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ABSTRACT OF THE DISSERTATION

Total Synthesis of (2R)-hydroxynorneomajucin
and

Development of Strategies for the Assignment of Absolute Stereochemistry
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Charles J. Dooley III
Doctor of Philosophy in Chemistry
University of California, Irvine, 2022

Professor Scott D. Rychnovsky, Chair

The first chapter serves as a general introduction to the topic of stereochemistry and
stereochemical determination in organic chemistry. Stereochemistry is a subject that was first
conceived following Pasteur’s separation of tartaric acid enantiomers in 1848. The notion of
asymmetric carbon atoms is now second nature to organic chemists, however determination of the
geometrical configuration about stereogenic carbon atoms is still non-trivial. This chapter provides

a general introduction for the work discussed in chapters 2—4.

The second chapter details efforts towards developing a Competing Enantioselective
Conversion (CEC) method to determine the absolute configuration of dienes bearing adjacent
chiral centers. Chiral analogues of 1,2,4-triazoline-3,5-diones (TAD) were synthesized and used
as dienophiles in enantioselective Diels—Alder reactions with dienes bearing adjacent chirality.
Kinetic resolution with these new reagents displayed moderate selectivity, but the prohibitive

synthesis of the reagents rendered efforts to develop a CEC method fruitless.
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The third chapter details an expansion of the competing enantioselective conversion (CEC)
method for cyclic secondary amines. Previously, Bode’s chiral acylated hydroxamic acids were
used to determine the stereochemistry of primary amines, as well as cyclic and acyclic secondary
amines. The enantioselective acylation has herein been evaluated for 4-, 5-, and 6-membered cyclic
secondary amines, including medicinally relevant compounds. The limitations of the method were
studied through computational analysis and experimental results. Control experiments were
performed to investigate the cause of degrading selectivity under the CEC reaction conditions. The
present study expands the scope of the CEC method for secondary amines and provides a better

understanding of the reaction profile.

The fourth chapter details the crystallization of alkenes and diols as osmate ester
derivatives. Organic compounds containing alkenes are often challenging to crystallize. We have
found that osmium tetroxide and TMEDA form stable crystalline adducts with alkenes, allowing
the determination of absolute structure by X-ray crystallography. Osmium, a heavy atom,
facilitates the crystallographic analysis and the determination of absolute configuration using
common Mo X-ray sources. The utility of this method for determining absolute structure and
configuration was demonstrated on several unsaturated substrates. We also investigated a redox-
neutral crystallization strategy of 1,2- and 1,3- diols using potassium osmate, and results are
reported.

The fifth chapter details the completion of the first total synthesis of (2R)-
hydroxynorneomajucin. Our synthetic strategy initially hinged on utilizing a Pauson—Khand
reaction of an advanced bis-lactone intermediate to construct the core of the natural product which,
unfortunately, was not successful. The key features of our revised synthetic strategy include an

asymmetric Tsuji—Trost allylic alkylation to set a key quaternary center, a Pauson—Khand to close
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the core of the molecule, and a late-stage conjugate addition to install the final quaternary center.
This strategy has allowed us to complete the first total synthesis of (2R)-hydroxynorneomajucin to

date in 17 steps from simple starting materials.

xxiii



Chapter 1. A Brief Introduction of Stereochemistry and How to Deduce
Absolute Configuration.

1.1 Abstract

Stereochemistry is a subject that was first conceived following Pasteur’s separation of
tartaric acid enantiomers in 1848. The notion of asymmetric carbon atoms is now second nature to
organic chemists, however determination of the geometrical configuration about stereogenic
carbon atoms is still non-trivial. This chapter serves as a general introduction to how absolute
stereochemistry is determined, and provides a general background for the work discussed in

chapters 2—4.



1.2 Introduction

1.2.1 Stereochemistry

Every student of the physical sciences is familiar with the concept of stereochemistry.
Molecular chirality was first recognized by the French chemist Louis Pasteur in 1848 when he
observed that crystals of sodium ammonium tartrate had certain facets which distinguished them.!
These facets were either inclined to the right or inclined to the left. Based on this recognition,
Pasteur was able to separate the crystals by their “handedness”. The term “chirality” was proposed
in 1894 by Lord Kelvin, and is now the predominant term used to describe molecular asymmetry.

Following Pasteur’s experiments, in 1874 the asymmetric carbon atom was proposed
independently and almost simultaneously by Jacobus Henricus van’t Hoff and Joseph Lebel. They
suggested that four different substituents on the same carbon atom would result in two possible
geometrical assemblies that were non-superimposable mirror images of one another. They also
proposed that the four substituents attached to the carbon atom were arranged in a tetrahedron. In
order to classify these asymmetric carbon atoms, the Cahn-Ingold—Prelog (CIP) system was
developed. This system assigns either an R or S designation to a carbon stereocenter resulting from
the priority of the substituents attached.? The CIP system serves as a simple and effective descriptor
of a single stereocenter, a contrasting feature to other properties such as optical rotation that are
characteristic of a whole molecule.

1.2.2 Types of Chirality
The most common type of chirality is the chiral center (point chirality), which is what many
imagine when they look at an organic molecule (Figure 1-1A). However, a molecule does not
necessarily need to contain a chiral center to be chiral. In addition to point chirality, asymmetry

can manifest in axial chirality and planar chirality. A very common example of axial chirality is



1,1°-bi-2-naphthol (BINOL), which does not contain any chiral centers but rather a chiral axis
(Figure 1-1B). This occurs when free rotation about a central bond or axis is sterically restricted.
Planar chirality is the least commonly encountered but occurs when a chiral molecule contains two
non-coplanar rings that are each not symmetric (Figure 1-1C). An example of this is the planar

chiral ferrocene derivative developed for the kinetic resolution of secondary alcohols.?

A. B.
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OH OH ph_Fe Ph
OH -
NH, O‘ Ph Ph
Ph
(S)-phenylalanine (R)-BINOL Ferrocene Derivative
Point Chirality Axial Chirality Planar Chirality

Figure 1-1 Examples of the different types of chirality.
1.3 Determination of Absolute Configuration

The field of asymmetric synthesis has seen tremendous advances over the past few decades.
As this field grows, it becomes increasingly important to be able to identify and accurately
determine the absolute configuration of the stereocenters of interest. To keep up with this growing
need, several useful methodologies and technologies have been developed.*

Classically, absolute stereochemistry was determined by degradation of a compound of
interest to a compound of known configuration. This allowed for assignments to be made by
measurement and comparison of the optical rotation. However, this method is time intensive and
relies on the ready availability of large amounts of the compound of interest. In the context of
natural product isolation, this is rarely feasible. Fortunately, advances in instrumentation and
methodology have allowed for more direct and simpler stereochemical assignments. Many
methods now derivatize the compound of interest in various ways to change its spectroscopic or

physical properties. These derivatives can often be characterized by NMR or optical techniques to



give information about the spatial arrangement of the stereocenter of interest. The following
sections will give more detail on these specific methods.
1.3.1 NMR-Based Methods

The determination of absolute stereochemistry can frequently be done through use of NMR
spectroscopy.*’ One of the most common methods for determining the stereochemistry about
stereodefined alcohols and amines is the Mosher method.¢ In this method, the parent chiral alcohol
or amine is acylated with (R)- and (S)-a-methoxy-a-trifluoromethylphenyl acetic acid (MTPA) to
afford esters and amides respectively.

Scheme 1-1 Conversion of secondary alcohol into MTPA esters for Mosher analysis.%¢
CF CF
R! J\ )S/CFS )P§(’OM: R1J|\OH XM)eJB?’h 3 R" J\ )S/
PH OMe CH20|2 or CHCl;  R? CH.ChorCHCl, % wed Ph
(R)-MTPA Ester =0OH,Cl X=0H,Cl (S)-MTPA Ester

The '"H NMR of each MTPA ester is then acquired to determine the resulting changes in
chemical shift to the protons proximal to the stereocenter in question. The arene of the MTPA ester
displays an anisotropic effect on the substituent on the same face of the molecule, providing an
identifiable pattern in the change of chemical shift. Through analysis of this pattern in both
diastereomeric MTPA esters, the absolute configuration of the alcohol stereocenter can be
confidently assigned. The Mosher method is very popular because unlike many other chiroptical
and crystallographic methods, it does not require specialized instrumentation or training to
determine absolute configuration. However, this method necessitates two separate reactions,
purifications, and detailed spectroscopic analyses to confidently assign one stereocenter.

An alternative method was developed which does not require the covalent linkage of a

chiral group to the origin stereocenter. This method uses a chiral reagent or solvent, often called a

chiral shift reagent, to generate a noticeable change in chemical shift through molecular



interactions in solution.” These interactions can then be analyzed in a similar manner to Mosher’s
method. Practically, the use of chiral shift reagents is very useful as it does not require a reaction
or purification to determine the configuration of a desired compound, but it is often plagued by
incomplete separation of peaks in the NMR spectra.

1.3.2 Methods Based on Optical Spectroscopy

Complimentary to NMR spectroscopy, other techniques to determine absolute
stereochemistry have been developed based on optical characterization techniques. It has long been
known that chiral molecules interact with plane polarized light, and in the early 20 century optical
rotation was used to establish stereochemistry.! Recent advances in DFT computation has allowed
optical rotation to become a more powerful tool in absolute structure assignment.® While
practically useful, optical rotation has been eclipsed by circular dichroism as the optical method
of choice for determination of absolute configuration.

The exciton chirality method for electronic circular dichroism (ECD) spectroscopy has
emerged as a powerful tool for the determination of absolute stereochemistry.® In this method, at
least two chromophores are attached to the stereocenters of interest, and the interaction of the
chromophores in space leads to predictable changes in the Cotton effect, allowing for
stereochemical assignments. In many cases, para-substituted benzoates have been used as

chromophores for the assignment of asymmetric polyols.5d<

Similar to chiral shift reagents for
NMR, advances have been made that allow the use of chromophores that do not need to be
covalently linked to the stereocenters of interest. Several reports make use of a zinc porphyrin

tweezer complex, which can complex to Lewis basic functional groups and allow for ECD

configurational assignments to be made.'® This not only obviates the need to synthetically



manipulate the compound of interest, but also allows the assignment of a single stereocenter
through clever design.

The more common approach to solving absolute stereochemistry using circular dichroism
involves performing DFT calculations of either the ECD or VCD spectrum.!'! By comparing the
calculated spectra with the experimental data, the absolute configuration can be deduced with good
confidence. However, as with many methods of absolute structure assignment, errors can occur
which obscure stereochemical assignments. Recently, a former lab member completed the
synthesis of racemic and enantiopure illisimonin A.'? The absolute configuration of the isolated
natural product was assigned by DFT calculation of the ECD spectrum.'? However, through total
synthesis, it was found that the absolute configuration had been mis-assigned due to an error in the
calculation. This is not to disparage the significant efforts of other groups, but rather to showcase
that even with advances in computation and instrumentation, the assignment of stereochemistry
remains a significant challenge.

1.3.3 X-Ray Crystallography
X-ray crystallography has long been considered the gold standard for absolute structure
assignment. The absolute configuration of an enantiomerically pure crystalline substance is found
by solving for the Flack parameter.'* In order to solve the Flack parameter, an organic substance
must contain either a chiral center of known absolute configuration or a heavy atom. The
installation of a moiety with known chirality functions as an internal reference when solving the
crystal structure. The presence of a heavy atom increases the anomalous scattering of the incident
X-rays, giving the compound a distinct diffraction pattern. Advances in the Flack method have
allowed it to be applied to organic compounds which do not contain a heavy atom, typically

through use of Cu X-ray sources. '



A particular challenge is that many organic compounds tend not to be crystalline. Several
derivatization strategies have been developed to increase the crystallinity of organic compounds.
One such strategy is to form a salt from amines or carboxylic acids, generally with a chiral
counterion. Alcohols and amines have been derivatized with 4-nitrobenzoyl chloride or 4-
bromobenzoyl chloride to afford crystalline esters and amides respectively. A promising advance
is the use of ferrocene carboxylic acid to form esters.!¢ These ferrocene derivatives are generally
highly crystalline, and contain a heavy atom to increase anomalous dispersion. Recently, alcohols
have also been crystallized as guanidinium salts through reaction with SOs3 in the presence of a
guanidine.!” Ketones and aldehydes have also been transformed into 3,5-(NO2):-
phenylhydrazones. Recently, our group has devised a strategy to crystallize enantiomerically pure

liquid alkenes by formation of osmate esters.!® This methodology will be the topic of Chapter 4.
1.4 The Competing Enantioselective Conversion Method

1.4.1 Configuration Assignment through Inherent Substrate Reactivity
A distinct approach to solving absolute stereochemistry involves using the inherent
reactivity of a chiral substrate. Horeau developed this method based on the concept of partial
resolution (Scheme 1-2).1°

Scheme 1-2 Example of the Horeau method with a generic enantioenriched secondary alcohol.
M = Medium group; L = large group.
o O

H MOJ\{\ o) H O
M‘)\OH Ph Ph HOJ\i/\ N MI\_)\O)H/\

L pyridine
benzene

(R)-phenylbutyric acid
The goal was to make use of the chiral environment of the alcohol during the esterification
process to achieve a partial resolution of racemic 2-phenylbutyric anhydride. After the reaction,

the phenylbutyric acid was recovered and its optical rotation was measured to determine the



enantioenrichment. This gave valuable information on the preferred reactivity of the chiral
secondary alcohol substrate. It was found that the reaction occurred in a way which minimized
steric interactions during the esterification process. While this method is very useful, the
enrichment of the recovered acid byproduct was often very small, and optical rotation was not
always a reliable tool. By converting the recovered acid to the methyl ester, Kénig was able to
utilize gas chromatography with a chiral stationary phase to determine the enrichment of the
recovered product.!”™ This advancement makes the determination of low levels of
enantioenrichment more practical and reliable.
1.4.2 The Competing Enantioselective Conversion Method

Inspired by the Horeau method, the Rychnovsky group has developed the Competing
Enantioselective Conversion (CEC) method as a quick and reliable means of determining absolute
configuration. Rather than perform a partial resolution, the CEC method takes advantage of an
enantioselective catalyst/reagent to react with an enantioenriched substrate. The CEC method
works as follows: an enantioenriched substrate reacts with both enantiomers of an enantioselective
reagent, and both reactions are quenched after the same amount of time. The reaction conversion
is then assayed, and the faster reaction is identified (Figure 1-2A). The reactions proceed at
different rates due to the energy difference between the diastereomeric transition states (Figure 1-
2B). The absolute configuration is then assigned by comparison to an empirical model of the

reagent stereoselectivity.



B (S)-Resolving Agent A (R)-Resolving Agent B

low conversion slow reaction enantioenriched fast reaction high conversion
substrate

(R)-Resolving

(S)-Resolving Agent

AG Agent

Reaction Coordinate

Figure 1-2A. Generic scheme describing the CEC method. B. Reaction coordinate diagram.
displaying the energy difference leading to stereochemical assignment.

