtOAc/petroleum ether 4:96) to
give the title compound as a colorless oil (4.50 g, 99%).
R = 0.34 (EtOAc/petroleum ether 4:96); *H NMR (400 MHz, CDCls) § 4.15 (dd, J = 4.0, 2.3
Hz, 1H), 2.47 — 2.26 (m, 4H), 2.19 — 2.08 (m, 1H), 1.97 — 1.90 (m, 2H), 1.09 (s, 3H), 0.87 (s,
9H), 0.12 (s, 3H), 0.10 (s, 3H); **C NMR (100 MHz, CDCls) § 219.5, 81.8, 77.0, 70.3, 53.8,
33.8, 28.2, 25.9 (3C), 20.7, 19.4, 18.1, -4.4, -4.9; IR (neat) cm™: 3307 (s, C=C-H), 1744 (s,
C=0); HRMS (ESI) calcd for C15H270:Si [M+H]" 267.1775, found 267.1775.

anti-3-((tert-Butyldimethylsilyl)oxy)-2-methyl-2-(prop-2-yn-1-yl)cyclopentan-1-one
(3.28).

e To a solution of anti-3.1 (2.99 g, 19.7 mmol) in anhydrous DMF (65 mL) was
= © added TBSCI (11.8 g, 78.6 mmol) and imidazole (10.7 g, 157 mmol) and the
TBSO reaction mixture was stirred under an atmosphere of N.at 22 °C for 24 h. Water
(200 mL) was added and the aqueous phase was extracted with petroleum ether (3 x 200 mL).
The combined organic layers were dried over Na>SOq, filtered, and concentrated in vacuo. The
crude product was purified by flash column chromatography (EtOAc/petroleum ether 4:96) to
give the title compound as a colorless oil (5.04 g, 96%).
R = 0.34 (EtOAc/petroleum ether 4:96); *H NMR (400 MHz, CDCls) & 4.52 — 4.40 (m, 1H),
2.53 —2.36 (m, 2H), 2.23 — 2.06 (m, 3H), 1.96 (t, J = 2.7 Hz, 1H), 1.89 — 1.77 (m, 1H), 0.96
(s, 3H), 0.90 (s, 9H), 0.11 (s, 3H), 0.10 (s, 3H); *C NMR (100 MHz, CDCls) & 218.7, 80.7,
74.4,70.7, 53.1, 35.6, 28.5, 25.9 (3C), 24.5, 18.1, 16.2, -4.3, -4.8; IR (neat) cm™: 3309 (s,
C=C-H), 1747 (s, C=0); HRMS (ESI) calcd for CisH2;0,Si [M+H]" 267.1775, found
267.1775.
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Anti Building Block Chemistry

(1R",25",3R")-1-Allyl-3-((tert-butyldimethylsilyl)oxy)-2-methyl-2-(prop-2-yn-1-yl)cyclo-
pentan-1-ol (3.29) and (1S",2S",3R")-1-allyl-3-((tert-butyldimethylsilyl)oxy)-2-methyl-2-

(prop-2-yn-1-yl)cyclopentan-1-ol (3.30)
/ To an ice-cooled solution of 3.28 (444 mg, 1.67 mmol) in anhydrous THF

Mek (35 mL) was added allylmagnesium bromide (1.0 M in THF, 1.67 mL,
/ " 167 mmol) dropwise and the reaction mixture was stirred under an atmosphere
7880 of Nzat 0 °C for 2 h. SiO; (3.5 g) was added and the mixture was concentrated
in vacuo and purified directly by flash column chromatography (EtOAc/petro-
leum ether 3:97) to give 3.29 (321 mg, 62%) and 3.30 (110 mg, 21%) both as
colorless oails.
Data for 3.29: Rs = 0.26 (EtOAc/petroleum ether 3:97); *H NMR (400 MHz, CDCls) & 5.99
(ddt, J=17.4,10.5, 7.1 Hz, 1H), 5.12 - 5.07 (m, 1H), 5.07 — 5.05 (m, 1H), 4.30 (d, J = 5.6 Hz,
1H), 4.05 (d, J = 1.9 Hz, 1H), 2.29 (dd, J = 13.7, 7.2 Hz, 1H), 2.16 (dd, J = 16.7, 2.7 Hz, 1H),
2.06 — 1.95 (m, 4H), 1.87 (ddt, J = 13.0, 7.2, 3.4 Hz, 2H), 1.79 — 1.70 (m, 1H), 1.17 (s, 3H),
0.89 (s, 11H), 0.08 (s, 7H); **C NMR (101 MHz, CDCls) 5 134.9, 117.0, 83.8, 81.4, 81.3, 71.0,
51.8, 39.8, 36.3, 30.6, 25.9, 25.8, 18.0 (3C), 14.2, -4.7, -5.0; IR (neat) cm™: 3511 (br., O—H),
3311 (s, C=C-H), 1639 (s, C=C), 1462 (s, C=CH>); HRMS (ESI) calcd for C1gH330,Si [M+H]*
309.2245, found 309.2241.
Data for 3.30: Rr = 0.15 (EtOAc/petroleum ether 3:97); *H NMR (400 MHz, CDCls) & 5.89
(dddd, J = 15.1, 11.7, 8.5, 6.3 Hz, 1H), 5.27 — 5.07 (m, 2H), 4.16 (t, J = 8.0 Hz, 1H), 2.66 (dd,
J = 13.8, 8.5 Hz, 1H), 2.47 (dd, J = 17.1, 2.8 Hz, 1H), 2.34 (ddt, J = 13.8, 6.3, 1.3 Hz, 1H),
2.22(dd, J=17.1, 2.8 Hz, 1H), 2.02 (t, J = 2.8 Hz, 1H), 2.00 — 1.86 (m, 2H), 1.83 (s, 1H), 1.57
—1.37 (m, 2H), 0.95 (s, 3H), 0.88 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3H); *C NMR (101 MHz,
CDCl3) 6 134.0,119.4, 83.5,82.1, 78.0, 70.8, 50.3,42.1, 35.0,29.2,26.0 (3C), 23.2, 18.1, 14.9,
-4.2,-4.8; IR (neat) cm™: 3486 (br., O-H), 3311 (s, C=C-H), 1638 (s, C=C), 1463 (s, C=CH,);
HRMS (ESI) calcd for C1sH330,Si [M+H]* 309.2245, found 309.2248.

248



(1R",3aR",7aS")-7a-Methyl-6-vinyl-1,2,3,4,7, 7a-hexahydro-3aH-indene-1,3a-diol (3.31)

To asolution of 3.29 (39.0 mg, 0.126 mmol) in anhydrous CH,Cl (25 mL) was
added Grubbs Il catalyst (10.7 mg, 12.6 pumol) and the reaction mixture was
Me o stirred under an ethylene atmosphere at 22 °C for 4 h. The mixture was concen-
HO trated in vacuo and dissolved in anhydrous THF (3 mL). TBAF (1.0 M in THF,
0.253 mL, 0.253 mmol) was added and the reaction mixture was stirred under an atmosphere
of Nz at 22 °C for 2 h. The mixture was concentrated in vacuo and purified directly by flash
column chromatography (EtOAc/petroleum ether 2:3) to give the title compound as a white
amorphous solid (16.3 mg, 66%).
Rt = 0.35 (EtOAc/petroleum ether 2:3); *H NMR (600 MHz, CDCl3) 8 6.36 (dd, J = 17.5, 10.8
Hz, 1H), 5.60 (dt, J = 5.4, 2.6 Hz, 1H), 5.01 (d, J = 17.5 Hz, 1H), 4.92 (d, J = 10.8 Hz, 1H),
3.89 (t,J=6.3 Hz, 1H), 2.58 (d, J = 7.2 Hz, 1H), 2.53 (s, 1H), 2.45 (ddd, J = 18.8, 5.4, 2.1 Hz,
1H), 2.40 — 2.29 (m, 1H), 2.26 (d, J = 18.8 Hz, 1H), 2.05 (d, J = 17.6 Hz, 1H), 1.87 — 1.78 (m,
3H), 1.69 (d, J = 17.6 Hz, 1H), 1.07 (s, 3H); **C NMR (151 MHz, CDCls) & 139.4, 133.2,
126.2, 110.9, 82.0, 81.9, 46.5, 36.1, 34.8, 34.5, 31.3, 14.7; IR (neat) cm™: 3353 (br., O-H),
1647 (m, C=C), 1607 (m, C=C), 1460 (s, C=CH.); HRMS (ESI) calcd for C1,H190, [M+H]*
193.1229, found 193.1229.

(4aS",5R",7aR",8aR")-5,7a-Dihydroxy-4a-methyl-4,4a,5,6,7,7a,8,8a-octahydro-s-indacen-
2(1H)-one (3.32) and (4aS",5R",7aR",8aS")-5,7a-dihydroxy-4a-methyl-4,4a,5,6,7,7a,8,8a-
octahydro-s-indacen-2(1H)-one (3.33)

To a solution of Co2(CO)s (68.0 mg, 0.195 mmol) in anhydrous CH2Cl, (5 mL)

{ was added a solution of 3.29 (50.0 mg, 0.162 mmol) in anhydrous CHCI,
.y (1 mL) and the reaction mixture was stirred under an atmosphere of N at 22 °C
Me on for 2 h. Then, 4-methylmorpholine N-oxide (190 mg, 1.62 mmol) was added
HO portion wise and the mixture was stirred for another 18 h. Violet Co precipitate
o was removed by filtration through a short plug of silica (washed with

CH.CI2/MeOH 19:1) and the filtrate was concentrated in vacuo. The crude

v Pauson-Khand product was dissolved in anhydrous THF (3.5 mL), added TBAF

Me on (2.0 M in THF, 0.325 mL, 0.324 mmol), and stirred under an atmosphere of N,

HO at 22 °C for 1 h. The mixture was then concentrated in vacuo and purified by

flash column chromatography (EtOAc) to give 3.32 (15.0 mg, 42%) and 3.33 (6.0 mg, 17%)
both as colorless oils.

Data for 3.32: R = 0.29 (EtOAc); *H NMR (400 MHz, CD3;0OD) § 5.92 (d, J = 1.8 Hz, 1H),

3.81(d, J=5.9 Hz, 1H), 3.01 — 2.90 (m, 1H), 2.62 (dd, J = 18.9, 6.4 Hz, 1H), 2.47 (d, J = 13.9

Hz, 1H), 2.41 - 2.30 (m, 2H), 2.25 - 2.12 (m, 2H), 2.07 (dd, J = 18.9, 1.8 Hz, 1H), 1.97 — 1.86

(m, 2H), 1.39 (t, J = 12.8 Hz, 1H), 1.00 (s, 3H); **C NMR (101 MHz, CD;0D) § 211.7, 184.9,
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129.8, 83.1, 82.9, 51.9, 43.1, 40.6, 40.0, 39.6, 35.5, 31.8, 14.7; IR (neat) cm™: 3385 (br., O—
H), 1704 (s, C=0), 1620 (s, C=C); HRMS (ESI) calcd for C13H150; [M+H]* 223.1329, found
223.1341.

Data for 3.33: R = 0.28 (EtOAc); *H NMR (400 MHz, CDCls) § 5.93 (t, J = 1.8 Hz, 1H), 3.88
(9, J = 8.0 Hz, 1H), 3.01 (dt, J = 12.0, 5.6 Hz, 1H), 2.78 (d, J = 14.6 Hz, 1H), 2.59 (ddd, J =
18.8, 6.6, 0.7 Hz, 1H), 2.31 (d, J = 14.7 Hz, 1H), 2.13 — 2.01 (m, 2H), 1.97 — 1.84 (m, 2H),
1.67 — 1.60 (m, 1H), 1.55 — 1.48 (m, 1H), 1.32 (t, J = 13.5 Hz, 1H), 1.06 (s, 3H); *C NMR
(101 MHz, CDCl3) 6 208.8, 181.7, 128.9, 78.1, 73.6, 49.4, 44.3, 41.8, 37.1, 36.1, 34.9, 28.5,
15.8; IR (neat) cm™: 3391 (br., O—H), 1704 (s, C=0), 1618 (s, C=C); HRMS (ESI) calcd for
C13H1005 [M+H]* 223.1329, found 223.1341.