1.4.3 CEC Assignment of Stereogenic Carbinols
Previously, the CEC method has been applied to various classes of chiral alcohols using Birman’s
homobenzotetramisole (HBTM) acylation catalysts.?® For the assignment of alcohols, the
enantioenriched alcohol reacts with propionic anhydride in the presence of each enantiomer of
HBTM catalyst in parallel reaction vessels. The two reactions are quenched after the same amount
of time, and the conversion is assayed by either TLC or '"H NMR. This method has proven to be
effective for secondary alcohols which bear either a w-group or a heteroatom adjacent to the chiral
alcohol (Scheme 1-3).2! In addition to this class of substrates, the enantioselective acylation with

HBTM has also been applied to B-chiral primary alcohols,?? oxazolidinones and lactams.??



Scheme 1-3 CEC of stereogenic secondary alcohols with selected published examples.
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1.4.4 CEC Assignment of Primary Amines

An attractive feature of the CEC method is that it can be applied to any functional group for
which effective kinetic resolution conditions exist. In 2012, the CEC method was extended to
stereogenic primary amines by taking advantage of Mioskowski’s enantioselective acylation
reagents (Scheme 1-4).2* Rather than conduct two separate reactions and analyses, this CEC
method could be performed in one pot by using pseudoenantiomeric acylation reagents 1-7 and 1-
8. Reagent 1-7 bore an acetyl group, and the pseudoenantiomer 1-8 was modified to an acetyl-ds
group. By differentiating the enantioselective reagents by mass, it allowed for the analysis to be
performed by ESI-MS, greatly facilitating the speed and simplicity of the method. Though the
method was effective for primary amines, it lacked adequate reactivity for secondary amines. In
addition to this, the deuterated reagent lost deuterium enrichment over time, complicating the
analysis. To address both concerns, a different kinetic resolution system was used and developed

into a CEC method, which will be the topic of Chapter 3.
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Scheme 1-4 CEC assignment of primary amines using pseudoenantiomers of Mioskowski’s

reagents.
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1.5 Summary

This chapter provided a general overview of the topic of stereochemical assignment. Different
instrumental, as well as chemical methods for the assignment of absolute configuration were
discussed. The content of this chapter serves as a general introduction to chapters 2, 3 and 4, all

of which focus on methodology development toward assigning stereochemistry and structure.
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Chapter 2. Efforts Toward the Determination of Absolute Configuration of
1,3-Dienes Bearing Adjacent Stereocenters Using Chiral 1,2,4-Triazoline-
3,5-Diones

2.1 Abstract

Efforts towards developing a Competing Enantioselective Conversion (CEC) method to
determine the absolute configuration of dienes bearing adjacent stereocenters are described herein.
Chiral analogues of 1,2,4-triazoline-3,5-diones (TAD) were synthesized and used as dienophiles
in enantioselective Diels—Alder reactions with dienes bearing adjacent chirality. Kinetic resolution
with these new reagents displayed moderate selectivity, but the prohibitive synthesis of the

reagents rendered efforts to develop a CEC method fruitless.
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2.2 Introduction

The determination of absolute configuration, even with the advent of new technologies and
methodologies, is often challenging.! Chapter 1 outlined a general introduction to the topic of
stereochemical assignment, including the competing enantioselective conversion (CEC) method
which was pioneered in our group. Previously, our group had devised CEC methods to assign the
configuration of secondary alcohols,? B-chiral primary alcohols,® oxazolidinones and lactams,*
primary amines,> and cyclic secondary amines.® Our lab’s continued interest in developing simple
methods to assign absolute configuration motivated us to expand the scope of the CEC method to
different functional groups (see chapter 1.4 for more details). We were interested in developing a
CEC method to assign the stereochemistry of chiral centers adjacent to dienes and alkenes by using
enantioselective Diels—Alder and ene reactions respectively.

Dienes and alkenes are common functionalities in natural products and are often
intermediates in terpene and steroid total syntheses. Among natural products, the controversial
stereochemical assignment of (+)-frondosin B is an excellent example of the potential utility of
this method.” This natural product was first synthesized by the Danishefsky lab in 2001 and its
optical rotation matched that of the isolated natural product. However, a year later the Trauner
group targeted the same enantiomer but found that the optical rotation had the opposite sign (Figure
2-1). This discrepancy between the optical rotations inspired three subsequent total syntheses and
a study using ECD and VCD to assign the absolute configuration with certainty.!® This prominent
example, as well as the ubiquity of dienes as synthetic intermediates, inspired our studies towards

new methods of assigning the absolute configuration of dienes bearing neighboring chiral centers.
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0 Synthesized by:

Danishefsky: [a]p = +15.2
""" Trauner: [a]p =—16.8

MacMillan: [a]p = +16.3
(+)-frondosin B
[u]p = +18.5
Figure 2-1 Summary of the ambiguity surrounding frondosin B.

There has been significant progress in the field of enantioselective Diels—Alder chemistry in
the past 50 years.® Many such examples use chiral Lewis acids to dictate the enantioselectivity of
the reaction, or utilize chiral organocatalysts to turn the dienophile into a transient chiral directing
group.” While the literature is teeming with different enantioselective variants of the Diels—Alder
reaction, several key factors are necessary for its application in CEC reactions. These factors
include excellent diastereo- and enantiocontrol dictated by the chiral resolving agent, and, ideally,
fast and uniform reaction kinetics. The problem with applying the CEC method towards many
catalytic, enantioselective Diels—Alders is that the chiral catalysts complicate the kinetics, making
it harder to have controlled reactivity across substrate classes. As such, we sought a stoichiometric
chiral dienophile which would have suitable attributes. This attracted us to the potential of 1,2,4-
triazoline-3,5-dione (TAD) reagents.

Triazolinediones were first reported in 1894 by Thiele and Stange,'® but an effective
synthesis was not published until 1960 when Cookson first synthesized and isolated 4-phenyl-
1,2,4-triazoline-3,5-dione (PTAD, 2-1, Figure 2-2).!! Triazolinediones are known for their
characteristic red color and have been shown to react 1,000-30,000 times faster than
azodicarboxylates in Diels—Alder cycloadditions.'> Computational studies on triazolinediones
have concluded that they react via concerted-asynchronous transition states and are highly endo-

selective.!® Several representative Diels—Alder reactions with 2-1 are shown in Figure 2-1. In

cyclic systems, such as siloxy diene 2-2, the reaction with 2-1 forms bridged bicycle 2-3 as a single
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diastereomer in 76% yield.'* The diastereocontrol is often good in semi-cyclic dienes as well, as
shown by the reaction with diene 2-4.'5 Additionally, the reaction with 2-1 has been used on an
industrial scale as a method of purifying sterol extracts.® These reactions typically take place
immediately at ambient temperature but are often instantaneous even at low temperature. Due to
their high reactivity and general diastereoselectivity, we envisioned synthesizing chiral

triazolinediones in hopes of conferring enantioselectivity in Diels—Alder and ene reactions.

oy Ph

N

2-1 H 21

EI U I & W)

TBSO 48 h, RT 2N MeO" SO 10 min, RT N

76% TBSO YN\Ph 60%, 9:1 dr ~
2-2 2-4 MeO (6]

2-3 25

2-1

RT
95%
Industrial Scale HO

Figure 2-2 Representative Diels—Alder reactions with PTAD (2-1).

Kinetic resolutions of dienes bearing adjacent chirality are sparce, but a few key examples
exist. The reactivity of quinones in Diels—Alder chemistry is well precedented, and the use of 2-
(p-tolylsulfinyl)-1,4-benzoquinones and naphthoquinones in asymmetric Diels—Alder chemistry is
well documented (Figure 2-3A).'® Sulfinyl naphthoquinone 2-8 has previously been used to
resolve racemic diene 2-9 with a selectivity of 57.1 at 38% conversion (calculated from data
presented in their work).!* This astounding selectivity is only hindered by reaction kinetics, taking
3 days to reach 38% conversion. For application in a CEC reaction, this system would need to be
rendered more reactive. Paquette and coworkers also disclosed a similar study on kinetic

resolutions of racemic dienes 2-11 using chiral scaffolds of triazolinediones (Figure 2-3B).
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Paquette evaluated kinetic resolutions with chiral TAD reagents derived from (S)-(-)-a-

methylbenzylamine (2-14), (+)-dehydroabietylamine (2-15), and (+)-endobornylamine (2-16), but

his systems displayed only modest selectivity.!”

TBSO
A.
.. 29
Q \S.TO' _ TBSO
O‘ 0 2 equiv N
CH,Cl,, 72h, RT
=
(0]
28 2-10 29
75% Yield, Recovered SM
94% ee, 38% conversion 50% ee
S=57.1
B.

Figure 2-3A. Kinetic resolution of a racemic diene using Sulfinyl naphthoquinone 2-8. B.
Kinetic resolution of racemic diene using chiral triazolinediones.

Despite the lack of precedent for chiral triazolinediones, we chose to further evaluate these
reagents for asymmetric Diels—Alder reactions because of their high reactivity and their tendency
to proceed through highly ordered transition states. Additionally, having one reagent that can
resolve stereocenters next to both dienes and alkenes was a very attractive facet of this class of
molecules. We hypothesized that by changing the chiral environment of the reagent, we could
achieve higher enantioselection than what has been observed in the literature for this class of

compounds. Binaphthyl atropisomers are known to convey excellent enantioselectivity in an array
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of organometallic transformations,'® and we sought to develop a TAD reagent with this scaffold
(2-17). In addition, inspired by recent work by the Ishihara group using chiral iodonium salts to
enable enantioselective oxidative dearomatizations (2-19, Figure 2-4),'° we desired to make a
triazolinedione with a similar structure (2-18). The enantioselectivity of this chemistry is known
to be driven by hydrogen-bonding interactions between the acetate ligands and the amide arms,?°
and we believed that a triazolinedione could exhibit a similar conformation. In order to examine
the utility of these novel reagents in enantioselective Diels—Alder reactions, we needed to develop

routes to synthesize them.

OO & OtBu  N=N OtBu |
NN O)\NH Oé(\N\/Qo HN/go o N LN
OO N H/O\©/O\) : Kro\(j/o\)
o) : ; ;
2-18

2-19
Ishihara Catalyst

Figure 2-4 Novel triazolinediones reagents targeted for application in CEC reactions.

2.3 Synthesis of Triazolinediones

Having devised chiral triazolinediones 2-17 and 2-18 (Figure 2-4), we needed to synthesize
these compounds to evaluate their utility. To synthesize 2-17, we initially attempted to utilize the
Cookson method on mono-protected (R)-1,1’-bi(2-naphthylamine) ((R)-BINAM) derivatives
(Scheme 2-1).1° Protected amines 2-20a-¢ were treated with triphosgene to form intermediate
isocyanates, which were then treated with ethyl carbazate to form the desired semicarbazides 2-
21a-c. Unfortunately, cyclization of intermediate 2-21a with sodium ethoxide in refluxing ethanol
led to decomposition of the starting material. We initially speculated that the steric bulk of the

carbamate protecting group was inhibiting the reaction; however, compounds 2-21b and ¢ also
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decomposed under the reaction conditions. It has been noted that urazole synthesis is sensitive to
certain functionalities,?! and it seemed that the protected amines were causing side reactivity.

Knowing that the second amine was problematic, we elected to remove the additional amine
with a Sandmeyer reaction. Treatment of 2-20c¢ with sodium nitrite under acidic conditions
followed by the addition of hypophosphorous acid induced reductive deamination. Removal of the
acetamide with hydrochloric acid in dioxane at reflux delivered 2-23 in 67% yield over two steps.??
Unfortunately, it was not discovered until later that the material had partially racemized during the
hydrolysis (measured rotation +4.5, reported +91).2*> This intermediate was subsequently reacted
with triphosgene, followed by ethyl carbazate to afford the desired semicarbazide in 47% over two
steps. Cyclization of this material with refluxing sodium ethoxide provided urazole 2-24 in 53%
yield. Triazolinedione 2-17 could be prepared by oxidation of the urazole, however due to the high
reactivity and precedented instability of these reagents, we elected to only oxidize the material
immediately before use in a Diels—Alder reaction.

Scheme 2-1 Synthesis of 2-17.

o)
e L8 4 DOrs:
1. triphosgene, NH
NH, DIPEA r\IJLN*N\[(OEt NaOEt, EtOH
NHR B -H o 0
OO 2. H;NNHCO,Et O‘ NHR Reflux O‘ NHR
2-20a: R = Boc 2-21a 15% (2 steps) 2-22 a-c
2-20b: R =Ts 2-21b 67% (2 steps)
2-20c: R =Ac 2-21c 52% 2 steps)

1. NaNO,, H
‘ 6N HCI; then H3P02 NH, 3. trlphosgene
2. HCI, Dioxane 4. H2NNHCO2Et >// NH
reflux, 12h 47% (2 steps)
67% (2 steps) 5. NaOEt, EtOH
2-23 2-24

53%

With access to 2-17, we shifted our efforts toward synthesizing 2-18 (Scheme 2-2). Taking
inspiration from Ishihara’s work, we elected to modify their procedures to pursue an amino-

derivative. Treatment of nitroresorcinol (2-25) with 2 equivalents of sodium hydride, followed by
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the addition of cyclic sulfamidate 2-26 cleanly afforded a double Sn2 product in 92% isolated
yield. Hydrogenation of the nitro group unveiled amine 2-27 in good yield. With this amine, we
attempted the Cookson urazole synthesis. Isocyanation enacted by triphosgene, followed by
treatment with ethyl carbazate yielded semicarbazide 2-28. However similar to compounds 2-22a-
¢ this material decomposed upon treatment with sodium ethoxide. This is likely due once again to
problematic reactivity of the carbamates. Unfortunately, in this system the carbamates could not
be removed since they are hypothesized to confer enantioselectivity to the system. As such, an
alternative route was pursued.

Scheme 2-2 Failed approach toward 2-18.

O H
1. NaH (2 equiv), . M N-cosEt
NO, then 2-26 3. triphosgene, DIPEA HN" H
92% 4. H,NNHCO,Et
HO OH BocHN/\r O\/\NHBoc _— BocHN/\ro O~ NHBoc
2. H,, Pd/C 80% (2 steps) H
95%
2-25 2-28
o, 0
387
0" 'NBoc
2-26

There is precedent showing that urazoles can be synthesized by the addition of hydrazine
to imidodicarbonates, albeit in lower yields that the Cookson method.?* With this precedent in
mind, we synthesized phenyl- and p-nitrophenyl imidodicarbonates 2-29a and 2-29b through
treatment of 2-27 with the respective aryl chloroformate (Scheme 2-3). It is worth mentioning that
the major side product formed when 2-27 was treated with p-nitrophenyl chloroformate was the
isocyanate, likely due to the enhanced leaving group ability of the carbamate. Treatment of 2-29a
with hydrazine led to 2-30, but the product was contaminated with unreacted starting material.
Treatment of 2-29b with hydrazine led to 2-30, which was also unfortunately contaminated, albeit
with unidentified impurities. We elected to use this impure material in the Diels—Alder to examine

selectivity.
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Scheme 2-3 Successful synthesis of 2-30.

OAr OAr il—lji
Boc. B Boc. B Boc. B
%°NH NH,  HNC aocool O NH N % NH O NTTO pNEC
Kro\©/o\) Et,N Kro(j/o\) HaNNHH,0 Kro o)
2.27 2-29a Ar = Ph, 78% 2:30

2-29b Ar = p-NO,Ph, 20%
2.4 Analysis of Diels—Alder Diastereoselectivity

With access to urazoles 2-24 and 2-30, we were excited to examine the potential
diastereoselectivity these reagents would confer on Diels—Alder reactions. To determine the
selectivity of our TAD reagent, we needed to synthesize suitable racemic and enantiopure dienes.
We looked to the chiral pool, and synthesized alkenyl triflate 2-33 from (R)-carvone in one step.?>
A racemic vinyl triflate (2-35) was also prepared to perform kinetic resolution reactions. In order
to have a quick and reliable means of determining the enantioenrichment of recovered starting
material, we next attempted to find conditions to separate the enantiomers of 2-35 via HPLC
separation on a chiral stationary phase. Unfortunately, after examining every column in the
department, as well as the chiral GC system in the Pronin lab, we were unable to find suitable
separation conditions. As such, we decided to determine selectivity and conversion through NMR
analysis. According to the equations for selectivity in kinetic resolutions, the diastereomeric ratio
from the NMR can be used to determine the selectivity of the system in the following way

(equation 1, see supporting information for more details).

Log[1 — conversion (1 + de)]

Selectivity =
electivity Log[1 — conversion (1 — de)]

Equation 2-1 Selectivity equation based on diastereomeric excess.

To familiarize ourselves with this NMR based method of analysis, we synthesized a simple
chiral TAD reagent to use as a model system. We chose to use a-(naphthyl)ethylamine 2-31 as our

starting material (Scheme 2-4), following Paquette’s success with 2-14.!7 The synthesis was
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carried out uneventfully using the Cookson method (see SI for details). Triazolinediones are
known to be highly sensitive to alcohols and water,?° and as such we were concerned about the
long-term stability of our reagents. As discussed earlier, rather than isolate our TAD reagents, we
chose to perform Diels—Alder reactions with freshly oxidized urazoles. Treatment of 2-32 with
(diacetoxyiodo)benzene (PIDA) in dichloromethane generated a bright red solution of the desired
triazolinediones.?® This solution was then immediately added dropwise to a solution of one
equivalent of 2-33 at —78 °C. The characteristic red color of the reagent faded almost immediately,
and the reaction mixture was warmed to room temperature and was evaporated to dryness to afford
2-34. NMR analysis of the crude reaction mixture, and subsequent 2D NMR analysis of the
purified adduct revealed that the Diels—Alder proceeded with excellent diastereoselectivity.
Kinetic resolution of this triazolinedione was carried out by treatment of the triazolinediones with
2 equivalents of 2-35, which afforded a 1.18:1 ratio of diastereomeric products 2-34 and 2-36
respectively at 46.4% conversion, correlating to a selectivity of 1.26. This selectivity correlated
well with the kinetic resolutions performed by Paquette.'¢

Scheme 2-4 Model system to evaluate NMR-based reaction assay.
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Having established the utility of an NMR-based assay for the kinetic resolution in the model
system, we were ready to evaluate our new chiral reagents. We first looked at the reaction with 2-
17. Since urazole 2-24 was racemized during its the synthesis (~5% ee), the reaction with
enantiopure diene 2-33 can be viewed as a kinetic resolution. When urazole 2-24 was oxidized to
triazolinedione 2-17, followed by addition to 2-33, compound 2-37 was observed as a 3.88:1
mixture of diastereomers. Given the high diastereoselectivity observed in the formation of 2-34
(Scheme 2-4), the mixture of diastereomers in 2-37 must be a partial resolution of the biaryl axis.
Viewed from this standpoint, the resolution observed was quite exciting. Reaction of the same
triazolinediones with 2-35 generated a 2.4:1 mixture of diastereomers favoring 2-38. It was shown
by Heathcock that racemic substrates and racemic resolving agents can undergo mutual kinetic
resolution, wherein enantiomeric excess of recovered substrate and resolving agent increase as the
reaction proceeds.?’ In such a reaction, the selectivity is equal to the diastereomeric ratio, allowing
us to tentatively estimate the selectivity to be approximately 2.4 for this reagent. This result is the
highest enantioselectivity ever reported with a chiral triazolinedione.'”

Scheme 2-5 Kinetic resolution using triazolinedione 2-17.

ﬁ[ 1. PIDA 1. PIDA /‘\HN 0
7 )
2. OTf NH 2. OTf N Q
>// N SN
°
-
2-38 2-37

2.39:1 dr 2-35 2-33 3.88:1dr
~78 °C, CH,Cl, —78°C, CHuCl,
10 min 10 min

We next evaluated the potential selectivity of 2-18. Given the impurities in 2-30, we elected
to simply pursue the kinetic resolution to see if any useful data could be obtained. Oxidation of 2-
30 with PIDA, followed by addition of this solution to a cold solution of racemic diene 2-35 led to

a mixture of diastereomeric adducts 2-39 and 2-40. The identity of these compounds were
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confirmed by high resolution mass spectrometry (HRMS); however, the relevant region of the
crude proton NMR was obscured, and it was challenging to ascertain a reliable dr from the reaction.
At this point in my graduate career, [ began working on several other projects in the lab, and this
work was unfortunately never revisited.

Scheme 2-6 Attempted kinetic resolution using 2-18.
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2.5 Conclusion and Future Outlook

This work lays the groundwork for a potential new CEC method for determining the absolute
configuration of dienes bearing adjacent chirality. Two novel triazolinedione reagents 2-17 and 2-
18 were synthesized and evaluated in Diels—Alder reactions. An NMR-based assay of the
selectivity of kinetic resolutions of racemic diene 2-35 with these reagents was established. While
no selectivity could be determined for 2-18, BINAM-derived 2-17 showed modest
enantioselectivity in Diels—Alder reactions. While the selectivity was modest, it was still
approximately two-fold higher than any other chiral triazolinedione reported in the literature.

Several other assays could be used to improve the ease of operation and utility of this
method. Ideally, a thorough search of the literature may reveal a diene with vicinal chirality that
will separate by either HPLC or GC, allowing us to determine enantiomeric excess and conversion
directly from the crude reaction mixture. Selectivity can be determined based on optical rotation,
but this forces the kinetic resolutions to be run on sufficient scale to re-isolate enantioenriched

starting material without any impurity. lodobenzene is a byproduct in the oxidation/Diels—Alder
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reaction, and it is challenging to separate from the greasy dienes used, which can pose problems
for polarimetry, especially since optical rotation is notoriously sensitive to impurities. Other ideas
include exploring LC-MS analysis of the Diels—Alder adducts. Since the products of the kinetic
resolution are diastereomeric, LC-MS could be a useful means of determining conversion and
selectivity.

In terms of the chemistry, there is much that can still be done with this project to potentially
uncover a highly enantioselective reagent. The use of BINAM derived 2-17 was always meant to
be a starting point for further evaluation. Hundreds of other derivatives can be imagined, where
other functional groups are installed to potentially increase selectivity. However, these derivatives
often come at the cost of step-count in their preparation. One extremely simply modification that
can be made comes from the work done by Slaughter, in which the mono-triflate 2-41 was coupled
with various Grignards to generate intermediate phenols (Figure 2-5A).22 These phenols were then
activated and subjected to Buchwald—Hartwig coupling with benzylamine. By using this same
strategy, we could access several derivatives from readily accessible BINOL, and potentially
increase the enantioselectivity in the Diels—Alder reactions.

Many ligands based on a biaryl scaffold exhibit greater enantioselectivities from the addition
of other aryl substituents around the ring system. Recently, the process group at Amgen disclosed
a large-scale synthesis of (S)-TRIP, generating intermediate diol 2-44.2% This derivative can also
be subjected to a similar sequence of reactions to access bulkier triazolinediones which might
confer greater enantioselectivity to the system (Figure 2-5B).

Another interesting avenue which is unprecedented in the literature is the direct Buchwald—
Hartwig coupling of protected urazoles with aryl triflates (Figure 2-5C). This direct coupling

reaction would significantly shorten the synthesis of the triazolinediones. The bis-Boc urazole is
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not known but could potentially arise from treatment of bis-Boc hydrazine with p-nitrophenyl
chloroformate, and then heating the intermediate with ammonia. This reaction, if feasible, could
provide a convenient means of synthesizing several triazolinediones, potentially leading to a
suitable reagent for the desired CEC reaction. This project is filled with opportunity for creativity

and novelty, and I hope that another student will revisit this work.

A.

2-49

Figure 2-5 Potential new directions for biaryl-based triazolinediones.

2.6 Supporting Information

2.6.1 General Information
All chemicals were purchased from Sigma—Aldrich, Acros Organics, Alfa Aesar, TCI,
Fisher Scientific, or CombiBlocks and used without further purification. Deuterated solvents were
purchased from Cambridge Isotope Laboratories. Solvents were purchased as ACS grade or better

and passed through a solvent purification system equipped with activated alumina columns prior
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to use. All amine bases were distilled over calcium hydride and stored under argon. Unless
otherwise stated, all reactions were performed in flame-dried glassware under an atmosphere of
argon. Reactions were monitored by thin layer chromatography (TLC) using glass plates coated
with a 250 um layer of 60 A silica gel. TLC plates were visualized with a UV lamp at 254 nm, or
by staining with potassium permanganate or cerium molybdate (Hanessian’s stain). Column
chromatography was performed using forced flow (flash chromatography) on silica gel (SiO2)
columns by standard techniques or with an automated purification system (Teledyne ISCO) on
prepacked silica gel columns.

"H NMR spectra were recorded at 500 MHz or 600 MHz using either a Bruker DRX500
(cryoprobe) or Bruker AVANCEG600 (cryoprobe) at 298.0 K. *C NMR spectra were obtained at
125 MHz or 151 MHz on a Bruker DRX500 (cryoprobe) or Bruker AVANCEG600 (cryoprobe) at
298.0 K unless otherwise stated. Chemical shifts (8) are reported in parts per million (ppm) and
referenced to the residual solvent peak. NMR data are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublet,
ddd = doublet of doublet of doublets, dddd = doublet of doublet of doublet of doublets, dt = doublet
of triplets, td = triplet of doublets, dq = doublet of quartets, br = broad, app. = apparent), coupling
constants (J) in hertz (Hz), and integration. Infrared (IR) spectroscopy was performed on a Nicolet
1S5 spectrometer using a diamond iD5 ATR attachment unless otherwise stated and are reported
in terms of frequency of absorption (cm™). Optical rotations were performed on a JACSO P-1010
spectrometer using a glass 50 mm cell with a D-line at 589 nm. High resolution mass spectrometry
(HRMS) was performed using ESI-TOF. Melting points were taken on an Electrothermal®

melting point apparatus and are uncorrected.
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2.6.2 General Procedure 1: Formation of isocyanates®’

triphosgene

NH, NCO

R’ R~

i-ProNEt, CH,Cl,
0°Cto RT

A round bottom flask was charged with triphosgene (0.5 equiv) and dichloromethane (0.05
M) and was cooled to 0 °C in an ice bath. A vent needle connected to a bubbler of saturated sodium
bicarbonate was added to quench HCI generated in the reaction. A solution of amine or aniline (1
equiv) was added dropwise, followed by the addition of diisopropylethylamine (3 equiv). The
reaction mixture was allowed to stir for 20 min at 0 °C, after which time the bubbler was removed,
and the reaction was stirred for 2 hours at RT. The reaction was quenched by the addition of water
and was extracted with CH2Clz (3x). The organic extracts were washed with 10% aq. citric acid,
saturated aq. NaHCO3, dried over Na2SOs, and concentrated in vacuo. Crude materials were either

chromatographed by flash chromatography or taken crude to the next step.

2.6.3 General Procedure 2: Semicarbazide formation’’
thyl carbazat HoH§
ethyl carbazate
N N__N.
rNO RN y o
CH,Cly/Toluene o H
RT or reflux

Isocyanates were dissolved in either dichloromethane or toluene (0.1 M), and ethyl carbazate (1
equiv) was added in one portion. The reaction was allowed to stir either at RT or at reflux until the
reaction was deemed finished by TLC. The reaction mixture was concentrated in vacuo and was

purified by silica gel chromatography.

2.6.4 General Procedure 3: Cyclization of Semicarbazides®®
o H
HoH NaOEt OYN‘NH
R’ \([)]/ N OB EOH Refux N—(
o)

Sodium metal in mineral oil was cleaned with hexanes and cut into smaller pieces with a razor

blade. The outer layer of oxides was scraped off to reveal the clean metal, which was cleaned of
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mineral oil with successive hexanes washes. The cleaned sodium metal (6 equiv) was added to a
flame dried microwave tube containing absolute ethanol (0.2 M). The mixture was stirred at 35 °C
to ensure full consumption of the sodium metal. Subsequently, the semicarbazide (1 equiv) was
added as a solution in ethanol, and the reaction was heated to reflux. The reaction was acidified to
pH 2 with aq. 2 M HCl and was then extracted with ethyl acetate. The organic extracts were washed
with water, dried over Na2SO4, and concentrated in vacuo. Crude products were purified by silica
gel chromatography.

2.6.5 General Procedure 4: Diels—Alder Protocol

2-33
-78 °C, 10 min

To a suspension of urazole (1 equiv) in CH2Cl2 (0.1 M) was added (diacetoxyiodo)benzene (PIDA)
(1 equiv). This solution was stirred at RT for 30 min, during which time the suspended urazole
dissolved and the solution turned deep red in color. Simultaneously, a solution of 2-33 (1 equiv)
in CH2Cl2 (0.2 M) was cooled to —78 °C. Once the oxidation solution had turned deep red, it was
added dropwise to the diene. The solution was stirred at —78 °C for 15 min, during which time the
red color faded completely. The solution was then warmed to RT and concentrated in vacuo. The

crude material was purified by silica gel chromatography.
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2.6.6 General Procedure 5: Kinetic Resolution Protocol

5

2-35 (2 equiv.)
—78°C, 10 min

To a suspension of urazole (1 equiv) in CH2Cl2 (0.1 M) was added (diacetoxyiodo)benzene (PIDA)
(1 equiv). This solution was stirred at RT for 30 min, during which time the suspended urazole
dissolved and turned deep red in color. Simultaneously, a solution of 2-35 (2 equiv) in CH2Cl2 (0.2
M) was cooled to —78 °C. Once the oxidation had turned deep red, the solution was added dropwise
to the diene. The solution was stirred at —78 °C for 15 min, during which time the red color faded
completely. The solution was then warmed to RT and concentrated in vacuo. The conversion and
selectivity of the chiral TAD reagent were determined based on crude NMR analysis as follows:

Y Integrationp;astereomers
Integrationpiene + ¥, Integrationpgstereomers

(1) Conversion =

Integratlonbiastereomer 1 IntegratlonDiastereomer 2

Z IntegratlonDiastereomers Z IntegratlonDiastereomers

(2) Diastereomeric excess (de) =

Log[1 — conversion (1 + de)]

3) Selectivity =
(3) Selectivity Log[1 — conversion (1 — de)]

2.6.7 Compound Synthesis and Characterization

(R)-tert-butyl-(2'-amino-[1,1'-binaphthalen]-2-yl)carbamate (2-20a):
To a solution of (R)-1,1’-binaphthyl-2,2’-diamine (0.203 g, 0.714 mmol) in 1,4-dioxane (3.6 mL)
was added di-fert-butyl decarbonate (0.283 g, 1.28 mmol), and the solution was heated to reflux

overnight. The solution was cooled, diluted with water (3 mL), and extracted with CH2Cl2 (3 x 3
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mL). The organic extracts were washed with water (3 x 3 mL), dried over sodium sulfate, and
concentrated in vacuo. The crude material was purified by silica gel chromatography (4:1
Hex:EtOAc) to afford 3a as a clear oil (0.132 g) containing 16 wt% ethyl acetate, 7 wt%
dichloromethane, and 2 wt% water (36% yield of 2-20a).