(1R",2S7,3R")-1-Allyl-2-methyl-2-(prop-2-yn-1-yl)cyclopentane-1,3-diol (3.34)

/ To a solution of 3.29 (45.0 mg, 0.146 mmol) in anhydrous THF (3 mL) was
Mek added TBAF (1.0 M in THF, 0.291 mL, 0.219 mmol) and the reaction mixture
/// " \Was stirred under an atmosphere of Nz at 22 °C for 2 h. The mixture was con-
Ho centrated in vacuo and purified directly by flash column chromatography
(EtOAc/petroleum ether 1:3) to give the title compound as a colorless oil (24.6 mg, 87%).
Rt = 0.41 (EtOAc/petroleum ether 1:2); 'H NMR (400 MHz, CDCls) § 5.90 (dddd, J = 16.9,
10.2, 8.0, 6.7 Hz, 1H), 5.21 — 5.10 (m, 2H), 4.15 (t, J = 6.7 Hz, 1H), 2.95 (d, J = 8.0 Hz, 1H),
2.67 (s, 1H), 2.26 (ddt, J = 13.6, 8.0, 1.1 Hz, 1H), 2.19 — 2.06 (m, 3H), 2.03 (t, J = 2.7 Hz, 1H),
1.96 — 1.78 (m, 4H), 1.21 (s, 3H); *C NMR (101 MHz, CDCls) & 133.8, 119.1, 84.0, 81.3,
80.3, 71.2, 51.6, 40.1, 35.9, 30.6, 25.9, 13.7; IR (neat) cm™: 3366 (br., O-H), 3303 (s, C=C—
H), 1639 (s, C=C).

anti-3-((tert-Butyldimethylsilyl)oxy)-2-methyl-5-methylene-2-(prop-2-yn-1-yl)cyclo-
pentan-1-one (3.40)

ve o To a solution of anti-3.1 (550 mg, 2.06 mmol) in CHCl, (10 mL) was added
=" CH:Br, (0.868 mL, 12.4 mmol) and Et,NH (2.56 mL, 24.8 mmol) and the
TBSO reaction mixture was subjected to pW heating at 125 °C for 20 min. The
mixture was diluted with Et,O (150 mL) and precipitate was removed by filtration. The filtrate
was concentrated in vacuo and purified by flash column chromatography (EtOAc/petroleum
ether 3:97) to give the title product as a colorless oil (389 mg, 68%).
Rr = 0.20 (EtOAc/petroleum ether 3:97); *H NMR (400 MHz, CDCl3) § 6.11 (ddd, J = 3.1, 2.0,
1.1 Hz, 1H), 5.37 (ddd, J = 3.1, 2.0, 1.1 Hz, 1H), 4.46 (dd, J = 8.0, 6.9 Hz, 1H), 2.89 (ddt, J =
16.5, 6.9, 2.0 Hz, 1H), 2.60 — 2.49 (m, 1H), 2.48 (dd, J = 16.9, 2.7 Hz, 1H), 2.23 (dd, J = 16.9,
2.7 Hz, 1H), 1.95 (t, J = 2.7 Hz, 1H), 1.02 (s, 3H), 0.90 (s, 9H), 0.11 (s, 6H); *C NMR (101
MHz, CDCls) 6 206.2, 142.2, 119.6, 80.7, 72.0, 70.8, 53.4, 36.4, 25.9 (3C), 24.3, 18.1, 16 .4, -
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4.3,-4.8; IR (neat) cm™: 3313, (m, C=C—H), 1730 (s, C=0), 1641 (s, C=C), 1462 (m, C=CH,);
HRMS (ESI) calcd for C16H270,Si [M+H]* 279.1775, found 279.1767.

Ethyl (557,7S",8R")-8-((tert-butyldimethylsilyl)oxy)-7-methyl-6-oxo-7-(prop-2-yn-1-yl)-2-
oxa-3-azaspiro[4.4]non-3-ene-4-carboxylate (3.42)

To a vigorously solution of 3.40 (86.0 mg, 0.309 mmol) and Et;N (52.0 uL,
///Me 0 0.371 mmol) in anhydrous CH,Cl (5 mL) was added drop wise a solution of
TBSO “o 1-ethyl oxalyl chloride 2-oxime (56.2 mg, 0.371 mmol) in anhydrous CH,Cl,
Etozc/:N (5 mL) over 1 h under an atmosphere of N, at 22 °C. The mixture was then
concentrated in vacuo and purified directly by flash column chromatography
(EtOACc/petroleum ether 1:9) to give the title compound as a colorless oil (85.0 mg, 70%).
Rt = 0.33 (EtOAc/petroleum ether 1:9); *H NMR (400 MHz, CDCl3) § 4.55 (t, J = 5.5 Hz, 1H),
4.34 (q, J =7.1 Hz, 2H), 3.49 (d, J = 18.0 Hz, 1H), 3.14 (d, J = 18.0 Hz, 1H), 2.61 (dd, J =
14.4,5.5 Hz, 1H), 2.45 (dd, J = 17.1, 2.6 Hz, 1H), 2.28 (dd, J = 17.1, 2.6 Hz, 1H), 2.14 — 2.04
(m, 2H), 1.36 (t, J = 7.1 Hz, 3H), 1.11 (s, 3H), 0.89 (s, 9H), 0.11 (s, 6H); *C NMR (101 MHz,
CDCls) 6 213.3, 160.1, 150.7, 90.1, 79.1, 72.0, 71.8, 62.4, 52.7, 42.8, 42.6, 25.9 (3C), 25.1,
18.1, 16.7, 14.2, -4.4, -4.8; IR (neat) cm™: 3297 (m, C=C-H), 1752 (s, C=0), 1721 (s, C=0),
1597 (m, C=N); HRMS (ESI) calcd for C20H32NOsSi [M+H]* 394.2044, found 394.2044.

Ethyl (5S,7S",8R")-8-hydroxy-7-methyl-6-0x0-7-(prop-2-yn-1-yl)-2-oxa-3-azaspiro[4.4]
non-3-ene-4-carboxylate (3.43)

To a solution of 3.42 (29.0 mg, 73.7 umol) in anhydrous THF (1.5 mL) was
//"'fljo added TBAF (1.0 M in THF, 0.111 mL, 0.111 mmol) and the reaction mixture
0 was stirred at 22 °C under an atmosphere of N2 for 1 h. The mixture was con-
E0,¢0 N centrated in vacuo and purified directly by flash column chromatography
(EtOAc/petroleum ether 2:3) to give the title compound as a colorless oil (9.0 mg, 44%).
Rt = 0.42 (EtOAc/petroleum ether 1:1); *H NMR (600 MHz, CDCls) & 4.60 (ddd, J = 8.1, 6.1,
3.3 Hz, 1H), 4.35 (qd, J = 7.2, 0.7 Hz, 2H), 3.53 (d, J = 18.0 Hz, 1H), 3.17 (d, J = 18.0 Hz,
1H), 2.70 (dd, J = 14.4, 6.1 Hz, 1H), 2.49 — 2.40 (m, 2H), 2.12 (t, J = 2.7 Hz, 1H), 2.10 (d, J =
3.3 Hz, 1H), 2.08 — 2.03 (m, 1H), 1.36 (t, J = 7.2 Hz, 3H), 1.18 (s, 3H); 3C NMR (151 MHz,
CDCl3) 6 212.5,160.0, 150.9, 90.1, 79.8, 73.0, 71.9, 62.5, 51.0, 41.1, 40.8, 25.9, 15.9, 14.3; IR
(neat) cm'*: 3506 (br. O-H), 3281 (m, C=C-H), 1752 (s, C=0), 1721 (s, C=0), 1598 (m, C=N);
HRMS (ESI) calcd for C14H17NOsNa [M+H]* 302.0999, found 302.1002.
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(3S",4R")-4-((tert-Butyldimethylsilyl)oxy)-3,6",6'-trimethyl-3-(prop-2-yn-1-yl)tetrahydro-
3'H-spiro[cyclopentane-1,2'-pyrrolo[1,2-b]isoxazol]-2-one (3.44)

To a solution of 3.40 (27.0 mg, 97.0 umol) in THF (0.5 mL) was added
5,5-dimethyl-1-pyrroline N-oxide (32.3 pL, 291 pmol) and the reaction
mixture was stirred at 60 °C for 10 min. The mixture was concentrated in
vacuo and purified directly by flash column chromatography
(EtOAc/petroleum ether 1:7) to give the title compound as a colorless oil

Me Me

(21.0 mg, 55%).

R¢ = 0.27 (EtOAc/petroleum ether 1:7); *H NMR (600 MHz, CDCl3) § 4.35 (t, J = 5.6 Hz, 1H),
3.75(dddd, J=9.0,7.4,5.3, 1.9 Hz, 1H), 2.47 — 2.40 (m, 1H), 2.39 — 2.34 (m, 1H), 2.28 — 2.20
(m, 2H), 2.11 - 2.07 (m, 1H), 1.96 — 1.83 (m, 5H), 1.41 (ddd, J = 13.2, 9.4, 4.8 Hz, 1H), 1.16
(s, 3H), 0.95 (s, 3H), 0.94 (s, 3H), 0.77 (s, 9H), -0.01 (s, 3H), -0.02 (s, 3H); *C NMR (151
MHz, CDCls) 8 217.5, 84.8, 80.0, 72.3, 71.1, 68.9, 65.6, 52.3,47.3, 44.1, 35.8, 30.7,27.4,25.9
(3C), 25.3,24.3,18.1, 16.9, -4.4, -4.9; IR (neat) cm™: 3313 (m, C=C-H), 1752 (s, C=0), 1377
(s, C—(CHz3)2); HRMS (ESI) calcd for C22H3sNOsSi [M+H]* 392.2621, found 392.2611.

(5S7,75",8R")-2-Benzyl-8-((tert-butyldimethylsilyl)oxy)-7-methyl-7-(prop-2-yn-1-yl)-2-
azaspiro[4.4]nonan-6-one (3.46) and (5R",7S",8R")-2-benzyl-8-((tert-butyldimethylsilyl)
oxy)-7-methyl-7-(prop-2-yn-1-yl)-2-azaspiro[4.4]Jnonan-6-one (3.47)

To an ice-cooled solution of 3.40 (99.0 mg, 0.356 mmol) in CHCl,
(7 mL) was added N-(methoxymethyl)-N-(trimethylsilylmethyl) benzyl-
TBSO —-._\NBn amine (90%, 0.122 mL, 0.427 mmol) and TFA (0.1 M in CHCl,,
0.355 mL, 35.6 pumol) and the reaction mixture was stirred at 0 °C for 1
h. The mixture was concentrated in vacuo and purified directly by flash
column chromatography (EtOAc/petroleum ether 1:9) to give 3.46
(89.9 mg, 61%) and 3.47 (47.5 mg, 32%) both as yellow oils.
Data for 3.46: R = 0.54 (EtOAc/petroleum ether 1:4); *H NMR (400 MHz, CDCls) § 7.37 —
7.19 (m, 5H), 4.37 (dd, J = 8.4, 6.1 Hz, 1H), 3.72 — 3.56 (m, 2H), 2.85 (td, J = 8.4, 7.5, 4.2 Hz,
1H), 2.64 — 2.50 (m, 3H), 2.39 (dd, J = 16.9, 2.7 Hz, 1H), 2.31 (dd, J = 13.0, 6.1 Hz, 1H), 2.22
(ddd, J =125, 8.0, 4.2 Hz, 1H), 2.13 (dd, J = 16.9, 2.7 Hz, 1H), 1.90 (dd, J = 13.0, 8.4 Hz,
1H), 1.84 — 1.73 (m, 2H), 0.98 (s, 3H), 0.90 (s, 9H), 0.10 (s, 3H), 0.08 (s, 3H); *C NMR (101
MHz, CDCls) 6 221.9, 139.1, 128.8 (2C), 128.4 (2C), 127.1, 80.9, 72.4, 70.8, 64.0, 59.8, 54.5,
54.4, 53.5, 44.5, 37.2, 25.9 (3C), 25.0, 18.2, 17.1, -4.3, -4.8; IR (neat) cm™: 3311 (m, C=C—
H), 1737 (s, C=0); HRMS (ESI) calcd for C2sHasNOSi [M+H]* 412.2667, found 412.2667.
Data for 3.47: R = 0.36 (EtOAc/petroleum ether 1:4); *H NMR (400 MHz, CDCl3) § 7.37 —
7.16 (m, 5H), 4.44 (dd, J = 7.8, 5.9 Hz, 1H), 3.70 (d, J = 12.8 Hz, 1H), 3.58 (d, J = 12.8 Hz,
1H), 2.86 (ddd, J = 9.0, 7.3, 4.2 Hz, 1H), 2.68 (d, J = 2.4 Hz, 2H), 2.55 (dt, J = 9.0, 7.8 Hz,

MNMe o

TBSO 1 NBn
-/
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1H), 2.42 (dd, J = 16.9, 2.7 Hz, 1H), 2.25 — 2.08 (m, 3H), 2.02 — 1.92 (m, 2H), 1.64 (dt, J =
12.6, 7.5 Hz, 1H), 0.94 (s, 3H), 0.86 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H); *C NMR (101 MHz,
CDCls) § 221.7, 139.1, 128.9 (2C), 128.4 (2C), 127.1, 81.0, 72.2, 70.9, 64.2, 60.2, 54.4, 54.1,
53.6, 44.6, 37.5, 25.9 (3C), 25.1, 18.1, 16.9, -4.3, -4.8; IR (neat) cm: 3311 (m, C=C—H), 1737
(s, C=0); HRMS (ESI) calcd for CasHsNO,Si [M+H]* 412.2667, found 412. 2666.