Rr= 0.4 (7:3 Hex:EtOAc) visualized by UV.

'TH NMR (500 MHz, CDCl3) & 8.52 (d, J = 9.1 Hz, 1H), 7.98 (d, J = 9.0 Hz, 1H), 7.87 (dd, J =
12.1, 8.5 Hz, 2H), 7.82 (dd, /= 8.1, 1.3 Hz, 1H), 7.37 (ddd, J = 8.0, 6.7, 1.1 Hz, 1H), 7.31-7.18
(m, 4H), 7.15 (d, J= 8.8 Hz, 1H), 7.09 (d, /= 8.5 Hz, 1H), 6.93 (d, /= 8.4 Hz, 1H), 6.36 (s, 1H),
3.66 (s, 2H), 1.40 (s, 9H);

3C {IH} NMR (125 MHz, CDCl3) & 153.3, 143.0, 135.7, 134.0, 132.8, 130.8, 130.4, 129.3, 128.4,
128.3 (2C), 127.3, 126.9, 125.3, 124.7, 124.0, 122.7, 119.8, 119.2, 118.3, 110.8, 80.8, 28.4.

HRMS (ESI-TOF) m / z calcd for C2sH24N202Na (M + Na)* : 407.1736, found 407.1746.

I I NCO
I l NHBoc

(R)-tert-butyl(2'-isocyanato-[1,1'-binaphthalen]-2-yl)carbamate (S2-1):

Following general procedure 1, 2-20a (97 mg, 0.25 mmol) was dissolved in CH2Cl2 (1.0 mL) and
was added to a solution of triphosgene (37 mg, 0.13 mmol) in CH2Clz (4.0 mL). Crude material
was purified by silica gel chromatography (3:1 Hex:EtOAc) to afford the title compound as a white
oily solid (60 mg) containing 8 wt% CH2Cl2 and 6 wt% ethyl acetate (50% yield of S2-1).
Rr=0.18 (4:1 Hex:EtOAc) visualized by UV.

THNMR (500 MHz, CDCl3) & 8.42 (s, 1H), 7.99-7.88 (m, 4H), 7.68 (m, 1H), 7.45 (m, 4H), 7.31—

7.27 (m, 1H), 7.24-7.18 (m, 2H), 1.73 (s, 1H), 1.38 (s, 9H).
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3C {H} NMR (125 MHz, CDCl3) 8 158.9, 151.6, 137.7, 135.3, 132.9, 132.3, 131.6, 131.1, 129.8,
129.8, 128.8, 128.4,128.2, 128.0, 127.7, 126.6, 126.3 (2C), 126.2, 125.6, 124.5, 121.4, 82.9, 28.1.

HRMS (ESI-TOF) m / z calcd for C26H22N203Na (M + Na)* : 433.1528, found 433.1537.

(R)-ethyl-2-((2'-((tert-butoxycarbonyl)amino)-[1,1'-binaphthalen]-2-
yl)carbamoyl)hydrazine-1-carboxylate (2-21a):
To a solution of triphosgene (22 mg, 0.065 mmol) in CH2Cl2 (2.5 mL) cooled to 0 °C was added a

solution of 2-20a (51 mg, 0.13 mmol) in CH2Cl2 (1.0 mL), followed by diisopropylethylamine (80.
pL, 0.40 mmol). The solution was allowed to warm to RT and was stirred for 3 h. After this time,
ethyl carbazate (14 mg, 0.13 mmol) was added in one portion, and the resulting solution was
allowed to stir for 24 h prior to the addition of water. The organics were extracted with CH2Clo,
dried (Na2SOs), and concentrated in vacuo. The crude material was purified by silica gel
chromatography (3:2 to 0:1 Hex:EtOAc) and was isolated as a white solid (13 mg) containing 4
wt% CH2Cl2 and 2 wt% ethyl acetate (15% yield of 2-21a).

Ry=0.08 (7:3 Hex:EtOAc) visualized by UV.

TH NMR (500 MHz, CDCls) & 8.60 (d, /=9.1 Hz, 1H), 8.30 (d, J=9.0 Hz, 1H), 8.01 (t, J=8.9
Hz, 2H), 7.93 (d, J = 8.2 Hz, 1H), 7.86 (d, J= 8.2 Hz, 1H), 7.41 (dt, J = 12.1, 7.5 Hz, 2H), 7.25
(m, 3H), 7.08 (s, 1H), 7.03 (d, J=8.5 Hz, 1H), 6.97 (d, /= 8.5 Hz, 1H), 6.47 (s, 1H), 6.35 (s, 1H),
6.15 (s, 1H), 3.91 — 3.69 (m, 2H), 1.69 (s, 3H), 1.38 (s, 9H), 1.07 (t, /= 7.2 Hz, 3H).
3C {TH} NMR (125 MHz, CDCl3) 6 155.3 (2C), 154.0, 135.2, 132.7, 132.6, 130.9, 130.6, 130.2,
130.0, 128.4, 128.2, 127.4, 127.2, 125.42, 125.36, 125.1, 125.0, 121.3, 119.7, 117.9, 81.5, 62.3,

29.9,28.2, 14.3.
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HRMS (ESI-TOF) m / z calcd for C290H30N4OsNa (M + Na)* : 537.2114, found 537.2125.

(R)-N-(2'-amino-[1,1'-binaphthalen]-2-yl)-4-methylbenzenesulfonamide (2-20b):
Compound was synthesized using known procedure and spectral data were consistent with those

previously reported.?!

I I NCO
OO NHTs

(R)-N-(2'-isocyanato-[1,1'-binaphthalen]-2-yl)-4-methylbenzenesulfonamide (S2-2):
Following general procedure 1, 2-20b (0.201 g, 0.457 mmol) was reacted with triphosgene (0.080
g, 0.27 mmol) and diisopropylethylamine (0.25 mL, 1.4 mmol) in CH2Cl2 (3 mL). The crude

material was taken into the following reaction without purification.

(R)-ethyl2-((2'-((4-methylphenyl)sulfonamido)-[1,1'-binaphthalen]-2-
yl)carbamoyl)hydrazine-1-carboxylate (2-21b):

Following general procedure 2, crude S2-2 (75 mg, 0.16 mmol) was reacted with ethyl carbazate
(19 mg, 0.18 mmol) in refluxing toluene (1.5 mL). Crude material was purified by silica gel
chromatography (3:2 to 1:9 Hex:EtOAc) to afford 2-21b as a white foam (68 mg) containing 9
wt% ethyl acetate (67% yield of 2-21b over two steps).

Ry =0.2 (3:2 Hex:EtOAc) visualized by UV.
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H NMR (500 MHz, CDCls) & 8.56 (d, J=9.1 Hz, 1H), 8.04-7.88 (m, 4H), 7.83 (d, J = 8.2 Hz,
1H), 7.47 (d, J = 8.0 Hz, 2H), 7.42-7.35 (m, 2H), 7.22 (t, J= 7.7 Hz, 1H), 7.12 (d, J= 8.1 Hz, 2H),
7.11-7.04 (m, 1H), 6.93 (d, J = 8.5 Hz, 1H), 6.75 (s, 1H), 6.63 (d, J = 8.5 Hz, 1H), 6.44 (s, 1H),
6.33 (s, 1H), 5.87 (s, 1H), 3.87-3.76 (m, 2H), 2.37 (s, 3H), 1.10 (t, /= 7.1 Hz, 3H).

13C {'H} NMR (125 MHz, CDCls) § 155.1, 144.3, 136.5, 135.5, 134.0, 132.6, 132.4, 131.2, 130.6,
130.5, 129.8, 128.5, 128.2, 127.8, 127.44, 127.38, 125.8, 125.4, 125.0, 124.4, 120.6, 119.8, 119.6,
116.9, 62.6, 60.5, 21.7, 21.2, 14.3.

HRMS (ESI-TOF) m / z caled for C31H2sN4OsSNa (M + Na)* : 591.1678, found 591.1683.

(R)-N-(2'-amino-[1,1'-binaphthalen]-2-yl)acetamide (2-20c):
Compound was synthesized using known procedure and spectral data were consistent with those

previously reported.3?

I | NCO
l ] NHAc

(R)-N-(2'-isocyanato-[1,1'-binaphthalen]-2-yl)acetamide (S2-3):

Following general procedure 1, 2-20¢ (85 mg, 0.26 mmol) was reacted with triphosgene (39 mg,
0.13 mmol) and diisopropylethylamine (0.14 mL, 0.78 mmol) in CH2Cl2 (5.2 mL). The product
was characterized without further purification. S2-3 was isolated as an orange dust (85 mg)
containing 9 wt% dichloromethane and minor impurities.

Ry=0.74 (3:2 Hex:EtOAc) visualized by UV.
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'H NMR (500 MHz, CDCL3) & 8.10 (s, 1H), 8.00 (d, J = 8.8 Hz, 1H), 7.92 (dd, J = 10.8, 8.4 Hz,
3H), 7.60 (d, J = 8.8 Hz, 1H), 7.50-7.44 (m, 3H), 7.38 (d, J = 8.7 Hz, 1H), 7.28 (ddd, J= 8.4, 6.8,
1.3 Hz, 1H), 7.26-7.20 (m, 2H), 2.28 (s, 3H).

13C {IH} NMR (125 MHz, CDCL) & 169.9, 159.9, 137.5, 134.8, 133.1, 132.3, 131.7, 131.3,
130.23, 130.16, 128.8, 128.5, 128.2, 128.0, 127.7, 127.0, 126.6, 126.4, 126.1, 126.0, 124.5, 120.9,
23.5.

HRMS (ESI-TOF) m / z calcd for C23HisN202Na (M + Na)* : 375.1110, found 375.1112.

(R)-ethyl-2-((2'-acetamido-[1,1'-binaphthalen]-2-yl)carbamoyl)hydrazine-1-carboxylate (2-
21¢):

Following general procedure 2, crude S2-3 (64 mg, 0.19 mmol) was reacted with ethyl carbazate
(30 mg, 0.29 mmol) in refluxing toluene (2.0 mL). Crude material was purified by silica gel
chromatography (3:2 to 1:9 Hex:EtOAc) to afford 2-21c¢ as a white solid (59 mg) containing 5 wt%
ethyl acetate (63% yield of 2-21c¢).

Rr=0.32 (3:2 Hex:EtOAc) visualized by UV.

'TH NMR (500 MHz, CDCl3) 6 8.38 (d, J=9.0 Hz, 1H), 8.25 (d, /=9.0 Hz, 1H), 8.01 (dd, J=9.1,
5.4 Hz,2H), 7.91 (dd, J=10.7, 8.2 Hz, 2H), 7.42 (t, J= 7.5 Hz, 2H), 7.28-7.22 (m, 3H), 7.02 (dd,
J=17.0,7.4 Hz, 4H), 6.42 (s, 1H), 3.88-3.78 (m, 1H), 3.76-3.68 (m, 1H), 1.79 (s, 3H), 1.06 (t, J
=7.1 Hz, 3H).

I3C {TH} NMR (125 MHz, CDCI3) 8 170.2, 155.8 (2C), 135.2, 134.7, 132.8, 132.7, 131.6, 130.9,
130.1, 129.7, 128.5, 128.3, 127.3, 127.2, 125.81, 125.78, 125.2 (2C), 122.8, 121.9, 121.4, 119.6,
62.3,24.1, 14.3.
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HRMS (ESI-TOF) m / z calcd for C26H24N4O4Na (M + Na)* : 479.1695, found 479.1702.

. witm, OO
NHAG 6N HCI; then H3PO, NH,
NH, 2. HCI, Dioxane
O‘ reflux, 12h O‘
67% (2 steps)

2-21c 2-23

(5)-1,1’-binaphthyl-2-amine (2-23):

To an ice cooled solution of 2-20¢ (0.625 g, 1.91 mmol) in aq. HCI (6 M, 53 mL) was added
sodium nitrite (0.132 g, 1.91 mmol). The resulting diazotized solution was allowed to stir at 0 °C
for 30 min and was subsequently poured into a cooled mixture of aq. hypophosphorous acid (125
mL of 50 wt%) and water (63 mL). The mixture was allowed to stir at —78 °C in a Neslab cryobath
overnight. The reaction mixture was extracted with benzene (3 x 60 mL), and the organic extracts
were washed with ag. 1 M NaOH (2 x 60 mL), aq. I M HCI (2 x 60 mL), water (3 x 60 mL), dried
over sodium sulfate, and concentrated in vacuo.

The crude material was re-dissolved in 1,4-dioxane (20 mL) in a 2-neck round bottom flask
equipped with a reflux condenser, and concentrated HCI (aq) (12 M, 10 mL) was added. The
resulting mixture was heated to reflux for 7 h. After this time, the reaction mixture was cooled and
diluted with water (100 mL). The solution was treated with 2.5 M NaOH (aq) until pH 7-8, and
was then extracted with benzene (3 x 60 mL). The combined organic layers were washed with
water (3 x 60 mL), dried over sodium sulfate, and concentrated in vacuo. The crude material was
purified by silica gel chromatography (9:1 to 3:2 Hex:EtOAc) to afford 2-23 as a yellow solid
(0.353 g) containing 2.5 wt% dichloromethane (67% yield of 2-23 over two steps).

Rr=0.83 (3:2 Hex:EtOAc) visualized by UV.

'H NMR (600 MHz, CDCl3) & 8.00-7.96 (m, 1H), 7.82-7.79 (m, 1H), 7.66 (dd, J = 8.3, 6.9 Hz,
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1H), 7.51 (td, J= 7.4, 6.8 Hz, 1H), 7.43 (dd, J= 8.4, 1.1 Hz, 1H), 7.33 (ddd, J=8.3, 6.7, 1.3 Hz,
1H), 7.24 (ddd, J=8.1, 6.7, 1.3 Hz, 1H), 7.18 (ddd, J=8.2, 6.7, 1.4 Hz, 1H), 7.13 (d, /= 8.8 Hz,
1H), 7.03 (dd, J = 8.4, 1.1 Hz, 1H), 3.45 (s, 2H).