(5S",7S",8R")-2-Benzyl-8-hydroxy-7-methyl-7-(prop-2-yn-1-yl)-2-azaspiro[4.4]nonan-6-
one (3.48)

//""e 0 To a solution of 3.46 (67.0 mg, 0.163 mmol) in anhydrous THF (3.5 mL) was
/Ho . added TBAF (1.0 M in THF, 0.326 mL, 0.326 mmol) and the reaction mixture
—NBn was stirred under an atmosphere of Nz at 22 °C for 1 h. The mixture was con-
centrated in vacuo and purified directly by flash column chromatography (EtOAc, Rs = 0.28)
to give the title compound as a colorless oil (46.0 mg, 95%).
Rr = 0.28 (EtOAc); *H NMR (600 MHz, CDCls) & 7.35 —7.28 (m, 4H), 7.24 (ddt, J = 8.6, 5.4,
2.7 Hz, 1H), 4.32 (dd, J = 9.9, 6.5 Hz, 1H), 3.65 (d, J = 13.0 Hz, 1H), 3.61 (d, J = 13.0 Hz,
1H), 2.93 - 2.85 (m, 1H), 2.60 — 2.53 (m, 2H), 2.46 (dd, J = 12.9, 6.5 Hz, 1H), 2.41 (d, J = 9.3
Hz, 1H), 2.38 — 2.27 (m, 3H), 2.24 (dt, J = 8.2, 4.4 Hz, 1H), 1.93 (t, J = 2.6 Hz, 1H), 1.87 (dd,
J =129, 9.9 Hz, 1H), 1.79 (dt, J = 12.9, 7.7 Hz, 1H), 1.05 (s, 3H); *C NMR (151 MHz,
CDCls) 6 221.8, 154.6, 128.8 (2C), 128.4 (2C), 127.2, 81.0, 73.4, 71.2, 64.3, 59.8, 54.4, 54.4,
52.1, 43.4, 36.7, 25.6, 16.0; IR (neat) cm™: 3370 (br. s, O-H), 3291 (m, C=C-H), 1735 (s,
C=0); HRMS (ESI) calcd for C19H24NO, [M+H]* 298.1802, found 298.1805.

(5R",7S",8R")-2-Benzyl-8-hydroxy-7-methyl-7-(prop-2-yn-1-yl)-2-azaspiro[4.4]Jnonan-6-
one (3.49)

Me o To a solution of 3.47 (43.0 mg, 0.104mmol) in anhydrous THF (2 mL) was
/ added TBAF (1.0 M in THF, 0.209 mL, 0.209 mmol) and the reaction mix-
HOTN\Z NBn ture was stirred under an atmosphere of Npat 22 °C for 1 h. The mixture
was concentrated in vacuo and purified directly by flash column chromatography (EtOAC) to
give the title compound as a colorless oil (24.5 mg, 79%).
Rf = 0.22 (EtOACc); 'H NMR (400 MHz, CDCls) § 7.36 — 7.28 (m, 4H), 7.27 — 7.21 (m, 1H),
4.43 (dd, J = 9.6, 6.4 Hz, 1H), 3.72 — 3.58 (m, 2H), 2.83 (ddd, J = 9.2, 7.1, 4.5 Hz, 1H), 2.76
(d, J=9.6 Hz, 1H), 2.66 (d, J = 9.6 Hz, 1H), 2.57 (dt, J = 9.2, 7.4 Hz, 1H), 2.39 — 2.31 (m,
3H), 2.10 (br. s, 1H), 2.06 — 1.89 (m, 3H), 1.68 (dt, J = 12.5, 7.4 Hz, 1H), 1.01 (s, 3H); ©*C
NMR (100 MHz, CDCls) 6 221.3, 139.1, 128.8 (2C), 128.4 (2C), 127.1, 81.1,72.9, 71.3, 63.7,
60.1, 54.2,54.0,52.1, 43.5, 38.0, 25.7, 15.8; IR (neat) cm™: 3331 (br. s, O-H), 3285 (m, C=C—
H), 1735 (s, C=0); HRMS (ESI) calcd for C19H2sNO> [M+H]" 298.1802, found 298.1799.
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(5S7,75",8R")-8-Hydroxy-7-methyl-7-propyl-2-azaspiro[4.4]nonan-6-one (3.50)

Ve To asolution of 3.48 (30.0 mg, 0.101 mmol) in EtOH (2 mL) was added 10%
Me~ ""jo Pd/C (21.5 mg, 20.2 umol) and the resulting suspension was stirred under an
HO ) atmosphere of H at 40 °C for 4 h. The mixture was filtered through a pad of
celite and concentrated in vacuo to give the title compound as an off-white
amorphous solid (20.8 mg, 98%).

'H NMR (400 MHz, CD30D) § 4.15 (dd, J=7.2, 5.9 Hz, 1H), 3.09 (ddd, J = 11.4, 8.3, 5.6 Hz,
1H), 3.00 (dt, J = 11.4, 7.4 Hz, 1H), 2.88 (d, J = 11.5 Hz, 1H), 2.76 (d, J = 11.5 Hz, 1H), 2.29
(dd, J = 13.2, 5.9 Hz, 1H), 2.12 (ddd, J = 13.0, 8.3, 6.9 Hz, 1H), 1.95 (dd, J = 13.2, 7.2 Hz,
1H), 1.83 (ddd, J = 13.0, 7.7, 5.6 Hz, 1H), 1.45 — 1.30 (m, 4H), 1.24 — 1.14 (m, 1H), 0.99 (s,
3H), 0.91 (t, J = 7.0 Hz, 3H); **C NMR (101 MHz, CDs;OD) & 226.0, 73.8, 58.3, 56.4, 55.1,
47.7, 42.1, 39.9, 39.0, 18.5, 16.7, 15.0; IR (neat) cm™: 3299 (br. s, O-H), 1727 (s, C=0);

HRMS (ESI) calcd for C12H22NO2 [M+H]*" 212.1651, found 212.1648.

(5R",75",8R")-8-Hydroxy-7-methyl-7-propyl-2-azaspiro[4.4]nonan-6-one (3.51)

Vo To a solution of 3.49 (20.0 mg, 67.3 umol) in EtOH (1.5 mL) was added
Me\/"'ljo 10% Pd/C (14.3 mg, 13.5 umol) and the resulting suspension was stirred
HO 2 N under an atmosphere of Hz at 40 °C for 4 h. The mixture was filtered
through a pad of celite and concentrated in vacuo to give the title com-
pound as an off-white amorphous solid (14.0 mg, 99%).

'H NMR (400 MHz, CD30D) 8 4.19 (t, J = 5.4 Hz, 1H), 3.49 - 3.35 (m, 3H), 3.26 (d, J = 12.1
Hz, 1H), 2.41 (dd, J = 13.6, 5.4 Hz, 1H), 2.19 — 1.97 (m, 3H), 1.49 — 1.40 (m, 2H), 1.38 - 1.20
(m, 2H), 1.02 (s, 3H), 0.92 (t, J = 7.2 Hz, 3H); *C NMR (101 MHz, CDs;0D) § 223.0, 73.9,
55.6, 55.0, 54.0, 46.3, 40.4, 39.0, 36.5, 18.5, 16.2, 14.9; IR (neat) cm™*: 3364 (br. s, O-H), 1733

(s, C=0); HRMS (ESI) calcd for C1,H22NO, [M+H]* 212.1651, found 212.1645.

(2R",3R")-2-((tert-Butyldimethylsilyl)oxy)-3-methyl-3-(prop-2-yn-1-yl)-1,2,3,9,10,10a-
hexahydrobenzo[b]cyclopentale][1,4]diazepine (3.58)

To a solution of 3.40 (52.0 mg, 0.187 mmol) in EtOH (2 mL) was added
/Me /N‘Q o-phenylenediamine (40.4 mg, 0.373mmol) and AcOH (10 puL,
TBSO«Z i _NH 0.215 mmol) and subjected to pW heating at 140 °C for 15 min. The
mixture was concentrated in vacuo and purified directly by flash column chromatography
(EtOAc/petroleum ether 1:9) to give the title compound as a colorless oil (26.0 mg, 38%, 55:45
mixture of diastereomers). Rt = 0.30 (EtOAc/petroleum ether 1:9)
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(3aS",55",6R",6aR")-2-Benzyl-6-((tert-butyldimethylsilyl)oxy)-5-methyl-5-(prop-2-yn-1-
yl)hexahydrocyclopenta[c]pyrrol-4(1H)-one (3.62) and (3aR",5S",6R",6aS")-2-benzyl-6-
((tert-butyldimethylsilyl)oxy)-5-methyl-5-(prop-2-yn-1-yl)hexahydrocyclopenta-[c]-
pyrrol-4(1H)-one (3.63)

‘Me o To asolution of 3.28 (180 mg, 0.676 mmol) in PhF/DMSO (2:1, 5 mL) was
=z H added IBX (30%, 2.52 g, 2.70 mmol) and the reaction mixture was stirred

TBSO
H under an atmosphere of Nz at reflux for 62 h. The mixture was diluted with

N Et,O (35 mL) and washed successively with sat. ag. NaHCO; (1 x 35 mL),

//Me o  water (1 x 35 mL), and brine (1 x 35 mL). The organic layer was dried over
1350 <H MgSO;, filtered, and concentrated in vacuo. The crude o,B-unsaturated prod-

H* ngn  Uct was dissolved in CH2Cl, (13 mL) and added N-(methoxymethyl)-N-(tri-
methylsilylmethyl)benzylamine (90%, 0.259 mL, 0.909 mmol) and TFA (0.1 M in CHCl,
0.673 mL, 35.6 umol). The reaction mixture was stirred at 22 °C for 1 h, then concentrated in
vacuo, and purified directly by flash column chromatography (EtOAc/petroleum ether 1:19) to
give 3.62 (31.5 mg, 12%, brsm = 30%) and 3.63 (25.0 mg, 10%, brsm = 25%) both as yellow
oils.
Data for 3.62: R = 0.46 (EtOAc/petroleum ether 1:9); *H NMR (400 MHz, CDCl3) § 7.33 —
7.15 (m, 5H), 4.37 (d, J = 6.3 Hz, 1H), 3.69 (d, J = 13.4 Hz, 1H), 3.46 (d, J = 13.4 Hz, 1H),
3.19 (d, J=9.2 Hz, 1H), 3.00 (t, J = 9.2 Hz, 2H), 2.90 (d, J = 9.2 Hz, 1H), 2.64 — 2.54 (m, 2H),
2.31-2.23(m, 2H), 2.16 (dd, J = 16.9, 2.7 Hz, 1H), 2.01 (t, J = 2.7 Hz, 1H), 1.02 (s, 3H), 0.88
(s, 9H), 0.07 (s, 3H), -0.01 (s, 3H); 3C NMR (100 MHz, CDCls) & 219.3, 139.3, 128.3 (20),
128.3 (2C), 127.0, 81.1, 78.6, 70.5, 58.8, 58.5, 56.3, 55.3, 49.7, 46.0, 25.9 (3C), 23.5, 18.2,
17.5, -4.0, -4.5; IR (neat) cm™: 3309 (m, C=C-H), 1745 (s, C=0); HRMS (ESI) calcd for
C24H3sNO2Si [M+H]* 398.2510, found 392.2526.
Data for 3.63: R = 0.35 (EtOAc/petroleum ether 1:9); *H NMR (400 MHz, CDCl3) § 7.37 —
7.21 (m, 5H), 4.73 (d, J = 8.3 Hz, 1H), 3.66 (d, J = 13.2 Hz, 1H), 3.55 (d, J = 13.2 Hz, 1H),
3.41(dd, J=9.8, 2.6 Hz, 1H), 3.22 (d, J = 8.9 Hz, 1H), 3.06 — 2.94 (m, 1H), 2.69 (ddd, J = 8.9,
6.2, 1.1 Hz, 1H), 2.54 (dd, J = 16.7, 2.6 Hz, 1H), 2.38 (dd, J = 8.9, 6.2 Hz, 1H), 2.31 — 2.17
(m, 2H), 1.96 (t, J = 2.6 Hz, 1H), 1.19 (s, 3H), 0.94 (s, 9H), 0.16 (s, 3H), 0.13 (s, 3H); *C
NMR (101 MHz, CDCls) 6 222.5, 139.0, 128.5 (2C), 128.3 (2C), 127.0, 81.4, 73.9, 70.4, 59.8,
58.3, 53.1, 53.0, 52.8, 43.4, 26.7, 25.9 (3C), 18.3, 18.2, -4.4, -4.8; IR (neat) cm™: 3308 (m,
C=C-H), 1740 (s, C=0); HRMS (ESI) calcd for Cy4H3sNO-Si [M+H]" 398.2510, found
392.2528.
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(3aS",55",6R",6aR")-2-Benzyl-6-hydroxy-5-methyl-5-(prop-2-yn-1-yl)hexahydrocyclo-
penta[c]pyrrol-4(1H)-one (3.64)

To a solution of 3.62 (22.0 mg, 55.3 pmol) in anhydrous THF (1.5 mL) was
/ y added TBAF (1.0 M in THF, 0.111 mL, 0.111 mmol) and the reaction mixture
HO was stirred under an atmosphere of Nz at 22 °C for 1 h. The mixture was con-
NBn centrated in vacuo and purified directly by flash column chromatography
(EtOAc/petroleum ether/EtsN 35:65:1) to give the title compound as a colorless amorphous
solid (13.4 mg, 90%).
Rt = 0.25 (EtOAc/petroleum ether/EtsN 35:65:1); *H NMR (600 MHz, CDCls) § 7.34 — 7.22
(m, 5H), 4.12 (d, J = 6.8 Hz, 1H), 3.64 (d, J = 13.2 Hz, 1H), 3.52 (d, J = 13.2 Hz, 1H), 3.18 (d,
J =9.1 Hz, 1H), 3.05 — 3.00 (m, 2H), 2.66 (dt, J = 10.5, 6.8 Hz, 1H), 2.46 (dd, J = 17.1, 2.7
Hz, 1H), 2.36 (dd, J = 17.1, 2.7 Hz, 1H), 2.30 (dd, J = 9.4, 5.9 Hz, 1H), 2.22 (t, J = 9.1 Hz,
1H), 2.11 (t, J = 2.7 Hz, 1H), 1.16 (s, 3H); **C NMR (151 MHz, CDCl3) § 219.1, 138.9, 128.5
(2C), 128.4 (2C), 127.1,81.4,80.6, 71.3,59.2,58.8, 56.1, 53.4, 48.7, 44.7, 24.3, 16.1; IR (neat)
cmt: 3470 (br., O-H), 3293 (m, C=C-H), 1739 (s, C=0); HRMS (ESI) calcd for C1gH2:NO;
[M+H]* 284.1645, found 284.1644

(3aR",55",6R",6aS")-2-Benzyl-6-hydroxy-5-methyl-5-(prop-2-yn-1-yl)hexahydrocyclo-
penta[c]pyrrol-4(1H)-one (3.65)

To a solution of 3.63 (25.0 mg, 62.9 umol) in anhydrous THF (1.5 mL) was
/ H added TBAF (1.0 M in THF, 0.126 mL, 0.126 mmol) and the reaction mixture
was stirred under an atmosphere of Nz at 22 °C for 1 h. The mixture was con-
centrated in vacuo and purified directly by flash column chromatography
(EtOAc/petroleum ether/EtsN 35:65:1, Rr = 0.25) to give the title compound as a (14.8 mg,
83%).

Rf = 0.25 (EtOAc/petroleum ether/EtsN 35:65:1); *H NMR (400 MHz, CDCls) & 7.39 — 7.22
(m, 5H), 5.27 (s, 1H), 4.15 (d, J = 5.7 Hz, 1H), 3.71 (d, J = 12.8 Hz, 1H), 3.60 (d, J = 12.8 Hz,
1H), 3.27 (d, J = 9.5 Hz, 1H), 3.19 (d, J = 9.3 Hz, 1H), 3.12 (dt, J = 9.5, 5.7 Hz, 1H), 3.00 (dd,
J=10.6, 9.3 Hz, 1H), 2.42 — 2.33 (m, 2H), 2.29 (t, J = 2.9 Hz, 2H), 2.10 (t, J = 2.9 Hz, 1H),
1.27 (s, 3H); 3C NMR (100 MHz, CDCl3) § 219.8, 137.4, 128.7 (2C), 128.7 (2C), 127.7,79.2,
76.2,71.7,59.2, 57.5, 55.5, 55.3, 48.0, 40.2, 25.4, 14.7; IR (neat) cm*; 3297 (br., O-H), 3280
(m, C=C—H), 1738 (s, C=0); HRMS (ESI) calcd for C1sHNO, [M+H]* 284.1645, found
284.1644

NBn
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(2S7,3R",5R")-5-Allyl-3-((tert-butyldimethylsilyl)oxy)-2-methyl-2-(prop-2-yn-1-yl)cyclo-
pentan-1-one (syn-3.66)

Ve To asolution of 3.28 (222 mg, 0.833 mmol) in anhydrous THF (17 mL) was
/// o added LiHMDS (1.0 M in PhMe, 1.00 mL, 1.00 mmol) at -78 °C and the
TBSO .~ mixture was stirred under an atmosphere of N, for 30 min. Then, cooling
was removed and the mixture was allowed to warm to 22 °C. After stirring 30 min at 22 °C,
the mixture was cooled to 0 °C and added allyl bromide (86.4 L, 1.00 mmol) and the reaction
mixture was stirred at 0 °C for 1 h. SiO- (2.5 g) was added and the mixture was concentrated
in vacuo and purified directly by flash column chromatography (EtOAc/petroleum ether 2:98)
to give the title compound as a 69:22:9 mixture of the R-allyl, S-allyl, and diallyl products,
respectively (158 mg, 62%, 64% purity). Rt = 0.52 (EtOAc/petroleum ether 1:19)

(2S7,3R",55")-5-Allyl-3-((tert-butyldimethylsilyl)oxy)-2-methyl-2-(prop-2-yn-1-yl)cyclo-
pentan-1-one (anti-3.66)

Me o To a solution of Cul (59.4 mg, 0.312 mmol) in anhydrous THF (4 mL) at -
/ 78 °C was added vinylmagnesium bromide (0.7 M in THF, 0.632 mL,
78BSO ~0.442 mmol) and the mixture was stirred under an atmosphere of N for 30
min. 3.40 (56.0 mg, 0.201 mmol) was added and the reaction mixture was stirred at -78 °C for
another 30 min. Then, the mixture was allowed to warm to 22 °C, added SiO (900 mg), con-
centrated in vacuo, and purified directly by flash column chromatography (EtOAc/petroleum
2:98) to give the title compound as a 3:1 mixture of the S-allyl and R-allyl (55.6 mg, 89%). R¢
= 0.52 (EtOAc/petroleum ether 1:19)

(2S7,3R")-5,5-Diallyl-3-((tert-butyldimethylsilyl)oxy)-2-methyl-2-(prop-2-yn-1-yl)cyclo-
pentan-1-one (3.67)

To an ice-cooled solution of 3.28 (117 mg, 0.439 mmol) in anhydrous THF
(9 mL) was added NaH (60% in mineral oil, 70.3 mg, 1.76 mmol) and the
suspension was stirred under an atmosphere of N2 at 0 °C for 1 h. Then,
allyl bromide (0.150 mL, 1.76 mmol) was added and the reaction mixture
was stirred at 22 °C under an atmosphere of N for 16 h. The mixture was concentrated in vacuo
and purified directly by flash column chromatography (EtOAc/petroleum ether 3:197) to give
the title compound as a colorless oil (57.0 mg, 38%).

Rr = 0.32 (EtOAc/petroleum ether 2:98); *H NMR (400 MHz, CDCls) § 5.79 — 5.61 (m, 2H),
5.15-5.00 (m, 4H), 4.53 (dd, J = 9.1, 6.6 Hz, 1H), 2.47 (dd, J = 16.9, 2.6 Hz, 1H), 2.33 (ddt,
J=13.8,6.7,1.3 Hz, 1H), 2.26 — 2.11 (m, 4H), 2.02 — 1.90 (m, 2H), 1.81 (dd, J = 13.0, 9.1 Hz,
1H), 0.92 (s, 3H), 0.90 (s, 9H), 0.10 (s, 6H); *C NMR (101 MHz, CDCls) & 220.5, 133.9,

257



133.7,118.9, 118.8, 81.4, 71.8, 70.8, 53.8, 52.1, 40.4, 39.5, 37.5, 25.9 (3C), 24.8, 18.2, 16.9, -
4.3,-4.7; IR (neat) cm™: 3311 (m, C=C-H), 1738 (s, C=0), 1639 (m, C=C), 1462 (s, C=CH,);
HRMS (ESI) calcd for C21H350,Si [M+H]* 347.2401, found 347.2414.

(1S",6R",8R")-8-Hydroxy-1-methyl-3-vinylbicyclo[4.2.1]non-3-en-9-one (3.68)

To asolution of 3.66 (61.2 mg, 64% purity, 0.128 mmol) in anhydrous PhMe (40
mL) was added Hoveyda-Grubbs 2™ generation catalyst (12.5 mg, 20.0 pmol)
and the reaction mixture was stirred under an ethylene atmosphere at reflux for 3
o h. The mixture was concentrated in vacuo and filtered through a short plug of
silica. The crude RCEYM product was dissolved in anhydrous THF (3 mL) and added TBAF
(2.0 M in THF, 0.103 mL, 0.103 mmol), and the reaction mixture was stirred at 22 °C for 2 h.
The mixture was concentrated in vacuo and purified directly by flash column chromatography
(EtOAc/petroleum ether 1:2) to give the title compound as a colorless oil (8.0 mg, 33%)

Rt = 0.45 (EtOAc/petroleum ether 1:1); *H NMR (600 MHz, CDCl3) 6 6.30 (dd, J = 17.5, 11.0
Hz, 1H), 5.69 (dd, J = 6.6, 3.2 Hz, 1H), 5.06 (d, J = 17.5 Hz, 1H), 4.93 (d, J = 11.0 Hz, 1H),
4.06 (dd, J =6.9, 2.4 Hz, 1H), 2.77 (dt, J = 9.0, 4.0 Hz, 1H), 2.47 (d, J = 18.4 Hz, 1H), 2.43 —
2.32 (m, 2H), 2.15 (ddd, J = 14.5, 6.9, 4.0 Hz, 1H), 2.03 — 1.98 (m, 1H), 1.96 (ddd, J = 14.5,
9.0, 2.5 Hz, 1H), 1.61 (br. s, 1H), 1.22 (s, 3H); *C NMR (151 MHz, CDCls) § 206.3, 142.8,
135.7, 129.4, 110.9, 76.3, 53.3, 44.6, 37.3, 35.5, 33.3, 17.1; IR (neat) cm™: 3397 (br., O-H),
1733 (s, C=0); HRMS (ESI) calcd for C12H170, [M+H]* 193.1223, found 193.1229.

Me

HO

(((1R*,257)-2-Methyl-2-(prop-2-yn-1-yl)cyclopent-3-ene-1,3-diyl)bis(oxy))bis(tert-butyl-
dimethylsilane) (3.71)

,Me ores Toasolution of 3.28 (100 mg, 0.375 mmol) in anhydrous MeCN (4 mL) was
T;/S/O ' added TBSOTT (0.129 mL, 0.563 mmol) and Et;N (0.157 mL, 1.13 mmol)
and the reaction mixture was stirred under an atmosphere of N at reflux for
2 h. The mixture was concentrated in vacuo and purified directly by flash column chromato-
graphy (heptane) to give the title compound as a colorless oil (148 mg, >95%).
R¢ = 0.95 (EtOAc/heptane 1:9); *H NMR (400 MHz, CDCls) & 4.40 — 4.31 (m, 2H), 2.40 (ddd,
J=14.2,75,2.7 Hz, 1H), 2.34 — 2.13 (m, 2H), 2.13 — 2.02 (m, 1H), 1.91 (t, J = 2.7 Hz, 1H),
0.95 (s, 3H), 0.93 (s, 9H), 0.89 (s, 9H), 0.16 (d, J = 4.1 Hz, 6H), 0.07 (d, J = 5.3 Hz, 6H).
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Syn Building Block Chemistry
O-(Mesitylenesulfonyl)hydroxylamine (3.74)

Me 6 O Following a reported procedure.® To an ice-cooled solution of ethyl N-
/@E‘\S’LO/NHZ hydroxyacetamidate (2.88 g, 27.9 mmol) and EtsN (3.69 mL, 26.5 mmol)
Ve in anhydrous DMF (14 mL) was added 2-mesitylenesulfonyl chloride
(6.10 g, 27.9 mmol) portion wise and the reaction mixture was stirred
under an atmosphere of N2 at 0 °C for 30 min. The mixture was diluted with Et,O (250 mL)
and washed with H,O (5 x125 mL). The organic layer was dried over MgSOQ., filtered, and
concentrated in vacuo to give crude ethyl-O-(mesitylenesulfonyl)acetohydroxamate (5.02 g)
that was used directly in the next step without further purification.
To an ice-cooled solution of the crude ethyl-O-(mesitylenesulfonyl)acetohydroxamate (5.02 g)
in dioxane (7 mL) was added perchloric acid (70%, 2.20 mL) drop wise and the reaction mix-
ture was stirred at 0 °C for 15 min. The mixture was poured into ice water (250 mL) and ex-
tracted with EtO (3 x 75 mL). The combined organic layers were washed with brine (2 x
125 mL), dried/neutralized over K,COs, and filtered. The organic layer was concentrated to a
volume of 20 mL and then poured into ice-cold petroleum ether (50 mL). After crystallization,
the title compound was collected by filtration as a white crystalline solid (1.50 g, 27%).
Rt = 0.32 (EtOAc/hexane 1:4); m.p.: 93-95 °C (Lit. 90-91 °C); *H NMR (400 MHz, CDCls)
86.99 (dd, J = 1.4, 0.7 Hz, 2H), 5.74 (s, 2H), 2.64 (s, 6H), 2.32 (s, 3H); 3C NMR (101 MHz,
CDCl3) § 143.9, 141.1, 131.8, 129.2, 22.9, 21.2; IR (neat) cm™: 3469, 3198 (m, N-H stretch),
1603 (s, N—H bend), 1170 (s, S=0O). Spectroscopic data were consistent with those reported in
the literature. 6%

Me

(5S7,65%)-5-((tert-Butyldimethylsilyl)oxy)-6-methyl-6-(prop-2-yn-1-yl)piperidin-2-one
(3.19)

o To an ice-cooled solution of 3.27 (827 mg, 3.10 mmol) in anhydrous CHCl

\Me f'N (10 mL) was added MSH (1.49 g, 6.92 mmol) and the reaction mixture was
o stirred under an atmosphere of N2at 0 °C for 20 min. Cooling was removed and
TBSO

the mixture was stirred for another 18 h at 22 °C. Then, BF3-Et,O (1.23 mL,
9.93 mmol) was added and the mixture was stirred for 1 h. The mixture was diluted with
CHCI; (150 mL) and washed with sat. ag. NaHCO3 (2 x 200 mL). The combined agueous
phases were extracted with CH,Cl, (2 x 200 mL) and the combined organic layers were dried
over MgSO., filtered, and concentrated in vacuo. The crude product was purified by flash
column chromatography (EtOAc/petroleum ether 2:1) to give the title compound as a white
solid (735 mg, 84%, 81:19 mixture of isomers, 70% purity).
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Rt = 0.26 (EtOAc/petroleum ether 2:1); *H NMR (400 MHz, CDCls) & 6.32 (br. s, 1H), 3.80
(dd, J = 6.9, 2.8 Hz, 1H), 2.69 — 2.47 (m, 2H), 2.45 — 2.20 (m, 2H), 2.08 (t, J = 2.7 Hz, 1H),
1.99 — 1.82 (m, 2H), 1.34 (s, 3H), 0.89 (s, 9H), 0.09 (s, 6H); *C NMR (101 MHz, CDCls) &
171.2,79.9,72.4,70.8,58.2, 28.1, 27.1, 26.6, 25.9 (3C), 25.3, 18.1, -4.2, -4.9; IR (neat) cm™:
3252 (s, C=C-H), 1663 (s, C=0); HRMS (ESI) calcd for CisH2sNO,Si [M+H]" 282.1884,
found 282.1885.