13C {'H} NMR (151 MHz, CDCls) § 141.9, 134.8, 134.5, 134.3, 132.6, 129.2, 129.1, 128.5,
128.3, 128.1, 128.0, 126.6, 126.5, 126.3 (2C), 126.0, 124.6, 122.3, 118.3, 117.6.

HRMS (ESI-TOF) m / z caled for C2oHisNH (M + H)" : 270.1283, found 270.1290.

[a]®p = +4.5 (¢ = 0.46, THF).

I I NCO

(8)-2-isocyanato-1,1'-binaphthalene (S2-4):

Following general procedure 1, 2-23 (74 mg, 0.28 mmol) was reacted with triphosgene (43 mg,
0.15 mmol) and diisopropylethylamine (0.15 mL, 0.87 mmol) in CH2Cl2 (5.6 mL). The material
was taken crude into the next step, but a small portion was purified for characterization by silica
gel chromatography (9:1 Hex:EtOAc) to afford S2-4 as a clear oil.

Ry=0.8 (4:1 Hex:EtOAc) visualized by UV.

TH NMR (500 MHz, CDCl3) 6 8.07 (d, J= 8.3 Hz, 1H), 8.01 (d, /= 8.2 Hz, 1H), 7.94 (dd, /= 8.7,
7.1 Hz, 2H), 7.68 (dd, J = 8.3, 6.9 Hz, 1H), 7.56-7.45 (m, 3H), 7.39-7.25 (m, 5H).

3C {IH} NMR (125 MHz, CDCl3) 6 134.0, 133.9, 133.7, 132.8, 132.5, 131.5, 130.9, 129.4, 129.3,
128.75, 128.71, 128.1, 127.1, 126.8, 126.4, 126.3, 125.8, 125.7, 125.43, 125.35, 123.3.

[a]*2p =—-1.0 (c = 0.90, CHCl5).

oy
NJL _N_ _OEt

N
HoHo L
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(8)-ethyl-2-([1,1'-binaphthalen]-2-ylcarbamoyl)hydrazine-1-carboxylate (S2-5):

Following general procedure 2, crude S2-4 (74 mg, 0.25 mmol) was reacted with ethyl carbazate
(27 mg, 0.26 mmol) in toluene (2.5 mL) at RT for 4 hours. Crude material was purified by column
chromatography to afford S2-5 (64 mg) as a white solid containing 1 wt% ethyl acetate, 6 wt%
diethyl ether, and 12 wt% ethyl carbazate (47% yield of S2-5 over two steps).

Rr=0.29 (1:1 Hex:EtOAc) visualized by staining with cerium molybdate.

'TH NMR (600 MHz, CDCls) 6 8.52 (d, J=9.1 Hz, 1H), 7.96 (td, /= 11.7, 8.2 Hz, 3H), 7.89 (d, J
= 8.0 Hz, 1H), 7.63 (dd, J = 8.3, 6.9 Hz, 1H), 7.50 (ddd, J = 8.1, 6.6, 1.4 Hz, 1H), 7.45 (dd, J =
7.0, 1.2 Hz, 1H), 7.38 (ddd, J= 8.1, 6.7, 1.1 Hz, 1H), 7.31 (ddd, J="7.9, 6.6, 1.3 Hz, 1H), 7.29—
7.27 (m, 1H), 7.23 (ddd, /= 8.2, 6.7, 1.3 Hz, 1H), 7.09 (d, J = 8.5 Hz, 1H), 6.94 (s, 1H), 3.98-3.77
(m, 2H), 1.16-1.10 (m, 3H).

3C {'H} NMR (151 MHz, CDCls) 8 155.3 (2C), 134.1, 134.0, 133.3, 133.2, 132.4, 130.5, 129.1
(20), 129.0, 128.5, 128.1, 127.0, 126.6, 126.5, 126.0, 125.82, 125.77, 124.7, 124.2, 119.8, 62.6,
14.4.

HRMS (ESI-TOF) m / z calcd for C24H21N303Na (M + Na)™ : 422.1481, found 422.1482.

[a]®p=—0.5 (c = 0.56. CHCl)

0
D M
%NH
(e
(5)-4-([1,1'-binaphthalen]-2-yl)-1,2,4-triazolidine-3,5-dione (2-24):
Following general procedure 3, S2-5 (53 mg, 0.13 mmol) was treated with refluxing NaOEt (0.80

mmol, 0.1 M) in EtOH (2 mL). Crude material was purified by column chromatography (1:1 to
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0:1 Hex:EtOAc) to afford the title compound as a white solid (27 mg) containing 9 wt% ethyl
acetate (53% yield of 2-24).

Ry=0.05 (1:1 Hex:EtOAc) visualized by UV.

'TH NMR (500 MHz, CDCls) 6 8.01 (d, J=8.7 Hz, 1H), 7.93 (d, J= 8.3 Hz, 1H), 7.83 (d, J=17.5
Hz, 1H), 7.79 (d, J=8.5 Hz, 1H), 7.52 (t, /= 7.6 Hz, 1H), 7.48-7.42 (m, 2H), 7.39-7.32 (m, 2H),
7.32-7.24 (m, 2H), 7.21 (d, J= 8.6 Hz, 1H), 7.16 (t, J = 7.6 Hz, 1H).

3C {IH} NMR (125 MHz, CDCl3) 4 155.0, 154.4, 138.6, 133.8, 133.5, 133.4, 132.9, 132.4, 129.9,
128.8, 128.23, 128.19, 128.0, 127.3, 127.2, 127.1, 126.9, 126.7, 126.1, 126.0, 125.7, 125.3.
HRMS (ESI-TOF) m / z calcd for C22H1sN302Na (M + Na)™ : 376.1062, found 376.1064.

[a]??p=—0.2 (c = 0.69, CHCL).

o, 0
JSC
O" 'NBoc

tert-butyl-(R)-5-methyl-1,2,3-oxathiazolidine-3-carboxylate 2,2-dioxide (2-26):
Synthesized by known procedure, and all spectral data are consistent with those previously

reported.®

BocHN ﬁ/o O~ NHBoc

Di-tert-butyl-((2S5,2'S)-((2-nitro-1,3-phenylene)bis(oxy))bis(propane-2,1-diyl))dicarbamate
(S2-6):

To a solution of nitroresorcinol (0.200 g, 1.29 mmol) in DMF (8.6 mL) was added sodium hydride
(0.108 g, 60 wt% in mineral oil, 2.71 mmol) and mixture was allowed to stir for 15 min at RT.
After this time, 2-26 (0.612 g, 2.58 mmol) was added in one portion, and the solution was allowed
to stir for 16 h. Subsequently, 6 M HCI (aq) (0.70 mL, 4.2 mmol) was added, and a vent needle

was added to clear generated SO3 gas from the headspace. The acidified solution was allowed to
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stir for 2 h, followed by the addition of 1 M NaOH (aq). The mixture was extracted with diethyl
ether (3 x 15 mL), and the organic extracts were washed with 1 M NaOH (aq) (3 x 15 mL) and
water (3 x 15 mL). The organic phase was dried (MgSOs4) and concentrated in vacuo. The crude
product was used in subsequent reactions but did not require further purification. The title
compound was isolated as a white solid (0.560 g) containing 1 wt% DMF (92% yield of S2-6).
Ry=0.27 (7:3 Hex:EtOAc) visualized by UV.

mp = 120-123 °C.

'TH NMR (500 MHz, CDCIs) 8 7.30 (t, J = 8.5 Hz, 1H), 6.67 (d, J = 8.6 Hz, 2H), 5.04 (t, J= 6.1
Hz, 2H), 4.67-4.51 (m, 2H), 3.55-3.41 (m, 2H), 3.28-3.11 (m, 2H), 1.44 (s, 18H), 1.32 (d,J=6.3
Hz, 6H).

13C {TH} NMR (125 MHz, CDCl3) § 156.2, 150.7, 131.3, 107.3 (2C), 79.6, 76.0, 45.6, 28.5, 28.4,
17.3.

IR (neat) 2980, 2924, 2854, 1680, 1586, 1537, 1390, 1101, 859 cm’!

HRMS (ESI-TOF) m / z calcd for C22H3sN30sH (M + H)" : 470.2502, found 470.2509.

[a]*p=+34.9 (c = 1.17, CHCL).

NH,
BocHN /To O~"NHBoc

Di-tert-butyl-((2S,2'S)-((2-amino-1,3-phenylene)bis(oxy))bis(propane-2,1-diyl))dicarbamate
(2-27):

A flame dried round bottom flask was charged with palladium on activated carbon (0.200 g, 10
wt%, 0.192 mmol) and ethyl acetate (2 mL). To this suspension was added S2-6 (0.180 g, 0.384
mmol), and the mixture was sparged with a balloon of hydrogen gas for 15 min. The balloon was
refilled, and the reaction was allowed to stir until there was no residual starting material (monitored

by MS). The crude reaction mixture was filtered through Celite and washed with additional ethyl
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acetate (15 mL). The combined washings were concentrated in vacuo to afford 2-27 as an orange
oil (0.163 g) containing 1 wt% ethyl acetate (95% yield of 2-27).

Ry=0.27 (7:3 Hex:EtOAc) visualized by staining with KMnOa.

TH NMR (500 MHz, CDCl3) $ 6.59 (t, J = 8.2 Hz, 1H), 6.50 (d, J = 8.3 Hz, 2H), 5.20-5.08 (m,
2H), 4.46—4.38 (m, 2H), 3.78 (s, 2H), 3.49-3.40 (m, 2H), 3.28-3.19 (m, 2H), 1.41 (s, 18H), 1.26
(d, J= 6.6 Hz, 6H).

13C {IH} NMR (125 MHz, CDCl3) § 156.2, 145.8, 128.1, 117.1, 107.8, 79.3, 74.6, 45.8, 28.4,
17.6.

HRMS (ESI-TOF) m / z calcd for C22H37N306Na (M + Na)* : 462.2580, found 462.2586.

[a]?p = +48.0 (c = 1.00, CH2Cl).

NCO

BocHN/\‘/ O\/\NHBoc
Di-tert-butyl-((2S5,2'S)-((2-isocyanato-1,3-phenylene)bis(oxy))bis(propane-2,1-
diyl))dicarbamate (S2-7):

Following general procedure 1, the reaction of 2-27 (76 mg, 0.17 mmol) in CH2Cl2 (3.5 mL) with
triphosgene (26 mg, 0.086 mmol) and diisopropylethylamine (90 pL, 0.52 mmol) afforded crude

2-7 as a yellow oil. The crude material was used in the next step without further purification.

o H
N-co,Et

BocHN/\r \©/O\/\NHBOC

Ethyl-2-((2,6-bis(((S)-1-((tert-butoxycarbonyl)amino)propan-2-

yDoxy)phenyl)carbamoyl)hydrazine-1-carboxylate (2-28):
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Following general procedure 2, crude S2-7 (97 mg, 0.17 mmol) in toluene (1.2 mL) was stirred
with ethyl carbazate (18 mg, 0.17 mmol) to afford 2-28 as a white oil (80 mg) containing 9 wt%
toluene (80% yield of 2-28 over two steps).

Ry=0.05 (3:2 Hex:EtOAc) visualized by staining with cerium molybdate.

'TH NMR (500 MHz, CDCl3) 8 7.09 (t, J = 8.3 Hz, 1H), 6.98-6.85 (m, 1H), 6.57 (d, J = 8.6 Hz,
2H), 6.02-5.74 (m, 2H), 4.55-4.42 (m, 1H), 4.25-4.14 (m, 2H), 3.53-3.42 (m, 1H), 3.30-3.16 (m,
2H), 1.43 (s, 18H), 1.27 (d, /= 6.4 Hz, 6H).

13C {'H} NMR (125 MHz, CDCI3) & 157.5, 156.6, 154.0, 138.0, 127.4, 116.6, 107.2, 79.3, 74.8,
62.3,45.9,28.5,17.2, 14.5.

HRMS (ESI-TOF) m / z caled for C26Ha3sNsO9Na (M + Na)* : 592.2958, found 592.2949.

[a]®p=+94.9 (c = 1.08, CHCL).

OPh OPh
07 >N"o
BocHN K(o o\;/\NHBoc

Phenyl-(2,6-bis(((:S)-1-((tert-butoxycarbonyl)amino)propan-2-
yDoxy)phenyl)(phenoxycarbonyl)carbamate (2-29a):

A two neck round bottom flask equipped with a reflux condenser was charged with 2-27 (0.150 g,
0.341 mmol) in CH2Cl2 (6.8 mL) and triethylamine (190 pL, 1.37 mmol). The solution was cooled
to 0 °C, and phenyl chloroformate (110 pL, 0.853 mmol) and 4-dimethylaminopyridine (0.0417 g,
0.341 mmol) were added. The reaction mixture was subsequently heated to reflux for 14 h. The
mixture was cooled to RT and transferred to a separatory funnel. The solution was washed with
water (3 x 5 mL) and 1 M HCI (aq) (3 x 5 mL), dried (Na2SQOs4), and concentrated in vacuo. The

crude material was purified by silica gel chromatography (100:0 to 1:1 Hex:EtOAc) to afford 2-
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29a as a clear oil (0.214 g) containing 12 wt% CH2Clz2 and 3 wt% ethyl acetate (78% yield of 2-
29a).

TH NMR (500 MHz, CDCl3) 6 7.36 (dd, J = 8.5, 7.4 Hz, 4H), 7.27 (t, J = 8.5 Hz, 1H), 7.25-7.20
(m, 2H), 7.19-7.15 (m, 4H), 6.67 (d, J= 8.5 Hz, 2H), 5.05—4.95 (m, 2H), 4.70—4.60 (m, 2H), 3.55—
3.44 (m, 2H), 3.34-3.21 (m, 2H), 1.38 (s, 18H), 1.33 (d, /= 6.2 Hz, 6H).

3C {TH} NMR (125 MHz, CDCl3) 4 156.2, 154.3, 151.5, 150.9, 130.0, 129.5, 126.2, 121.4, 106.9,
79.5,74.6,45.7,28.5,17.5, 14.3.

HRMS (ESI-TOF) m / z calcd for C36HasN3O10Na (M + Na)* : 702.3003, found 702.2997.