(5S7,6S")-5-Hydroxy-6-methyl-6-(prop-2-yn-1-yl)tetrahydro-2H-pyran-2-one (3.76)

o To a solution of 3.27 (110 mg, 0.413 mmol) in anhydrous CH,Cl, was added
\Me{)j KHC-O3 (8?.7 mg, 0.82§ mmol) and mCPBA (<77%, 1.02 g, 4.13 mmol) and the
‘ reaction mixture was stirred under an atmosphere of N at reflux for 40 h. The
mixture was concentrated in vacuo and filtered through a short plug of silica.
The crude Baeyer—Villiger oxidation product was dissolved in anhydrous THF (5 mL), added
TBAF (1.0 M in THF, 0.657 mL, 0.657 mmol), and stirred under an atmosphere of N, at 22 °C
for 2 h. The mixture was concentrated in vacuo and purified directly by flash column chromato-
graphy (EtOAc/petroleum ether/AcOH 50:50:2) to give the title compound as a colorless oil
(20.2 mg, 29%).
R¢ = 0.36 (EtOAc/petroleum ether 1:1); *H NMR (400 MHz, CDCl3) § 4.56 (dd, J = 7.9, 7.2
Hz, 1H), 2.64 — 2.50 (m, 4H), 2.29 (dddd, J = 12.9, 9.9, 9.2, 7.9 Hz, 2H), 2.18 (dddd, J = 12.9,
9.9, 7.2, 45 Hz, 1H), 2.08 (t, J = 2.7 Hz, 1H), 1.27 (s, 3H); *C NMR (101 MHz, CDCls) &
177.2, 83.6, 79.8, 72.4, 71.6, 30.2, 29.0, 22.1, 21.7; IR (neat) cm™: 3452 (br., O-H), 3285 (s,
C=C-H), 1754 (s, C=0); HRMS (ESI) calcd for CoH1303 [M+H]* 169.0859, found 235.0865.

HO

(8S",8aS")-8-((tert-Butyldimethylsilyl)oxy)-8a-methyl-6,7,8,8a-tetrahydroindolizin-5(1H)
-one (3.20)

N InClz (224 mg, 1.01 mmol) was introduced into a Schlenk flask and heated with a
% heat gun under vacuum for 2 min. After cooling to 22 °C, anhydrous THF (3 mL)
Me 3 was added and the mixture was stirred for 10 min and cooled to -65 °C. DIBAL-H

(1.2 M in PhMe, 0.755 mL, 0.906 mmol) was added dropwise and the mixture was
stirred at -65 °C for 40 min. Compound 3.19 (170 mg, 0.604 mmol) was then added followed

by EtsB (1.0 M in THF, 0.393 mL, 0.393 mmol) and the mixture was stirred at -70 °C for 4 h.

A solution of I (920 mg, 3.62 mmol) in anhydrous THF (1.5 mL) was added and the mixture

was stirred another 1 h at -70°C. The mixture was then poured onto sat. ag. NaHCO3 (20 mL)

and added Na,S,0Os until complete decoloration. The aqueous phase was extracted with EtOAc

(5 x 20 mL) and the combined organic layers were dried over MgSQO., filtered, and concen-

trated in vacuo to give the crude allyl iodide.

TBSO
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Cul (46.0 mg, 0.241 mmol) and Cs,CO;3 (236 mg, 0.724 mmol) were introduced into a Schlenk
flask and kept under vacuum for 1 h. Under an atmosphere of N, anhydrous PhMe (4 mL) was
added followed by N,N’-dimethylethane-1,2-diamine (42.6 mg, 0.483 mmol) and the crude
allyl iodide and the mixture was stirred under an atmosphere of N at 85 °C for 24 h. SiO; (3 g)
was added and the mixture was concentrated in vacuo and purified directly by flash column
chromatography (EtOAc/petroleum ether 1:1) to give the title compound as a white solid
(86.8 mg, 73%).

Rt = 0.50 (EtOAc/petroleum ether 3:1); *H NMR (400 MHz, CDCls) § 6.92 — 6.81 (m, 1H),
5.13 (dt, J = 5.0, 2.7 Hz, 1H), 3.89 (t, J = 2.7 Hz, 1H), 3.08 (dt, J = 15.5, 2.7 Hz, 1H), 2.49
(ddd, J = 18.5, 10.0, 8.7 Hz, 1H), 2.34 (ddd, J = 18.5, 8.7, 1.7 Hz, 1H), 2.19 — 2.02 (m, 2H),
1.85 (dddd, J = 14.4, 8.7, 3.5, 1.7 Hz, 1H), 1.22 (s, 3H), 0.84 (s, 9H), 0.07 (d, J = 4.5 Hz, 6H);
13C NMR (101 MHz, CDCls) § 166.6, 128.2, 109.3, 69.0, 66.6, 40.3, 25.8 (3C), 25.7, 25.6,
25.4,18.2, -4.2, -4.9. IR (neat) cm™: 1664 (s, C=0), 1629 (s, C=C); HRMS (ESI) calcd for
CisH2sNO,Si [M+H]* 282.1884, found 282.1882

(8S7,8aS")-8-Hydroxy-8a-methyl-6,7,8,8a-tetrahydroindolizin-5(1H)-one (3.78)

0 To asolution of 3.20 (36.6 mg, 0.128 mmol) in anhydrous THF (2.5 mL) was added
% TBAF (1.0 M in THF, 0.192 mL, 0.192 mmol) and the reaction mixture was stirred
Me . under an atmosphere of N at 22 °C for 1 h. The mixture was concentrated in vacuo
and purified directly by flash column chromatography (EtOAc/MeOH 19:1) to give
the title compound as a white amorphous solid (21.2 mg, 98%).

Rt =0.25 (EtOAc/MeOH 19:1); *H NMR (400 MHz, CD30D) & 6.83 (p, J = 2.0 Hz, 1H), 5.36
(dt, J=5.1, 2.6 Hz, 1H), 3.94 (t, J = 3.0 Hz, 1H), 3.24 (dt, J = 16.1, 2.6 Hz, 1H), 2.56 — 2.33
(m, 2H), 2.33 — 2.20 (m, 2H), 1.96 (dddd, J = 14.5, 8.7, 3.0, 2.0 Hz, 1H), 1.29 (s, 3H); ©*C
NMR (101 MHz, CDs0OD) & 169.1, 128.1, 112.7, 68.2, 67.7, 40.7, 26.0, 25.7, 25.7; IR (neat)
cmt: 3375 (br., O-H), 1621 (m, C=0), 1592 (s, C=C); HRMS (ESI) calcd for C1sH32NO,Si
[M+H]* 168.1019, found 168.1026.

HO

(5S7,6S")-1-Allyl-5-((tert-butyldimethylsilyl)oxy)-6-methyl-6-(prop-2-yn-1-yl)piperidin-2-
one (3.79)

\ To an ice-cooled solution of 3.19 (343 mg, 70% purity, 1.22 mmol) in an-
} o hydrous DMF (12mL) was added NaH (60% in mineral oil, 58.5 mg,
\\\\Cj 1.46 mmol) and the mixture was stirred at under an atmosphere of N;at 22 °C
Bsd for 30 min. Then, allyl bromide (0.126 mL, 1.46 mmol) was added and the reac-
tion mixture was stirred for another 2 h. The mixture was diluted with EtOAc
(200 mL) and was washed with H,O (2 x 150 mL) and brine (1 x 150 mL), dried over MgSQs,,
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filtered, and concentrated in vacuo. The crude product was purified by flash column chromato-
graphy (EtOAc/petroleum ether 1:2) to give the title compound as a colorless oil (22.6 mg,
76%).

Rt = 0.32 (EtOAc/petroleum ether 2:3); *H NMR (400 MHz, CDCls) & 5.85 (ddt, J = 17.3,
10.3, 4.9 Hz, 1H), 5.20 — 5.01 (m, 2H), 4.16 (ddt, J = 16.5, 4.9, 2.0 Hz, 1H), 4.00 — 3.85 (m,
2H), 2.72 — 2.52 (m, 3H), 2.39 (dt, J = 17.9, 6.7 Hz, 1H), 2.09 — 1.87 (m, 3H), 1.34 (s, 3H),
0.90 (s, 9H), 0.12 (s, 3H), 0.11 (s, 3H); *C NMR (151 MHz, CDCls) § 169.9, 135.2, 115.5,
81.2,71.9, 71.8, 63.1, 44.8, 28.3, 26.1, 25.9 (3C), 24.9, 24.6, 18.2, -4.0, -5.0; IR (neat) cm™:
3296 (s, C=C-H), 1638 (m, C=C), 1620 (s, C=0); HRMS (ESI) calcd for C1sH32NO,Si [M+H]*
322.2197, found 322.2193.

(1S7,9aS")-1-Hydroxy-9a-methyl-8-vinyl-1,2,3,6,9,9a-hexahydro-4H-quinolizin-4-one
(3.80)

To asolution of 3.79 (55.0 mg, 0.171 mmol) in anhydrous CH,Cl> (34 mL) was

(0]
\\—% added Hoveyda-Grubbs 2™ generation catalyst (10.7 mg, 17.1 pumol) and the
Me > reaction mixture was stirred under an ethylene atmosphere at 22 °C for 2 h. The

Ho mixture was concentrated in vacuo and the crude RCEYM product was dis-
solved in anhydrous THF (4 mL). TBAF (1.0 M in THF, 0.257 mL, 0.257 mmol) was added
and the reaction mixture was stirred at 22 °C for 2 h. The mixture was concentrated in vacuo
and purified directly by flash column chromatography (EtOAc/MeOH 19:1) to give the title
compound as a colorless oil (29.7 mg, 84%).

Rr = 0.39 (EtOAc/MeOH 9:1); *H NMR (400 MHz, CD;0OD) & 6.47 (dd, J = 17.5, 10.8 Hz,
1H), 5.75 (dt, J = 4.9, 3.1 Hz, 1H), 5.19 (d, J = 17.5 Hz, 1H), 5.03 (d, J = 10.8 Hz, 1H), 4.75
(dt, J=20.2, 3.1 Hz, 1H), 3.82 (dd, J = 8.1, 3.0 Hz, 1H), 3.61 (d, J = 20.2 Hz, 1H), 2.69 — 2.54
(m, 2H), 2.43 - 2.32 (m, 1H), 2.19 (dt, J = 16.9, 1.4 Hz, 1H), 2.09 — 1.88 (m, 2H), 1.33 (s, 3H);
13C NMR (101 MHz, CD3;0D) § 171.5, 139.7, 134.5, 124.0, 112.1, 72.4, 59.8, 41.2, 31.5, 29.6,
25.1, 24.1; IR (neat) cm™: 3370 (br., O-H), 1611 (s, C=0), 1600 (s, C=C) , 1408 (s, O—H);
HRMS (ESI) calcd for C12H1sNO, [M+H]* 208.1332, found 208.1328.

(3aR",95",9aS")-9-((tert-Butyldimethylsilyl)oxy)-9a-methyl-3a,4,8,9,9a,10-hexahydro-
cyclopenta[b]quinolizine-2,6(3H,7H)-dione (3.140)

o H To a solution of Cox(CO)s (95.7 mg, 0.280 mmol) in anhydrous CH.CI,
- Y O (8 mL) was added a solution of 3.79 (72.0 mg, 0.224 mmol) in anhydrous
CH.CI; (2 mL) and the reaction mixture was stirred under an atmosphere of

T'\é'gof N2zat 22 °C for 2 h. Then, 4-methylmorpholine N-oxide (262 mg, 2.24 mmol)

was added portion wise and the mixture was stirred for another 18 h. Violet Co precipitate was
removed by filtration through a short plug of silica (washed with CH,Cl./MeOH 19:1) and the
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filtrate was concentrated in vacuo. The crude product was purified by flash column chromato-
graphy (EtOAc/petroleum ether 2:1) to give the title compound as a colorless amorphous solid
(50.1 mg, 95%).

Rt = 0.23 (EtOAc/petroleum ether 2:1); *H NMR (400 MHz, CDCl3) § 6.01 (t, J = 1.7 Hz, 1H),
5.09 (dd, J = 13.0, 6.6 Hz, 1H), 3.78 (dd, J = 7.0, 2.4 Hz, 1H), 2.91 (d, J = 13.6 Hz, 1H), 2.81
—2.62 (m, 2H), 2.61 — 2.32 (m, 4H), 2.09 — 1.96 (m, 2H), 1.89 (dq, J = 13.0, 6.2 Hz, 1H), 1.23
(s, 3H), 0.92 (s, 9H), 0.13 (s, 3H), 0.12 (s, 3H); *C NMR (101 MHz, CDCls) § 207.5, 179.5,
169.2, 130.3, 72.8, 62.1, 43.8, 40.6, 39.0, 37.8, 28.4, 25.9 (3C), 25.1, 23.7, 18.2, -4.1, -4.8; IR
(neat) cm™: 1704 (s, C=0), 1624 (m, C=0); HRMS (ESI) calcd for C19H3,NOsSi [M+H]*
350.2146, found 350.2159.

(3aR*,9S5*,9aS*)-9-Hydroxy-9a-methyl-3a,4,8,9,9a,10-hexahydrocyclopenta[b]quino-
lizine-2,6(3H,7H)-dione (3.81)

o y To a solution of 3.140 (28.0 mg, 80.1 pmol) in anhydrous THF (3 mL) was
: o added TBAF (1.0 M in THF, 0.120 mL, 0.120 mmol) and the reaction mix-
% ture was stirred under an atmosphere of Nz at 22 °C for 2 h. The mixture was
Me concentrated in vacuo and purified directly by flash column chromatography
(EtOAc/MeOH 9:1) to give the title compound as a colorless oil (17.2 mg,

HO

91%).

R¢ = 0.22 (EtOAC/MeOH 9:1); *H NMR (600 MHz, CDs0D) § 6.07 (t, J = 1.7 Hz, 1H), 4.99
(dd, J=13.1, 6.7 Hz, 1H), 3.82 (dd, J = 7.6, 2.7 Hz, 1H), 3.03 (d, J = 13.8 Hz, 1H), 2.88 — 2.82
(m, 1H), 2.70 (d, J = 13.8 Hz, 1H), 2.69 — 2.54 (M, 3H), 2.44 — 2.36 (M, 1H), 2.15 — 2.05 (m,
2H), 2.02 — 1.94 (m, 1H), 1.31 (d, J = 0.8 Hz, 3H); 3C NMR (151 MHz, CD:0D)  210.5,
183.0, 171.9, 130.6, 72.1, 63.1, 44.6, 41.7, 39.7, 37.8, 29.4, 25.3, 23.7; IR (neat) cm: 3377
(br., O—H), 1670 (s, C=0), 1625 (s, C=0), 1412 (s. O-H); HRMS (ESI) calcd for C13H1sNO3
[M+H]* 236.1281, found 236.1277.

(5S",6S")-5-Hydroxy-6-methyl-6-(prop-2-yn-1-yl)piperidin-2-one (3.82)

o Toa solution of 3.19 (31.5 mg, 0.112 mmol) in anhydrous THF (2.5 mL) was
\Me% added TBAF (1.0 M in THF, 0.168 mL, 0.168 mmol) and the reaction mixture
) was stirred at 22 °C for 1 h. The mixture was concentrated in vacuo and purified
directly by flash column chromatography (EtOAc/MeOH 19:1) to give the title
compound as a colorless oil (17.5 mg, 94%).
Rf = 0.36 (EtOAc/MeOH 9:1); *H NMR (400 MHz, CDs;0D) 6 3.84 (dd, J = 6.3, 4.3 Hz, 1H),
2.54 (d, J = 2.7 Hz, 2H), 2.55 — 2.43 (m, 1H), 2.43 (t, J = 2.7 Hz, 1H), 2.32 (dt, J = 18.2, 6.3
Hz, 1H), 2.06 — 1.97 (m, 2H), 1.36 (s, 3H); *C NMR (101 MHz, CDs;0OD) & 174.2, 80.9, 72.8,

HO
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70.0, 58.6, 28.1, 27.9, 26.5, 25.6; IR (neat) cm™: 3360 (br. O—H), 3272 (s. N-H), 1627 (s,
C=0); HRMS (ESI) calcd for CgH14NO, [M+H]* 168.1019, found 168.1021.

(3aR",4S",6aR")-4-((tert-Butyldimethylsilyl)oxy)-2,3a-dimethyloctahydrocyclopenta[b]
pyrrole (3.89)

Me  Toasolutionof 3.27 (111 mg, 0.417 mmol) in anhydrous EtOH (3.6 mL) was
éNH added AcOH (0.4 mL) and allylamine (0.312 mL, 4.17 mmol) and the reaction

Me
TBSO"

H mixture was subjected to UW heating at 140 °C for 20 min. The mixture was
cooled to 0 °C and added NaBH, (31.6 mg, 0.834 mmol). After 1 h, cooling
was removed and the mixture was stirred another 15 h. SiO, (800 mg) was added and the mix-
ture was concentrated in vacuo and purified by flash column chromatography (EtOAc/petro-
leum ether/EtsN 4:96:2) to give the product as a colorless oil (19.0 mg, 15%).
Rt = 0.31 (EtOAc/petroleum ether/ EtsN 5:95:2); *H NMR (400 MHz, CDCls) § 5.92 (dddd, J
=17.3,10.2, 7.6, 5.9 Hz, 1H), 5.15 (dq, J = 17.3, 1.6 Hz, 1H), 5.07 (dtt, J = 10.2, 2.2, 1.4 Hz,
1H), 3.53 (dd, J = 10.4, 5.9 Hz, 1H), 3.39 (ddt, J = 14.1, 5.9, 1.4 Hz, 1H), 2.99 (ddt, J = 14.1,
7.6, 1.1 Hz, 1H), 2.69 — 2.56 (m, 1H), 2.56 — 2.48 (m, 1H), 1.79 — 1.66 (m, 2H), 1.58 (dtt, J =
11.7,5.9, 1.1 Hz, 1H), 1.44 (dd, J = 13.2, 6.5 Hz, 1H), 1.39 — 1.29 (m, 1H), 1.25 — 1.19 (m,
1H), 1.07 (d, J = 5.9 Hz, 3H), 1.05 (s, 3H), 0.87 (s, 9H), 0.02 (s, 6H).

Methyl (E)-2-((3aS",6aS")-3a-methyl-4-oxohexahydro-2H-cyclopenta[b]furan-2-ylidene)
acetate (3.94)

To a solution of Pd(CH3CN).Cl, (30.2 mg, 0.117 mmol) and p-benzo-
MeO,C ., quinone (277 mg, 2.57 mmol) in anhydrous MeOH (30 mL) was introduced
Eé)m a CO atmosphere. The mixture was cooled to -50 °C and then added a solu-
tion of syn-3.1 (355 mg, 2.33 mmol) in anhydrous MeOH (15 mL) dropwise. The reaction mix-
ture was stirred under a CO atmosphere at -50 °C for 16 h. The mixture was allowed to warm
to 22 °C then diluted with CH,Cl, (200 mL). The mixture was washed with 1 M NaOH (1 x
200 mL), dried over MgSO., filtered and concentrated in vacuo. The crude product was puri-
fied by flash column chromatography (EtOAc/petroleum ether 1:4) to give the title compound
as a colorless oil (160 mg, 33%).
Rr = 0.40 (EtOAc/petroleum ether 3:7); *H NMR (600 MHz, CDCl3) § 5.26 (dd, J = 2.3, 1.5
Hz, 1H), 4.72 (dd, J = 4.2, 1.0 Hz, 1H), 3.67 — 3.62 (m, 4H), 2.86 (dd, J = 18.9, 2.3 Hz, 1H),
2.43 —2.34 (m, 3H), 2.18 — 2.10 (m, 1H), 1.22 (s, 3H); *C NMR (151 MHz, CDCls) § 219.4,
174.0, 168.4, 91.0, 90.6, 54.2, 51.0, 42.0, 34.5, 25.0, 18.0; IR (neat) cm™: 1741 (s, C=0), 1701
(s, C=0), 1637 (s, C=C); HRMS (ESI) calcd for C11H1504 [M+H]* 211.0965, found 211.0972.

Me @
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(1S7,25%)-2-Methyl-3-0x0-2-(prop-2-yn-1-yl)cyclopentyl acrylate (3.95)

ve o To an ice-cooled solution of syn-3.1 (136 mg, 0.894 mmol), acrylic acid
/5 (82.8 pL, 1.21 mmol), and DMAP (16.4 mg, 0.134 umol) in anhydrous CH,Cl>
o (9 mL) was added DCC (249 mg, 1.21 mmol) and the reaction mixture was
///<o stirred under an atmosphere of N, at 22 °C for 16 h. Then, precipitate was fil-
tered off and the mixture was concentrated in vacuo and purified by flash column chromato-
graphy (EtOAc/petroleum ether 1:8) to give the title compound as a colorless oil (93.7 mg,
51%).
R = 0.42 (EtOAc/petroleum ether 1:4); 'H NMR (400 MHz, CDCl3) § 6.39 (dd, J=17.3, 1.4
Hz, 1H), 6.10 (dd, J = 17.3, 10.5 Hz, 1H), 5.86 (dd, J = 10.5, 1.4 Hz, 1H), 5.32 (dd, J = 4.5,
2.1 Hz, 1H), 2.49 — 2.38 (m, 4H), 2.31 (dddd, J = 14.8, 10.5, 8.6, 4.5 Hz, 1H), 2.13 (dddd, J =
14.8,7.5,5.7, 2.1 Hz, 1H), 1.93 (t, J = 2.7 Hz, 1H), 1.20 (s, 3H); **C NMR (101 MHz, CDCl5)
5218.0, 165.2, 131.5, 128.3, 80.1, 78.6, 70.4, 52.0, 34.1, 25.6, 21.3, 20.2;
IR (neat) cm: 3279 (m, C=C-H), 1743 (s, C=0), 1720 (s, C=0), 1636 (s, C=C); HRMS (ESI)
calcd for C12H1503 [M+H]*207.1016, found 207.1016.

(3R",8aS",11aS")-8a-Methyl-3,4,5,8,8a,10,11,11a-octahydro-3,7-methanocyclopenta
[b]oxecine-2,9-dione (3.97)

M To a solution of 3.96 (38.0 mg, 0.184 mmol) in anhydrous PhMe (37 mL) was
) I’j§ added Hoveyda-Grubbs 2" generation catalyst (11.6 mg, 18.4 umol) and the
(g; reaction mixture was stirred under an ethylene atmosphere at reflux for 4 h. The
© mixture was concentrated in vacuo and purified directly by flash column
chromatography (EtOAc/petroleum ether 1:8) to give the title compound as a colorless oil
(37.5 mg, 87%).
R = 0.42 (EtOAc/petroleum ether 1:4); *H NMR (400 MHz, CDCls3) 8 5.70 (ddd, J = 8.0, 3.8,
1.6 Hz, 1H), 5.08 (t, J = 2.9 Hz, 1H), 3.11 (dt, J = 14.2, 1.6 Hz, 1H), 2.99 — 2.90 (m, 1H), 2.44
—2.36 (M, 2H), 2.35 — 2.15 (m, 4H), 2.15—2.05 (m, 1H), 1.88 (d, J = 14.2 Hz, 1H), 1.81 — 1.68
(m, 2H), 1.55 — 1.45 (m, 1H), 0.94 (s, 3H); 3C NMR (101 MHz, CDCl3) 5 219.2, 178.9, 137.8,
126.5, 85.2, 57.9, 44.0, 39.7, 38.7, 34.7, 26.0, 23.6, 23.2, 22.5; IR (neat) cm™: 1729 (s, C=0);
HRMS (ESI) calcd for C14H1903 [M+H]* 235.1329, found 235.1334.
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(1S7,25%)-2-Methyl-3-0x0-2-(prop-2-yn-1-yl)cyclopentyl 2-azidoacetate (3.98)

To an ice-cooled solution of syn-3.1 (298 mg, 1.96 mmol), 2-azidoacetic acid
///"UO (0.198 mL, 2.64 mmol), and DMAP (35.9 mg, 0.294 mmol) in anhydrous
CH.CI; (10 mL) was added DCC (545 mg, 2.64 mmol) and the reaction mix-
NC% ture was stirred under an atmosphere of N at 22 °C for 16 h. Then, precipitate
was filtered off and the mixture was concentrated in vacuo and purified by
flash column chromatography (EtOAc/petroleum ether 1:5) to give the title compound as a
colorless oil (448 mg, 97%).
R¢ = 0.38 (EtOAc/petroleum ether 1:4); *H NMR (600 MHz, CDCls) § 5.38 (dd, J = 4.6, 2.0
Hz, 1H), 3.89 (q, J = 17.2 Hz, 2H), 2.50 — 2.42 (m, 2H), 2.38 (d, J = 2.7 Hz, 2H), 2.38 — 2.28
(m, 1H), 2.13 (dddd, J = 14.5, 8.1, 4.1, 2.0 Hz, 1H), 1.96 (t, J = 2.7 Hz, 1H), 1.21 (s, 3H); *C
NMR (151 MHz, CDCls) 6 217.3, 167.5, 80.2, 80.0, 70.62, 52.0, 50.5, 34.1, 25.7, 21.5 20.3;
IR (neat) cm™: 3273 (s, C=C-H), 2106 (s, N=N=N), 1735 (m, C=0); HRMS (ESI) calcd for
C11H14N305 [M+H]* 236.1030, found 236.1030.