[a]®p=+61.6 (c = 1.02, CHCL).
L O

(0] (0]

OZ\N/&O

BocHN/\‘/O o\:/\ NHBoc

4-nitrophenyl-(2,6-bis(((S)-1-((tert-butoxycarbonyl)amino)propan-2-yl)oxy)phenyl)((4-
nitrophenoxy)carbonyl)carbamate (2-29b):

A two neck round bottom flask equipped with a reflux condenser was charged with 2-27 (0.153 g,
0.348 mmol) in CH2Cl2 (7.0 mL) and triethylamine (194 uL, 1.39 mmol). The solution was cooled
to 0 °C, and p-nitrophenyl chloroformate (0.176 g, 0.870 mmol) and 4-dimethylaminopyridine
(0.0430 g, 0.348 mmol) were added. The reaction mixture was subsequently heated to reflux for
14 h. The mixture was cooled to RT and transferred to a separatory funnel. The solution was
washed with water (3 x 10 mL) and 1 M HCI (aq) (3 x 10 mL), dried (Na2SOs4), and concentrated
in vacuo. The crude material was purified by silica gel chromatography (100:0 to 1:1 Hex:EtOAc)
to afford 2-29b as a clear oil (0.0802 g) containing S2-7 that was formed as an inseparable

byproduct and confirmed by MS. This mixture of products was carried through the next step.
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OPh OPh HN-NH

OéI\N/gO O%\N/&O
H,NNH,-H,O
BocHN/YO\©/O\/\NHBoc TR0 o BocHN/\ro\©/°\/\NHBoc
2-29a 2-30

di-tert-butyl-((28,2'S)-((2-(3,5-dioxo-1,2,4-triazolidin-4-yl)-1,3-
phenylene)bis(oxy))bis(propane-2,1-diyl))dicarbamate (2-30):
To a solution of 2-29a (78 mg, 0.12 mmol) in CH2Cl2 (3.8 mL) was added hydrazine hydrate
(7.0uL, 0.14 mmol). The solution was allowed to stir for 12 h and was then concentrated in vacuo.
The crude material was purified by column chromatography (3:2 to 0:1 Hex:EtOAc) to afford 2-
30 as an oily solid (17 mg) as a mixture of products by NMR.
HRMS (ESI-TOF) m / z calcd for C24H37N50sNa (M + Na)* : 546.2540, found 546.2533.
OZN\©\ /©/N02
OiNiO OQ;EO

HoNNH,-H,0
BocHN/\rO\©/O\;/\NHBOC —2 22 BocHN/\‘/O\©/O\/\NHBoc
2-30

2-29b
di-tert-butyl-((28,2'S)-((2-(3,5-dioxo0-1,2,4-triazolidin-4-yl)-1,3-
phenylene)bis(oxy))bis(propane-2,1-diyl))dicarbamate (2-30):

To a solution of 2-29b (37 mg, 0.048 mmol) in CH2Cl2 (2.3 mL) was added hydrazine hydrate (4.3
pL, 0.087 mmol). The solution was allowed to stir for 12 h and was then concentrated in vacuo to
afford 2-30 as an oily solid (26 mg). This material was filtered through a plug of silica and was

immediately used in the Diels—Alder reaction without further purification.

i iNCO

(R)-1-(1-isocyanatoethyl)naphthalene (S2-8):
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Following general procedure 1, 2-31 (74 mg, 0.28 mmol) was reacted with triphosgene (43 mg,
0.15 mmol) and diisopropylethylamine (0.15 mL, 0.87 mmol) in CH2Cl2 (5.6 mL). Compound is

known and all spectral data are consistent with those previously reported for this compound.3*

O

H H
NTN‘NJ\OEt
soll

Ethyl-(R)-2-((1-(naphthalen-1-yl)ethyl)carbamoyl)hydrazine-1-carboxylate (S2-9):
Following general procedure 2, S2-8 (0.410 g, 2.08 mmol) in toluene (6 mL) was reacted with
ethyl carbazate (0.217 g, 2.08 mmol) to afford S2-9 as a white solid (0.428 g, 68 %).

Rr=0.63 (9:1 CH2Cl2:MeOH) visualized by UV.

mp = 131-134 °C.

'"H NMR (500 MHz, CD30D) & 8.17 (d, /= 8.5 Hz, 1H), 7.89 (d, J= 8.1 Hz, 1H), 7.79 (d, J=8.2
Hz, 1H), 7.59 (d, J="7.2 Hz, 1H), 7.55 (t, J= 7.6 Hz, 1H), 7.48 (dt, J=15.0, 7.7 Hz, 2H), 5.75 (q,
J=6.9Hz, 1H), 4.16 (q, /= 7.1 Hz, 2H), 1.62 (d, /= 6.9 Hz, 3H), 1.26 (t, J= 7.1 Hz, 3H).

3C {'H} NMR (125 MHz, CD30D) & 160.3, 141.1, 135.4, 132.1, 129.7, 128.7, 127.1, 126.5,
126.4, 126.3, 124.3, 123.3,62.7, 46.9, 22.2, 14.8.

IR (neat) 3297, 2973, 1755, 1694, 1568, 1220, 772 cm™!

HRMS (ESI-TOF) m /z calcd for Ci6H19N30O3Na (M + Na)* : 324.1324, found 324.1321.

[a]®p=-2.7 (c = 1.02, MeOH).

o)
NH
Y NH

| iN*é
2

(R)-4-(1-(naphthalen-1-yl)ethyl)-1,2,4-triazolidine-3,5-dione (2-32):

49



Following general procedure 3, S2-9 (0.238 g, 0.788 mmol) was treated with NaOEt (4.79 mmol,
0.16 M) in EtOH at reflux to afford 2-32 as a white solid (0.159 g, 79%).

Rf =0.50 (9:1 CH2Cl2:MeOH) visualized by UV.

mp = 215-220 °C.

'TH NMR (500 MHz, CD30D) § 8.19 (d, J = 8.5 Hz, 1H), 7.86-7.81 (m, 2H), 7.78 (d, J = 8.2 Hz,
1H), 7.49 (ddd, J = 8.4, 6.8, 1.5 Hz, 1H), 7.44 (dd, J= 8.3, 7.0 Hz, 2H), 6.02 (q, /= 7.1 Hz, 1H),
4.99 (s, 2H), 1.92 (d, J="7.1 Hz, 3H).

3C {'H} NMR (125 MHz, CDs0OD) & 156.6, 135.6, 135.2, 132.3, 129.9, 129.6, 127.5, 126.7,
126.5, 126.0, 123.7,47.7, 17.8.

IR (neat) 3099, 2979, 2923, 1682, 1449, 655 cm’!

HRMS (ESI-TOF) m / z calcd for C14aH13N302Na (M + Na)* : 278.0905, found 278.0904.

[a]®p=+47.8 (¢ = 1.02, MeOH).

OTf

(R)-6-methyl-3-(prop-1-en-2-yl)cyclohexa-1,5-dien-1-yl trifluoromethanesulfonate (2-33):
Compound was synthesized using known procedure, and all spectral data are consistent with those

previously reported.?*

OTf

6-methyl-3-(prop-1-en-2-yl)cyclohexa-1,5-dien-1-yl trifluoromethanesulfonate (2-35):
Prepared in the same manner as 2-33, but equal masses of (R)-carvone and (S)-carvone were mixed

prior to the reaction to make a racemic sample. [a]?*p=+0.1 (¢ = 1.02, CHCI3).
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2.6.8 Diels—Alder Chemistry with TAD Reagents:

E%H o
——
/ N’N
TIO YN
O

(5R,8S,11R)-7-methyl-2-((R)-1-(naphthalen-1-yl)ethyl)-1,3-dioxo-11-(prop-1-en-2-yl)-
2,3,5,8-tetrahydro-1H-5,8-ethano[1,2,4]triazolo[1,2-a]pyridazin-6-yl
trifluoromethanesulfonate (2-34):

Following general procedure 4, intermediate 2-32 (17 mg, 0.067 mmol) was suspended in CH2Cl»
(0.5 mL) and was treated with (diacetoxyiodo)benzene (22 mg, 0.067 mmol). The resulting
oxidized urazole was then added dropwise to a solution of 2-33 (25 mg, 0.067 mmol) in CH2Cl2
(0.5 mL) at —78 °C. The crude material was purified by silica gel chromatography (9:1 to 0:1
Hex:EtOAc) to afford 2-34 (19 mg, 54% yield) as a single diastereomer.

Ry=0.05 (9:1 Hex:EtOAc) visualized by UV.

TH NMR (600 MHz, CDCI3) 6 8.05 (d, /= 8.7 Hz, 1H), 7.86 (t, J = 8.0 Hz, 2H), 7.81 (d, /= 8.3
Hz, 1H), 7.54 (t, J= 7.8 Hz, 1H), 7.50-7.44 (m, 2H), 5.99 (qd, J = 7.3, 2.0 Hz, 1H), 4.92 (s, 1H),
4.82 (s, 1H), 4.57 (s, 1H), 2.82 (t, /= 6.6 Hz, 1H), 2.26 (ddt, J=11.3, 8.8, 2.6 Hz, 1H), 1.93 (d, J
=7.2 Hz, 2H), 1.89 (d, /= 2.1 Hz, 3H), 1.74 (s, 3H), 1.58-1.53 (m, 2H).

3C {IH} NMR (151 MHz, CDCl3) 8 157.1, 155.8, 142.8, 138.4, 133.9, 133.4, 131.2, 130.0, 129.1,
129.0, 126.9, 126.2, 125.6, 125.1, 122.8, 113.1, 56.2, 55.8, 47.3, 43.0, 28.2, 22.3, 17.4, 13.9.
HRMS (ESI-TOF) m / z calcd for C2sH24F3N30s5SNa (M + Na)* : 558.1287, found 558.1314.
Full 2D characterization for this compound can be found in Appendix A. All subsequent Diels—

Alder reactions were assigned by analogy to this compound.
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\‘ 2-35

~78 °C, CH,Cl,

Kinetic resolution of 2-35:
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2-36
1.18 : 1 @ 46.4 % conversion
6

Following general procedure 5, intermediate 2-32 (18 mg, 0.071 mmol) was suspended in CH2Cl2

(0.5 mL), and was treated with (diacetoxyiodo)benzene (23 mg, 0.071 mmol). The resulting

oxidized urazole was then added dropwise to a solution of 2-35 (40 mg, 0.14 mmol) in CH2Cl2

(0.5 mL) at —78 °C. The solution was warmed to RT and concentrated in vacuo. The selectivity

was determined by analysis of the crude NMR as follows:
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o SN
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2.18

ion= ———_ — 0464

(1) Conversion 2521218
N . dey = 218 _100_ ) he06
(2) Diastereomeric excess (de) = 218 218

Log[1 — 0.464 (1 + 0.0826)]

=1.26
Log[1 — 0.464 (1 — 0.0826)]

(3) Selectivity =

Tfogﬁ/{ﬁ sz N QQ
O

2-((S)-[1,1'-binaphthalen]-2-yl)-7-methyl-1,3-dioxo-11-(prop-1-en-2-yl)-2,3,5,8-tetrahydro-

1H-5,8-ethano[1,2,4]triazolo[1,2-a]pyridazin-6-yl trifluoromethanesulfonate (2-37):

Following general procedure 4, intermediate 2-24 (26 mg, 0.074 mmol) was suspended in CH2Cl2
(2.0 mL), and was treated with (diacetoxyiodo)benzene (24 mg, 0.074 mmol). A portion of the
resulting oxidized urazole solution (0.75 mL, 0.028 mmol) was then added dropwise to a solution
of 2-33 (7.8 mg, 0.028 mmol) in CH2Cl2 (0.5 mL) at —78 °C. The solution was warmed to RT and
concentrated in vacuo. Crude NMR revealed a 3.88:1 mixture of diastereomers of 2-37. The
material was used as a baseline data set for the kinetic resolution, and no further purification was

performed.

=

2-((S)-[1,1'-binaphthalen]-2-yl)-7-methyl-1,3-dioxo-11-(prop-1-en-2-yl)-2,3,5,8-tetrahydro-
1H-5,8-ethano|[1,2,4]triazolo[1,2-a]pyridazin-6-yl trifluoromethanesulfonate (2-38):
Following general procedure 5, intermediate 2-24 (26 mg, 0.074 mmol) was suspended in CH2Clz
(2.0 mL) and was treated with (diacetoxyiodo)benzene (24 mg, 0.074 mmol). A portion of the
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resulting oxidized urazole solution (0.38 mL, 0.014 mmol) was then added dropwise to a solution
of 2-35 (7.8 mg, 0.028 mmol) in CH2Cl2 (0.5 mL) at —78 °C. The solution was warmed to RT and
concentrated in vacuo. Crude NMR revealed a 1:2.39 mixture of diastereomers of 2-38 at 34%

conversion, but selectivity was not calculated due to the racemization of the TAD reagent.

NHBoc
o I
v ,N o~

NON
TfO \/r
(0]
(e}

NHBoc
2-(2,6-bis(((S)-1-((tert-butoxycarbonyl)amino)propan-2-yl)oxy)phenyl)-7-methyl-1,3-dioxo-
11-(prop-1-en-2-yl)-2,3,5,8-tetrahydro-1H-5,8-ethano|[1,2,4| triazolo[1,2-a]pyridazin-6-yl
trifluoromethanesulfonate (2-39 + 2-40):

Following general procedure 5, intermediate 2-30 (16 mg, 0.031 mmol) was suspended in CH2Clz
(0.75 mL) and was treated with (diacetoxyiodo)benzene (10 mg, 0.031 mmol). The resulting
oxidized urazole was then added dropwise to a solution of 2-35 (17 mg, 0.061 mmol) in CH2Cl2
(0.5 mL) at—78 °C. The solution was warmed to RT and concentrated in vacuo. Due to overlapping
signals in the crude NMR, the selectivity for this reagent was not calculated. Identity of the product
was confirmed by HRMS.

HRMS (ESI-TOF) m / z calcd for C3sHasF3NsO11SNa (M + Na)* : 826.2921, found 826.2922.
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Chapter 3. Using the Competing Enantioselective Conversion Method to
Assign the Absolute Configuration of Cyclic Amines with Bode’s Acylation
Reagents

Reprinted (adapted) with permission from Dooley, C. J., III.; Burtea, A.; Mitilian, C.; Dao, W. T.;
Qu, B.; Salzameda, N. T.; Rychnovsky, S. D. Using the Competing Enantioselective Conversion
Method to Assign the Absolute Configuration of Cyclic Amines with Bode’s Acylation Reagents.
J. Org. Chem. 2020, 85, 10750-10759. Copyright 2020 American Chemical Society.

3.1 Abstract

The competing enantioselective conversion (CEC) method is a quick and reliable means to
determine absolute configuration. Previously, Bode’s chiral acylated hydroxamic acids were used
to determine the stereochemistry of primary amines, as well as cyclic and acyclic secondary
amines. The enantioselective acylation has been evaluated for 4-, 5-, and 6-membered cyclic
secondary amines, including medicinally relevant compounds. The limitations of the method were
studied through computational analysis and experimental results. Piperidines with substituents at
the 2-position did not behave well unless the axial conformer was energetically accessible, which
is consistent with the transition state geometries proposed by Bode and Kozlowski. Control
experiments were performed to investigate the cause of degrading selectivity under the CEC
reaction conditions. The present study expands the scope of the CEC method for secondary amines

and provides a better understanding of the reaction profile.
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3.2 Introduction

Nitrogen-containing heterocycles are ubiquitous in active pharmaceutical ingredients and
natural products. Alkaloids have long attracted the attention of medicinal and synthetic chemists
due to their diverse biological activities and fascinating architectures. These structures have
stimulated many new methods for the enantioselective installation of nitrogenous stereocenters. !
Equally important in setting these stereocenters is the ability to accurately determine their absolute
configuration. Frequently, this task is accomplished through new synthetic methodology to
construct a compound of known absolute configuration and assigning other compounds by
analogy. Also common is the use of computational predictions in conjunction with specific rotation
or circular dichroism measurements.> However, there is rarely a straightforward method for
assigning these newly formed stereocenters.