(1S7,25%)-2-Methyl-3-0x0-2-(prop-2-yn-1-yl)cyclopentyl 4-azidobutanoate (3.12)

To an ice-cooled solution of syn-3.1 (92.0 mg, 0.605 mmol), 4-azido-

/M&O butanoic acid (97.6 mg, 0.756 mmol), and DMAP (1.1 mg, 90.7 pmol)

N3 o in anhydrous CH,Cl, (6 mL) was added DCC (168 mg, 0.816 mmol) and

o the reaction mixture was stirred under an atmosphere of N, at 22 °C for

16 h. Then, precipitate was filtered off and the mixture was concentrated in vacuo and purified

by flash column chromatography (EtOAc/petroleum ether 1:5) to give the title compound as a

colorless oil (142 mg, 89%).

Rt = 0.41 (EtOAc/petroleum ether 1:4); *H NMR (400 MHz, CDCls) § 5.30 — 5.21 (m, 1H),

3.35 (t, J = 6.8 Hz, 2H), 2.46 — 2.38 (m, 4H), 2.36 (d, J = 2.7 Hz, 2H), 2.33 — 2.22 (m, 1H),

2.10 - 2.01 (m, 1H), 1.94 (t, J = 2.7 Hz, 1H), 1.90 (p, J = 6.8 Hz, 2H), 1.17 (s, 3H); *C NMR

(101 MHz, CDCls) & 217.9, 171.7, 80.2, 78.6, 70.4, 51.9, 50.6, 34.1, 31.4, 25.6, 24.3, 21.3,

20.1; IR (neat) cm™: 2099 (s, N=N=N), 1732 (m, C=0); HRMS (ES]I) calcd for C13H1sN303
[M+H]* 264.1343, found 264.1343.
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(7aS",10aS")-10a-Methyl-8,9,10a,11-tetrahydrocyclopenta[g][1,2,3]triazolo[1,5-d][1,4]
oxazocine-6,10(5H,7aH)-dione (3.99)

To a solution of 3.98 (43.0 mg, 0.183 mmol) in PhMe (180 mL) was added

NN \ Cp*RuCl(cod) (13.9 mg, 36.6 pmol) and the reaction mixture was stirred under

N MeO  an atmosphere of N, at reflux for 16 h. The mixture was concentrated in vacuo

o§\0 and purified directly by flash column chromatography (CH2Cl,/MeOH 96:4) to
H

give the title compound as a colorless oil (38.0 mg, 88%).
R¢=0.38 (CH2Cl,/MeOH 19:1); *H NMR (400 MHz, CD3;0D) § 7.61 (s, 1H), 5.44 (d, J=17.8
Hz, 1H), 5.34 (d, J = 17.8 Hz, 1H), 3.92 (dd, J = 4.2, 2.3 Hz, 1H), 2.88 (d, J = 15.4 Hz, 1H),
2.80 (d, J=15.4 Hz, 1H), 2.41 — 2.31 (m, 2H), 2.25 - 2.13 (m, 1H), 1.86 (dddd, J = 14.1, 7.6,
4.6, 2.3 Hz, 1H), 0.94 (s, 3H); *C NMR (101 MHz, CD3;0D) § 221.9, 169.1, 137.2, 134.6,
76.7,54.7,49.8, 34.1, 28.8, 24.9, 19.9; IR (neat) cm™: 1736 (m, C=0); HRMS (ESI) calcd for
C11H12N303 [M—H] 234.0884, found 234.0879.

(1R",2R")-3-(Allylimino)-2-methyl-2-(prop-2-yn-1-yl)cyclopentan-1-ol (3.104)

Me To a solution of syn-3.1 (92.0 mg, 0.605 mmol) in anhydrous pyridine
/ % (6 mL) was added methanesulfonyl chloride (0.140 mL, 1.81 mmol) and
HO the reaction mixture was stirred under an atmosphere of N, at 22 °C for 2
h. The mixture was diluted with 1 N HCI (60 mL) and extracted with EtOAc (2 x 60 mL). The
combined organic layers were dried over MgSOQ., filtered, and concentrated in vacuo. The
crude mesylate product was dissolved in anhydrous DMSO (6 mL), added allylamine (0.452
mL, 6.04 mmol), and subjected to uW heating at 100 °C for 4 h. The mixture was diluted with
brine (60 mL) and extracted with EtOAc (2 x 60 mL). The combined organic layers were dried
over Na,SQ, filtered, and concentrated in vacuo. The crude product was purified by flash
column chromatography (EtOAc/petroleum ether 1:9) to give the product as a colorless oil
(68.0 mg, 59%).
Rt = 0.27 (EtOAc/petroleum ether 1:9); 'H NMR (400 MHz, CDCl3) 6 5.94 (ddt, J = 17.2,
10.3, 5.3 Hz, 1H), 5.13 (dq, J = 17.2, 1.9 Hz, 1H), 5.07 (dg, J = 10.3, 1.9 Hz, 1H), 4.39 — 4.30
(m, 1H), 4.04 — 3.81 (m, 2H), 2.66 — 2.37 (m, 5H), 2.34 (td, J = 8.9, 4.6 Hz, 1H), 2.28 — 2.18
(m, 1H), 1.97 (t, J = 2.7 Hz, 1H), 1.23 (s, 3H); 3C NMR (101 MHz, CDCls) § 179.1, 135.3,
115.1, 81.8, 69.9, 68.2, 55.6, 52.2, 30.9, 26.1, 25.7, 23.3.
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(2S7,35%)-3-Azido-2-methyl-2-(prop-2-yn-1-yl)cyclopentan-1-one (3.18)

e To a solution of syn-3.1 (230 mg, 1.51 mmol) in anhydrous pyridine (7.5 mL)
/// ©  was added methanesulfonyl chloride (0.351 mL, 4.53 mmol) and the reaction
N mixture was stirred under an atmosphere of N.at 22 °C for 2 h. The mixture
was diluted with 1 N HCI (75 mL) and extracted with EtOAc (2 x 75 mL). The combined
organic layers were dried over MgSOs, filtered, and concentrated in vacuo. The crude mesylate
product was dissolved in anhydrous DMSO (10 mL), added NaNs; (393 mg, 6.04 mmol), and
stirred under an atmosphere of N2 at 85 °C for 24 h. The mixture was diluted with brine (75 mL)
and extracted with EtOAc (2 x 75 mL). The combined organic layers were dried over MgSOa,
filtered, and concentrated in vacuo. The crude product was purified by flash column chromato-
graphy (EtOAc/petroleum ether 1:12) to give the product as a light yellow oil (168 mg, 63%).
Rt = 0.56 (EtOAc/petroleum ether 1:4); *H NMR (400 MHz, CDCl3) § 4.28 (dd, J = 9.2, 6.6
Hz, 1H), 2.54 — 2.41 (m, 2H), 2.41 — 2.32 (m, 1H), 2.31 — 2.14 (m, 2H), 2.04 (t, J = 2.6 Hz,
1H), 1.93 (ddt, J = 12.6, 9.9, 9.2 Hz, 1H), 1.00 (s, 3H); *C NMR (101 MHz, CDCls) § 216.3,
79.8, 71.6, 64.7, 52.6, 35.6, 25.2, 25.0, 16.9; IR (neat) cm™: 3295 (s, C=C-H), 2104 (s,
N=N=N), 1745 (s, C=0); HRMS (ESI) calcd for CgH:2N3sO [M+H]" 178.0975, found
178.0975.

tert-Butyl ((1S",2S")-2-methyl-3-0x0-2-(prop-2-yn-1-yl)cyclopentyl)carbamate (3.106)

Me o To a solution of 3.18 (444 mg, 2.51 mmol) in THF (25 mL) was added PPhs
/5/ (1.97 g, 7.52 mmol) and the reaction mixture was stirred at 22 °C for 2 h. Water
B:'é'\‘"' (3mL) was added and the mixture was stirred another 16 h. Then, EtsN

(1.05 mL, 7.52 mmol) and Boc,0 (1.64 g, 7.52 mmol) were added and the mix-

ture was stirred for 1 h. The mixture was concentrated in vacuo and purified directly by flash
column chromatography (EtOAc/petroleum ether 1:3) to give the title compound as a white
solid (369 mg, 59%).
Rt = 0.30 (EtOAc/petroleum ether 1:3); *H NMR (400 MHz, CDCls) § 4.63 — 4.36 (m, 2H),
2.51-2.28 (m, 4H), 2.20 (ddd, J = 18.8, 11.8, 8.9 Hz, 1H), 1.99 (s, 1H), 1.60 (qd, J = 11.8, 8.6
Hz, 2H), 0.93 (s, 3H); *C NMR (101 MHz, CDCls) 6 218.0, 155.5, 80.6, 79.9, 70.9, 54.3, 51.1,
36.7, 28.5 (3C), 26.4, 25.7, 16.6; IR (neat) cm™: 3277 (s, C=C-H), 3141 (s, N-H), 1738 (s,
C=0), 1701 (m, C=0); HRMS (ESI) calcd for C1sH2:NO3 [M+H-CsHsO0]* 152.1070, found
152.1073 (loss of Boc).
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tert-Butyl ((1S",2S%)-4,4-diallyl-2-methyl-3-0x0-2-(prop-2-yn-1-yl)cyclopentyl)carbamate
(3.108)

To a solution of 3.106 (124 mg, 0.493 mmol) in anhydrous DMF (10 mL)
was added NaH (60% in mineral oil, 21.7 mg, 0.543 mmol) and the mixture
was stirred under an atmosphere of N. at 22 °C for 30 min. The mixture was
cooled to 0 °C, added allyl bromide (51.2 pL, 0.592 mmol), and stirred for
1 h. The mixture was diluted with EtOAc (50 mL) and washed with H,O (2
x 50 mL) and brine (2 x 50 mL). The combined organic layer was dried over MgSQO., filtered,
and concentrated in vacuo. The crude product was purified by flash column chromatography
(EtOAc/petroleum ether 1:8) to give the title compound as a colorless oil (71.0 mg, 87%). R¢ =
0.30 (EtOAc/petroleum ether 1:8)

tert-Butyl (4aS",7aS")-4a-methyl-5-0x0-4,4a,5,6,7,7a-hexahydro-1H-cyclopenta[b]
pyridine-1-carboxylate (3.109) and tert-butyl ((1S",2S)-2-methyl-3-0x0-2-(2-oxopropyl)
cyclopentyl)carbamate (3.110)