The gold standard in assigning absolute stereochemistry is generally considered X-ray
crystallography. However, this requires the molecule of interest to be abundant, crystalline, and
frequently necessitates derivatization to establish absolute stereochemistry. The process of
crystallization can be also be arduous, as high-quality crystals of adequate size are required for
reliable data to be obtained. Other approaches to assigning absolute configuration include chiral
derivatization and subsequent NMR analysis,? vibrational and electronic circular dichroism
coupled with DFT calculation,* and total synthesis.®> For more details on absolute structure
assignment, see chapter 1.

In 2011, our lab reported a method to determine absolute configuration based on the
enantioselective acylation of chiral secondary alcohols, for which we later coined the term
Competing Enantioselective Conversion (CEC) method.® The method was inspired by the work of

Horeau, who performed pioneering studies on amplifying enantioenrichment through double
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asymmetric induction.” The CEC method is conducted with an enantioenriched substrate, which
is reacted with both enantiomers of an acyl transfer catalyst/reagent, generally in two separate
vessels. After sufficient time the reactions are quenched, and their conversions are assayed. The
data were then compared to an empirically derived model, and the absolute configuration can be
assigned by analogy. The method is predicated on a meaningful energy difference between the two
diastereomeric transition states, with the faster reaction identified as the matched case between the
enantioselective reagent and enantiopure substrate.

The CEC method has previously been applied to numerous substrate classes, including
secondary alcohols,®® B-chiral primary alcohols,” oxazolidinones, lactams,'? primary amines, and
cyclic secondary amines.!! In our work on alcohols, the reactions were run separately, and the
conversion of each reaction was determined by NMR analysis. In some cases, we have been able
to use pseudoenantiomeric reagents and run the competitive reactions in the same vessel.!! Such
an example is the CEC method for primary amines, which used deuterated derivatives of
Mioskowski’s reagents (chapter 1.4.4).!> The use of pseudoenantiomeric reagents in this method
allowed us to assign stereochemistry by mass spectrometry. However, this method was not very
general due to low reactivity of the reagents with secondary amines. Additionally, it was
surprisingly difficult to achieve high levels of deuterium enrichment with the Mioskowski’s
reagents, complicating data analysis.

3.2.1 Inspiration from Bode’s Work

Seeking a more general solution that would allow for the assignment of secondary amines,
our group looked to the literature and was inspired by work done in the Bode group.!* Bode had
been examining the acylation of amines with N-heterocyclic carbenes (NHC) using a-hydroxy

enones as the acylating agent. The reactions proceed through an initial retro-benzoin reaction to
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generate an activated acyl-azolium, which can then undergo acyl transfer with amines. With good
reactivity, Bode’s group saw opportunity for asymmetric induction and began to evaluate chiral
co-catalysts. While low enantioselectivity was observed for hydroxamic acids derived from
glycine (3-5) and (R,R)-1,2-diaminocyclohexane (3-6), excellent results were obtained using
aminoindanol derived hydroxamic acid 3-7.13° Notably, the synthesis of chiral piperidines was an
unmet synthetic challenge, and this chemistry allowed facile generation of enantioenriched

acylated-piperidines by resolution!
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Figure 3-1 Enantioenrichment of N-heterocycles using a-hydroxy enones as acyl surrogates.

Bode’s group then went on to apply this methodology to the kinetic resolution of various
cyclic secondary amines (Figure 3-2).'3® Using modified reaction conditions, they were able to
resolve an array of piperidines, protected azetidines, and morpholines with good to excellent
selectivity. However, rings sizes other than 6-membered were typically challenging, as lower
selectivity was often observed (3-13). Through collaboration with the Kozlowski group, they were
able to computationally deduce the mechanism of the reaction.'* It was proposed that the acylation
takes place in a concerted fashion, through a seven-membered transition state in which the o-

substituent of the amine as well as the amine proton were placed in axial conformations (see
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transition state, Figure 3-2). Other ring sizes likely distort the transition state and lead to less-

selective reactions.
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Figure 3-2 Kinetic resolution of secondary amines using hydroxamic acid 3-7.
3.2.2 Prior work on CEC method for Secondary Amines
A former group member, Dr. Alex Burtea, was inspired by this work and thought that it
could be applied to a CEC method to assign absolute configuration. Using the same enantiomeric
hydroxamic acids, he found that acylation with butyryl and valeroyl chloride led to stable acyl
transfer reagents 3-14 and 3-15.'"" By using pseudoenantiomeric reagents which differ by a
methylene, Dr. Burtea was able to assign the configuration of cyclic secondary amines through
mass spectrometry. Additionally, it was a marked improvement over our previous method for
assigning the configuration of primary amines, as the products were not plagued by loss of

deuterium enrichment, leading to a simpler overall analysis.!'?
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Figure 3-3 Basic CEC strategy for cyclic amines—published work with examples.

In our original report, we detailed the development of effective reaction conditions and
briefly investigated the scope of the method.''"® However, we did not have a thoruugh
understanding of the selectivity of the reaction or the limitations of the method. Given the
mechanistic work performed by Bode and Kozlowski, the proposed mechanism for
enantioselective acylation of 6-membered cyclic amines proceeds through a concerted 7-
membered transition state, forcing the alpha substituent into an axial configuration.'* From this
insight, one can imagine that the reaction would be either non-selective or unreactive in cases
where the substituent cannot be placed in the axial position, and Bode’s experimental work
supports this conclusion. When I joined the project, we wanted to come to a better overall
understanding of the scope and limitation of this CEC method. My work focused on expansion of
substrate scope to various ring sizes, investigation of the origins of decaying selectivity through
detailed kinetic modelling and control experiments, and examination of the effects of

conformational preferences on the observed selectivity.
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3.3 Results and Discussion

3.3.1 Brief Exploration of New Reagents and Mode of Analysis

We began our investigations by exploring a new set of reagents to optimize the selectivity
for the CEC reaction. Bode has reported that brominated acyl transfer reagents 3-20 and 3-21
afford higher selectivity in the kinetic resolution of 6-membered cyclic amines.'3¢ Using previously
optimized conditions for the CEC of cyclic amines,''® the reaction of 3-22 and 3-23 exhibited equal
selectivity with brominated and non-brominated acyl transfer reagents (Scheme 3-1). We also
observed essentially identical selectivity for pyrrolidine 3-24 with both series of reagents. Our
results indicate that the CEC method is equally effective with the brominated reagents. It is useful
to note that the brominated hydroxamic acids are commercially available, which would make them
a more suitable choice for any interested in using this methodology. However, since there was no
increased selectivity with the 3-20 and 3-21, we elected to continue using non-brominated reagents

3-14 and 3-15 for the purposes of our studies.

Scheme 3-1 Comparison of the Original and Brominated Acyl Transfer Reagents.

3-14 (R,S)-C4/3-15 (S,R)-C5
or
3-20 (R,S)-C4/3-21 (S,R)-C5

amine (30 mM/30 mM) C4-amide + C5-amide
(10mM) tert-amyl alcohol M]* [M+14]*
60 °C,6h
(5 COuEt 3 N N CO,Me
3 22 3-23 3-24
R=H [90]: 10 17 :[83 31 : [69]
R=Br [90]: 10 14 :[s6] 32 : [68]
acyl transfer reagents:
(0] (0]
/\)J\O O \/\)J\O O
N N
R R :
R=H 314 (RS)}-C4 3-15 (S,A)-C5
R=Br 3-20 (R,S)-C4 3-21 (S,R)-C5
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In our prior work, mass spectrometry for the CEC reactions was performed using a standard
ESI-MS for simplicity and speed. However, one major drawback to this method of analysis is that
at the end of the CEC reaction there are still superstoichiometric amounts of the acyl transfer
reagents. These large concentrations of acyl transfer reagents can make it difficult to achieve
sufficient signal of the desired compounds. More troubling is that substrates occasionally have the
same molecular weight as the acyl transfer reagents, making data analysis impossible in this
scenario. To circumvent this issue, we performed mass spectrometry for this work on a UPLC-
QgQ-MS (see experimental section for more information). The combination of UPLC and the
triple quadrupole mass analyzers allowed us to cleanly analyze the ions corresponding to the amide
products without interference from the acyl transfer reagents. While this system is specialized and
may not be widely available, we have also shown that standard LC-MS systems were able to
achieve the same result for a series of compounds. The excess of acyl transfer reagents is quite
apparent in the LC—MS trace; however, extracted ion chromatograms (EICs) can be used to easily
quantify the ion count of the compound in question so long as it does not have the same molecular
weight as the acyl transfer reagents.

3.3.2 Expansion of Substrate Scope

In our previous report, we demonstrated that the CEC method outlined above is effective for
various 5-, 6-, and 7-membered cyclic amines bearing chirality alpha to the amine. Seeking to
understand the scope and limitations of this method more fully, we evaluated an array of 6-
membered cyclic amines (Scheme 3-2). Alkyl substituted piperidines 3-25 to 3-28 and 3-37 were
evaluated and all reacted smoothly and could be assigned with confidence, even in the presence of
an unprotected primary alcohol (3-26). Morpholines 3-29 to 3-32 and 3-38 to 3-40 also proved to

be competent substrates and were assigned with good selectivity. The method was not sensitive to
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other functional groups in the ring such as protected amines (3-33), ketones (3-34), esters (3-35)
or alkenes (3-44). Substrate 3-36, despite containing a potentially reactive indole, reacted with
modest selectivity. The configuration of isoquinoline 3-41 and tetrahydroisoquinilones 3-42 and
3-43 were also successfully assigned using this method. Notably, piperidine 3-28, bearing a
benzofuran, reacted with excellent selectivity. Several piperidines with larger aryl groups were not
selective in the CEC reaction. They are discussed later and presented in table 3-1.

Scheme 3-2 CEC Results for Cyclic Secondary Amines.
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It has been reported that acyl transfer reagents 3-14 and 3-15 are less selective in reactions
with azetidines and pyrrolidines. As such, we sought to evaluate if our method would be effective
for smaller ring sizes. Azetidines 3-45 and 3-46 were subjected to standard CEC conditions, and

each reacted with good selectivity. Pyrrolidine 3-47 was also a competent substrate, albeit with
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modest selectivity. Thiazolidine 3-48 displayed excellent selectivity, but the reaction took 48 hours
and only achieved low conversion.

Scheme 3-3 CEC Results with 3-Alkyl Pyrazoles.
3-14 (R,S)-C4/3-15 (S,R)-C5

amine (30 mM/30 mM) C4-amide + C5-amide
(10 mM) tert-amyl alcohol [M]* [M+147*
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With an array of successful cases in hand, we wondered if the same selectivity would be
observed with other substitution patterns. As such, N-Boc piperazines with 3-alkyl substituents
were investigated (Scheme 3-3). Surprisingly, we found that isopropyl bearing piperazine 3-49
reacted with exquisite selectivity. This selectivity quickly proved to be unique, as 3-50 and 3-51
bearing benzyl and methyl substituents respectively displayed almost no selectivity. We speculate
that in its reactive conformation, the isopropyl group in 3-49 could place a methyl group in an
optimal position to influence the selectivity of the reaction, while benzyl and methyl substituents
do not fill this space. Interestingly, the selectivity observed with 3-49 was at odds with the
empirical model previously developed for cyclic amines. !

Following the success of the 6-membered ring substrates, we evaluated the utility of our
method with biologically and medicinally relevant compounds (Scheme 3-4). Amines 3-52 and 3-
55 are precursors to Aprepitant (Emend) and Solifenacin (Vesicare) respectively, and their
configurations were successfully assigned with good selectivity. The configuration of Mefloquine
(3-53) was also assigned successfully, but with diminished selectivity. This result is interesting, as

Bode has previously reported a kinetic resolution of this compound with superior selectivity.!*

The methyl ester of Moxifloxacin (3-54), an antibiotic used to treat a number of bacterial
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infections, also displayed good selectivity with our method. Finally, the stereocenter adjacent to
the amine in the natural product 1-deoxynojirimycin (3-56) was successfully assigned by CEC.
Anabasine (3-57) exhibits low levels of selectivity in the expected direction, despite having a
similar A-value with substrate 3-32; we consider the CEC method unreliable in this case. Ritalin
hydrochloride, as well as the free amine were also tested, but lead to very low selectivity and could
not be assigned using this method.

Scheme 3-4 CEC examples with clinically relevant cyclic amines.
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3.3.3 Examination of Degrading Selectivity in the CEC Reaction

During the course of our studies, we noticed reactions that were allowed to reach high
conversion (>70%) frequently resulted in lower levels of selectivity than those which proceeded
to lower conversion (<70%). The CEC method was designed to be pseudo-first order with respect
to the amine substrate, and the 1:3:3 ratio of amine to each acyl transfer reagent was previously

shown to be effective.!'® However, the ratio is too low to be truly pseudo-first order. We
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investigated the reduced selectivity because it seemed more significant than we would expect if it

were simply a concentration effect.

To determine the underlying cause of this phenomenon, control experiments were
performed in which the reaction of (S)-3-methylmorpholine (3-58) was quenched at different time
points, and the selectivity and conversion were assayed. The results are summarized in Figure 3-
2. At low conversion, the selectivity of the reaction was high, but the selectivity slowly faded as
the reaction progressed. Hypothesizing that the change in concentration of acyl transfer reagents
during the course of the reaction may play a key role, the CEC reaction was simulated using
COPASIL."> Consistent with the mechanism proposed by Bode, we simulated the data on the
assumption that the reaction of each pseudoenantiomer of acyl transfer reagent with the amine is
a concerted, second order reaction. The rate constant (k) for the reaction of 3-14 was set to be nine
times that of the reaction of 3-15, in accord with the experimental result observed at 17%
conversion (Figure 3-2). The initial concentrations were set to reflect the experimental CEC
conditions, and the simulated data and ratio of C4 amide to C5 amide is shown below. The
changing concentrations of acyl transfer reagents, based on these calculations, is likely to be a
contributing factor, but the simulated data does not display a decrease large enough to be consistent

with the experimental data.
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Figure 3-4 Acylation reaction and plot of experimental and simulated CEC kinetic data for 3-58.