Me o 10 a solution of 3.106 (47.0 mg, 0.187 mmol) and EtOH (54.6 pL, 0.935 mmol)
. in anhydrous DCE (2 mL) at 40 °C was added a solution of SPhosAu(MeCN)SbFg
Boc H (8.3 mg, 9.4 pmol) in anhydrous DCE (1 mL) dropwise and the reaction mixture
was stirred under an atmosphere of N2 at 40 °C for 2 h. The mixture was con-
Mej\/w',vIe O centrated in vacuo and purified directly by flash column chromatography
SN\\\ (EtOAc/petroleum ether 1:9 to 2:5) to give 3.109 as a white amorphous solid
Boc (6.8 mg, 15%) and 3.110 as a colorless oil (33.2 mg, 71%).
Data for 3.109: Rf = 0.67 (EtOAc/petroleum ether 1:3); *H NMR (600 MHz, CDCls) § 6.76 (d,
J=8.2 Hz, 1H), 4.90 — 4.75 (m, 1H), 3.36 (dd, J = 12.2, 6.3 Hz, 1H), 2.82 (s, 1H), 2.62 — 2.51
(m, 1H), 2.28 (ddd, J = 21.9, 12.2, 9.6 Hz, 1H), 2.22 — 2.11 (m, 2H), 1.98 (dd, J = 17.3, 5.5 Hz,
1H), 1.51 (s, 9H), 0.97 (d, J = 0.8 Hz, 3H); *C NMR (151 MHz, CDCl3) § 218.0, 158.1, 127.5,
103.9, 81.4, 59.5, 48.0, 35.3, 31.1, 28.5 (3C), 25.3, 14.9; IR (neat) cm™: 1745 (s, C=0), 1701
(m, C=O), 1641 (S, C=C); HRMS (ES|) calcd for C14H22NO3 |:|\/|'|'H-(:5H302]+ 152.1070, found
152.1071 (loss of Boc).
Data for 3.110: Rf = 0.20 (EtOAc/petroleum ether 1:3); *H NMR (400 MHz, CDCl3) § 4.62 —
4.28 (m, 2H), 2.95 (d, J = 18.4 Hz, 1H), 2.79 (d, J = 18.4 Hz, 1H), 2.65 (ddd, J = 18.8, 12.5,
9.4 Hz, 1H), 2.37 (dd, J = 18.8, 8.7 Hz, 1H), 2.33 - 2.23 (m, 1H), 2.09 (s, 3H), 1.61 — 1.44 (m,
1H), 1.42 (s, 9H), 0.81 (s, 3H); *C NMR (101 MHz, CDCls) § 219.3, 206.8, 155.7, 79.6, 53.4,
50.1, 49.2, 36.2, 29.8, 28.4 (3C), 26.0, 17.0; IR (neat) cm*: 3353 (s, C=C—H), 3141 (s, N-H),
1738 (s, C=0), 1701 (m, C=0); HRMS (ESI) calcd for C14H23sNO4Na [M+H]* 292.1519, found
292.1515.
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Ethyl 4-(((1S",2S")-2-((tert-butyldimethylsilyl)oxy)-1-methyl-5-oxocyclopentyl)methyl)
isoxazole-3-carboxylate (3.112) and ethyl 5-(((1S",25%)-2-((tert-butyldimethyl-silyl)oxy)-
1-methyl-5-oxocyclopentyl)methyl)isoxazole-3-carboxylate (3.113)

N-O
|

Et0,C

CO

'}‘/
o/

1y

TBSO™

TBSO" j

Me O

HEt

Me O

2

To a solution of 3.27 (147 mg, 0.552 mmol), EtsN (0.104 mL,
0.745 mmol), and Cp*RuCl(cod) (21.0, 55.2 pmol) in anhydrous DCE
(6 mL) at 80 °C was added a solution of ethyl (Z)-2-chloro-2-(hydroxy-
imino)acetate (209 mg, 1.38 mmol) in anhydrous DCE (5 mL) dropwise
over 2 h. The mixture was concentrated in vacuo and purified directly by
flash column chromatography (EtOAc/petroleum ether 1:7) to give the
title compounds as an inseparable 7:5 mixture (108 mg, 51%, brsm =
90%).

Rt = 0.60 (EtOAc/petroleum ether 1:4); *H NMR (400 MHz, CDCls) §
8.37 (d, J=0.8 Hz, 1H), 6.47 (d, J = 0.7 Hz, 0.8H), 4.46 — 4.34 (m, 3.6H),

4.22 (t, J = 3.4 Hz, 0.8H), 4.10 — 4.03 (m, 1H), 3.15 — 2.91 (m, 3H), 2.79 (d, J = 15.1 Hz, 1H),
2.57 —2.28 (m, 3H), 2.22 — 1.88 (m, 5H), 1.40 (td, J = 7.1, 0.9 Hz, 6H), 0.93 — 0.89 (m, 15H),
0.87 (s, 7H), 0.14 — 0.08 (M, 9.6H); *C NMR (101 MHz, CDCl5) 5 219.1, 218.6, 172.8, 160.9,
160.2, 159.0, 156.5, 154.3, 116.3, 104.0, 79.1, 77.5, 62.2, 62.0, 54.0, 52.5, 34.9, 33.1, 28.2,
28.1, 27.7, 25.91 (3C), 25.89 (3C), 22.5, 19.11, 19.09, 18.18, 18.16, 14.29, 14.25, -4.1, -4.2, -

4.7,-4.8.
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Building Block Derivatives
2-(cyclopropylmethyl)cyclopentane-1,3-dione (3.116)

To a suspension of cyclopentane-1,3-dione (638 mg, 6.50 mmol), cyclopropane-
%O carboxaldehyde (1.46 mL, 19.5 mmol), and Hantzsch ester (1.66 g, 6.57 mmol)
o in anhydrous CHCl, (25 mL) was added L-proline (37.4 mg, 0.325 mmol) and
reaction mixture was stirred at under an atmosphere of N at 22 °C for 24 h. The mixture was
concentrated in vacuo and purified by flash column chromatography (EtOAc/petroleum
ether/AcOH 90:10:2) to give the title compound as a light orange solid (899 mg, 91%).
R = 0.38 (EtOAC/AcOH 98:2); *H NMR (400 MHz, DMSO-dg) & 11.45 (s, 1H), 2.35 (s, 4H),
1.93 (d, J = 6.6 Hz, 2H), 0.88 — 0.71 (m, 1H), 0.35 — 0.19 (m, 2H), 0.06 — -0.02 (m, 2H); *C
NMR (101 MHz, DMSO-dg) 6 115.9, 25.0, 9.9, 4.2 (2C) (4x C in cyclopentadione were not
observed); IR (neat) cm™: 2500 (br., O-H), 1673 (s, C=0); HRMS (ESI) calcd for CgH130;
[M+H]* 153.0916, found 153.0918.

2-(Cyclopropylmethyl)-2-(prop-2-yn-1-yl)cyclopentane-1,3-dione (3.117)

To asuspension of 3.116 (416 mg, 2.73 mmol) in H,O (30 mL) was added NaOH
(6.0 M, 0.456 mL, 2.73 mmol) and propargyl bromide (0.295 mL, 2.73 mmol)
and the reaction mixture was stirred at 60 °C for 16 h. The aqueous layer was
extracted with CH,Cl; (3 x 30 mL) and the combined organic layers were washed
with brine (30 mL), dried over MgSOQsy, filtered, and concentrated in vacuo. The crude product
was purified by flash column chromatography (EtOAc/petroleum ether 1:6) to give the title
compound as a colorless oil (336 mg, 65%).

Rf = 0.32 (EtOAc/petroleum ether 1:6); *H NMR (400 MHz, CDCls) § 2.92 — 2.67 (m, 4H),
2.41(d,J=2.6 Hz, 2H), 1.91 (t, J = 2.6 Hz, 1H), 1.55 (d, J = 7.1 Hz, 2H), 0.59 — 0.41 (m, 1H),
0.42 — 0.32 (m, 2H), 0.06 — -0.05 (m, 2H); 3C NMR (101 MHz, CDCls) § 216.5 (2C), 78.9,
70.7, 60.1, 40.5, 37.1 (2C), 23.9, 6.9, 4.9 (2C); IR (neat) cm™: 3278 (s, C=C-H), 1719 (s,
C=0); HRMS (ESI) calcd for C12H1502 [M+H]* 191.1072, found 191.1071.

O
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syn-2-(Cyclopropylmethyl)-3-hydroxy-2-(prop-2-yn-1-yl)cyclopentan-1-one (syn-3.118)
and anti-2-(cyclopropylmethyl)-3-hydroxy-2-(prop-2-yn-1-yl)cyclopentan-1-one (anti-
3.118)

To asolution of 3.117 (320 mg, 1.68 mmol) in DME (9 mL) at -60 °C was added
NaBHjs (35.0 mg, 0.925 mmol) portion wise and the reaction mixture was stirred
under an atmosphere of N at -60 °C for 24 h. Then, 1 M ag. HCI (10 mL) was
added and the mixture was allowed to warm to 22 °C. The aqueous phase was
extracted with EtOAc (3 x 10 mL) and the combined organic layers were dried
over MgSQq, filtered and concentrated in vacuo. The crude products were puri-
fied by flash column chromatography (CH:Cl/EtOAc 99:1 to 95:5) to give syn-
3.118 (62.6 mg, 19%) and anti-3.118 (174.2 mg, 54%) both as colorless oils.
Data for syn-3.118: R = 0.37 (CH,CIl./EtOAc 9:1); *H NMR (400 MHz, CDCl3) § 4.34 (dq, J
=5.0, 3.0 Hz, 1H), 2.70 (dd, J = 17.3, 2.7 Hz, 1H), 2.56 — 2.24 (m, 4H), 2.12 (d, J = 3.6 Hz,
1H), 2.09 — 1.99 (m, 2H), 1.58 (dd, J = 14.5, 5.9 Hz, 1H), 1.43 (dd, J = 14.5, 7.8 Hz, 1H), 0.65
(9q, J=7.9,5.1 Hz, 1H), 0.55 - 0.39 (m, 2H), 0.18 (dtd, J = 7.9, 4.8, 3.5 Hz, 1H), -0.01 (dtd,
J=10.0, 4.8, 3.5 Hz, 1H); *C NMR (151 MHz, CDCls) § 219.0, 81.6, 75.5, 71.0, 57.4, 37.9,
35.0, 27.7, 19.0, 6.2, 5.0, 4.6; IR (neat) cm™: 3453 (br., O-H), 3303 (s, C=C-H), 1732 (s,
C=0); HRMS (ESI) calcd for C12H170, [M+H]* 193.1229, found 193.1224.

Data for anti-3.118: Rf = 0.41 (CH,CIl,/EtOAc 9:1); *H NMR (400 MHz, CDCl3) § 4.42 (ddd,
J=9.8,70,3.0Hz, 1H), 2.67 (dd, J = 17.0, 2.6 Hz, 1H), 2.51 (ddd, J = 19.3, 10.0, 2.6 Hz,
1H), 2.38 — 2.23 (m, 3H), 2.23 - 2.08 (m, 1H), 2.06 (t, J = 2.7 Hz, 1H), 1.97 (dg, J = 12.5, 9.8
Hz, 1H), 1.74 (dd, J = 14.7, 5.4 Hz, 1H), 1.40 (dd, J = 14.7, 8.3 Hz, 1H), 0.71 (dtt, J = 13.3,
8.3, 5.1 Hz, 1H), 0.56 — 0.36 (m, 2H), 0.14 (dtd, J = 8.0, 4.8, 3.5 Hz, 1H), 0.06 (d, J = 3.2 Hz,
1H); 3C NMR (101 MHz, CDCls) 6 218.0, 81.3, 76.5, 71.5, 55.2, 35.1, 33.4, 27.1, 23.3, 5.9,
5.4, 4.8; IR (neat) cm™: 3452 (br., O-H), 3287 (s, C=C-H), 1729 (s, C=0); HRMS (ESI) calcd
for C12H170, [M+H]* 193.1229, found 193.1225.
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(4aS",7aS")-4a-(Cyclopropylmethyl)-4a,6,7,7a-tetrahydrocyclopenta[b]pyran-5(4H)-one
(3.119)

To a solution of syn-3.118 (39.0 mg, 0.203 mmol), N-hydroxysuccinimide
(11.7 mg, 0.101 mmol), NaHCO3 (8.5 mg, 0.101 mmol), and BusNPFs (10.2 mg,
<// O 26.4 umol) in anhydrous DMF (4 mL) was added Cp*Ru(PPhs).Cl (16.2 mg, 20.3

g pmol) and PPhs (10.6 mg, 40.6 pmol) and the reaction mixture was stirred under
an atmosphere of N2 at 80 °C for 18 h. The mixture was filtered through a plug of celite and
diluted with EtOAc (20 mL). The solution was washed with H,O (2 x 20 mL) and brine (1 x
20 mL), dried over MgSQy, filtered, and concentrated in vacuo. The crude product was purified
by flash column chromatography to give the title compound as a colorless oil (19.1 mg, 70%).
Rt = 0.46 (EtOAc/petroleum ether 1:9); *H NMR (400 MHz, CDCls) § 6.31 (dt, J = 6.3, 2.1
Hz, 1H), 4.64 (dt, J = 6.3, 3.7 Hz, 1H), 4.48 (t, J = 4.0 Hz, 1H), 2.45 (ddd, J = 18.1, 9.2, 6.7
Hz, 1H), 2.37 — 2.30 (m, 1H), 2.30 — 2.18 (m, 2H), 2.11 — 2.01 (m, 1H), 1.95 (dddd, J = 17.7,
4.0,2.1,0.7 Hz, 1H), 1.40 (d, J = 6.7 Hz, 2H), 0.67 (dddt, J = 14.3, 8.4, 6.9, 4.9 Hz, 1H), 0.52
—0.40 (m, 2H), 0.10 — -0.04 (m, 2H); *C NMR (101 MHz, CDCl3) 6 217.3, 142.3, 98.2, 77.6,
51.5, 39.1, 33.5, 25.7, 22.8, 6.1, 4.9, 4.8; IR (neat) cm™: 3066 (m, C=C-H), 1740 (s, C=0),
1660 (s, C=C), 1236 (s, C=C-0-C), 1063 (s, C=C-0-C); HRMS (ESI) calcd for C1,H170>
[M+H]* 193.1223, found 193.1232.

Chemoinformatic Library Analysis

Chemoinformatic Library Analysis was carried out using the same procedures and software as
reported in the experimentals for Part 11 (see p. 238). The NPRs and natural product-likeness
score of the QF library (including deprotected versions of 3.64 and 3.65) along with canonical
SMILES can be found in the Supporting Information (Figure S51 and Table S11).
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