Mechanistically, the acyl transfer to the amine must generate the corresponding
hydroxamic acid. At low conversion this concentration will be negligible, but at high conversion,
there is close to one equivalent of combined enantiomeric hydroxamic acids in solution. A possible
complication is acyl transfer between the hydroxamic acid and the acylated hydroxamic acid. For
example, if (R,S)-hydroxamic acid 3-7 were acylated by 3-15 (§,R)-CS, it would generate 3-59
(R,S)-CS5. In reaction with 3-58, this enantiomeric acyl transfer reagent reacts faster than 3-15
(S,R)-CS. A buildup of 3-59 during the course of the reaction could artificially inflate the amount
of C5 amide observed, leading to a lower ratio of C4/C5 amides. To test this hypothesis, we
performed a crossover experiment to determine if acyl transfer is possible under the reaction

conditions (Scheme 3-5).
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Scheme 3-5 Hydroxamic Acid Crossover Experiment.
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(R,S)-Hydroxamic acid 3-7 was mixed with an equimolar amount of 3-15 and was diluted
to 30 mM in tert-amyl alcohol. This mixture was heated to 60 °C for 6 hours to simulate the CEC
reaction conditions, and subsequently an aliquot was diluted and subjected to HPLC analysis.
Consistent with acyl transfer, 3-7 and 3-60 were observed in a 2.9:1 ratio. Unfortunately, it is
impossible to tell if this ratio reflects an equilibrium concentration, or simply a mid-point in the
reaction. We attempted to use the results of this experiment to modify our COPASI simulations of
the kinetic data for reaction of 3-58 by adding an additional acyl scrambling event in the series of
reactions. However, the rate constant for this crossover had to be set equal to the rate of reaction
of 3-58 with the matched pseudoenantiomer 3-14 for the simulated data to come close to the
selectivity decay observed. While we could not directly quantify the effect of acyl crossover
between enantiomeric hydroxamic acids 3-7 and 3-60, we have shown that the change in
concentration over the reaction course, in addition to a slow scrambling of the acyl groups accounts

for some of the declining selectivity observed with long reaction times.

3.34 Effect of Conformation on the CEC Selectivity
With experimental results from an array of substrates, we became interested in
systematically studying the effect of the size of substituents on the CEC reactivity. In Scheme 3-
2, piperidine 3-28 was observed to react with excellent selectivity, giving a 93:7 ratio of C4 to C5
amides. However, we previously reported that a substrate with a similarly sized substituent (3-16)

was assigned with a 70:30 ratio of C4 to C5 amides. In accord with the reactive conformation
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proposed by Bode and Kozlowski,'# the 2-substituent and the proton on the nitrogen will adopt
axial orientations during the acyl transfer. This conformation places an upper limit on the size of
substituents which can be tolerated in the CEC reaction. To probe this, I performed CEC reactions
with an array of arylated piperidines, which were graciously provided through collaboration with
Dr. Bo Qu. After obtaining experimental results, Professor Rychnovsky then calculated the
conformational energies for several of the substrates. Results are summarized in table 3-1.

Table 3-1 Selectivity and conversion data with calculated axial conformation energy.?

cyclicamine  conversion amide C2 and N-H axial Min C2 axial
(%) ratio kcal/mol kcal/mol

[\ Z 94 93 : 7 1.35 1.35

3-28
(Nj - 78 : 22 2.32 214
H
3-61
(Nj - 70 : 30 2.60 2.60
H
3-16
/©/ 24 45 : 55 3.96 3.96
(NHj ©/ 19 42 : 58 4.28 4.28

3-63

(Nj oP 0:0 6.51 5.56
H
F3C

3-64

 Calculations were carried out using Spartan 18. Conformations were searched using MMFF force field, and low
energy conformers were optimized using wB97xd/6-31G(d). The conformational energies in columns 4 and 5 are
relative to the lowest energy conformation for each compound, which in all cases had the C2 substituent equatorial.
Calculations were also carried out in Gaussian 16 and include solvation and free energy corrections; the
conformational energies change some but the ordering and rationale for selectivity does not. ® Determined by the
insignificant ion counts of the C4 and C5 amides compared to the C3 amide.
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Larger substituents lead to higher relative energies for the axial conformations. For piperidine
3-28, the first conformation that places both the proton and substituent axial (column 4) occurred
at a relative conformational energy of 1.35 kcal/mol. Additionally, this conformer also represents
the lowest energy conformation that placed the aryl substituent axial (column 5).1¢ With respect to
the previously reported piperidine 3-16, the lowest energy axial conformation occurred at 2.60
kcal/mol. The difference in energy between 3-28 and 3-16 likely explains the variance in selectivity
observed between these two substrates. Compound 3-61, which was also reported in our prior
work, had a lowest energy axial conformation at 2.14 kcal/mol, while the lowest energy
conformation that places both the proton and methyl groups axial was 2.32 kcal/mol. The
selectivity observed for this substrate fell nicely in the middle of 3-28 and 3-16, corroborating the
trend. We have observed that as the relative energy increases, both selectivity and reaction
conversion will dramatically decrease (Table 3-1). As energies increase towards 4 kcal/mol (3-62
and 3-63) the reaction is no longer selective, and reaction conversion diminishes. As energies reach
beyond 6 kcal/mol (3-64) the reaction does not proceed at all. Based upon the observed data from
these substrates, we posit that if the substituent requires a relative energy around 3 kcal/mol or
greater to adopt an axial conformation, then the CEC reaction is unlikely to be successful. This
conformational energy requirement represents a limitation of the CEC method.

3.4 Conclusions

We have shown that the CEC method is a useful tool for the assigning absolute configuration
of secondary cyclic amines and have extended the scope of the original method. Control
experiments have helped to clarify the reaction profile and make sense of a slow erosion in
selectivity at long reaction times. The Bode and Kozlowski model requires the C2 substituent and

the proton on nitrogen to occupy axial positions in the reactive conformation for cyclic six-
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membered amines. Our experimental and modeling results support this model and suggest an upper
limit on the conformational energy for effective CEC reaction (and kinetic resolution) using these
Bode acyl transfer reagents. The present study expands the scope of the CEC method for cyclic
secondary amines and provides a better understanding for predicting and analyzing these

enantioselective acyl transfer reactions.
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3.6 Supporting Information
3.6.1 General Experimental Details
Unless otherwise stated, synthetic reactions were carried out in flame- or oven-dried
glassware under an atmosphere of argon. All CEC reactions were carried out under air, in 700 uL
amber mass spectrometry vials pre-loaded with 3 pmol of each acyl transfer reagent. All
commercially available reagents were used as received unless stated otherwise. Solvents were
purchased as ACS grade or better and as HPLC-grade and passed through a solvent purification

system equipped with activated alumina columns prior to use. Thin layer chromatography (TLC)
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was carried out using glass plates coated with a 250 um layer of 60 A silica gel. TLC plates were
visualized with a UV lamp at 254 nm, or by staining with p-anisaldehyde, potassium
permanganate, phosphomolybdic acid, or vanillin. Liquid chromatography was performed using
forced flow (flash chromatography) with an automated purification system on prepacked silica gel
(S102) columns.

All volumetric glassware and NMR tubes were oven-dried prior to use. The "H NMR and
BC{'H} and spectra were recorded at 298.0 K unless stated otherwise. Chemical shifts (8) were
referenced to the residual solvent peak (7.26 ppm for CHCI3) for 'H NMR, and CDC]l3 (77.16 ppm)
for BC{'H} NMR. The '"H NMR spectra data are presented as follows: chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, sex = sextet, oct = octet, m = multiplet,
app. = apparent, br. = broad), coupling constant(s) in hertz (Hz), and integration. Optical rotations
were performed on a JACSO P-1010 spectrometer using a glass 50 mm cell with a D-line at 589
nm. High-resolution mass spectrometry was performed using ESI-TOF. Mass spectrometry for
CEC reactions was performed on a UPLC-QqQ-MS system using an Acquity UPLC and a Quattro
Premier XE QqQ-MS mass analyzer. LC-MS was performed using a Waters Acquity QDA UPLC-
MS system.

3.6.2 Chemicals
All purchased chemicals were used without further purification unless otherwise noted.
CDCls was purchased from Cambridge Isotope Laboratories. UPLC grade water and MeCN were
purchased from Fisher. Compounds 3-14,13% 3-15,13b 3-20,13¢ 3-21,13¢ 3-27,18 3-43,'9 and 3-54%'
were synthesized according to known literature procedures. All piperidines were benzyl protected
when acquired and were debenzylated for CEC analysis. All morpholines were synthesized

according to a known preparation.?! All other compounds were purchased commercially.
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General Procedure 1: Debenzylation of Piperidines

Benzylated piperidine and Pd/C (5 or 10 wt%, 0.5 equiv.) were suspended in either ethyl
acetate, absolute ethanol, or a mixture of the two. Aqueous HCI (1 or 2 M, 1.2-1.5 equiv.) was
added, and the mixture was sparged with hydrogen for 10 min. The mixture was then allowed to
stir under an atmosphere of hydrogen until the reaction was complete as monitored by ESI-MS.
Upon completion, the reaction mixture was filtered through a pad of Celite, and aqueous NaOH
was added to free base the piperidine. The organic phase was separated, and the aqueous phase
was extracted with ethyl acetate. The combined organic layers were dried over anhydrous sodium
sulfate and concentrated in vacuo. Products were purified by flash chromatography on silica gel

(0-10% MeOH in CH2CL).

s

(R)-2-(2,4-dimethylphenyl)piperidine (3-62): Following general procedure 1, benzylated
piperidine (58.7 mg, 0.210 mmol) and 10% Pd/C (111.8 mg, 0.105 mmol) were suspended in ethyl
acetate (2.10 mL), and 2 M HCI (0.15 mL) was added. Subsequently, the mixture was sparged
with hydrogen for 10 minutes, and was allowed to stir under hydrogen atmosphere for 36 hours.
Upon completion of the reaction as monitored by ESI-MS, the mixture was filtered through a pad
of Celite. Subsequently 1 M NaOH (3 mL) was added and the mixture was stirred for 20 minutes.
The organic layer was separated, and the aqueous phase was extracted with ethyl acetate (3 x 5
mL). The product was isolated as stated to afford 3-62 as a yellow oil (21.3 mg, 54% yield).

'"H NMR (500 MHz, CDCl3) § 7.41 (d, J = 7.9 Hz, 1H), 7.01 (d, J = 7.9 Hz, 1H), 6.95 (s, 1H),
3.76 (d, J=10.5 Hz, 1H), 3.21 (d, J=11.6 Hz, 1H), 2.81 (dt, J=11.7, 2.6 Hz, 1H), 2.29 (s, 3H),

1.89 (d, J=11.9 Hz, 1H), 1.78-1.64 (m, 3H), 1.62—1.41 (m, 3H).
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BC{1H} NMR (126 MHz, CDCl3) & 140.7, 136.1, 134.7, 131.1, 127.0, 125.9, 58.1, 48.3, 34.0,
26.2,25.8,21.0, 19.2.
HRMS (ESI-TOF) m / z caled for CisHioNH (M + H)" : 190.1591, found 190.1591.

[a]?p = +68.9 (¢ 2.13, CDCL).

O OMe
v,,l©/t—8u

N
tBu

(R)-2-(3,5-di-tert-butyl-2-methoxyphenyl)piperidine (3-63): Following general procedure 1,

benzylated piperidine (41.5 mg, 0.105 mmol) and 10% Pd/C (56.1 mg, 0.053 mmol) were

suspended in ethanol (0.8 mL) and ethyl acetate (0.26 mL), and 2 M HCI (0.08 mL) was added.

The product was isolated as stated to afford 3-63 as a white sticky solid (17.9 mg, 56%).

TH NMR (500 MHz, CDCl13) 8 7.36 (d, J = 2.5 Hz, 1H), 7.24 (d, J = 2.6 Hz, 1H), 3.95 (dd, J =

10.6, 2.3 Hz, 1H), 3.22 - 3.16 (m, 1H), 2.83 (td, J=11.6, 2.9 Hz, 1H), 1.95 — 1.88 (m, 1H), 1.80

—1.71 (m, 2H), 1.69 — 1.64 (m, 1H), 1.63 — 1.52 (m, 2H), 1.40 (s, 9H), 1.31 (s, 9H).

BC{1H} NMR (126 MHz, CDCl3) & 154.8, 146.0, 141.5,137.9, 123.1, 63.0, 56.0, 48.5, 35.5, 34.8,

34.5,31.7,31.4,26.3, 26.0.

HRMS (ESI-TOF) m / z caled for C20H33sNOH (M + H)" : 304.2635, found 304.2628.

[a]?2p = +34.8 (¢ 1.79, CDCl).

e
F3C

(R)-2-(2-trifluoromethylphenyl)piperidine (3-64): Following general procedure 1, benzylated

piperidine (67.2 mg, 0.210 mmol) and 10% Pd/C (112 mg, 0.105 mmol) were suspended in ethanol
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(1.6 mL) and ethyl acetate (0.53 mL), and 2 M HCI (0.15 mL) was added. The product was isolated
as stated to afford 3-64 as a yellow oil (34.7 mg, 72%).

TH NMR (600 MHz, Chloroform-d) 8 7.85 (d, J= 7.9 Hz, 1H), 7.60 (d, J= 7.9 Hz, 1H), 7.52 (t, J
=7.6 Hz, 1H), 7.32 (t, J= 7.6 Hz, 1H), 3.98 (app. d, J = 9.3 Hz, 1H), 3.18 (app. d, /= 11.4 Hz,
1H), 2.83 (td, J=11.7,2.6 Hz, 1H), 2.01 (s, 1H), 1.92 — 1.83 (m, 1H), 1.81 — 1.74 (m, 1H), 1.71 —
1.65 (m, 1H), 1.59 (qt, /= 12.3, 4.0 Hz, 1H), 1.54 — 1.45 (m, 2H).

BC{1H} NMR (151 MHz, CDCl3) & 144.4, 132.2, 128.9, 127.6 (q, J = 29.5 Hz), 127.0, 125.5 (q,
J=5.9 Hz), 124.7 (q, J=273.7 Hz), 77.2, 57.8, 48.0, 34.9, 25.8, 25.5.

HRMS (ESI-TOF) m / z calcd for Ci2Hi4aF3NH (M + H)" : 230.1152, found 230.1149.

[a]?p = +50.9 (c 3.47, CDCl).

HN_
N "CO,Me

Methyl (R)-2,3,4,9-tetrahydro-1H-pyrido|[3,4-b]indole-3-carboxylate (3-36): (R)-2,3,4,9-
tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acid (30 mg, 0.14 mmol) was dissolved in
methanol (1.4 mL), and thionyl chloride (15 ul, 0.21 mmol) was added. The mixture was heated
to 80 °C for 2 h and was then evaporated in vacuo. The amine salt was suspended between a
mixture of CH2Clz2 (1 mL) and saturated aq. NaHCOs3 (1 mL). The aqueous layer was extracted
with CH2Cl2 (3 x 1 mL) and the combined organic layers were dried over MgSO4, and concentrated
in vacuo to afford analytically pure 3-36 (26 mg, 80%).

TH NMR (500 MHz, CDCI3) & 8.03 (s, 1H), 7.47 (dd, J= 7.6, 1.3 Hz, 1H), 7.27 (dd, J= 8.1, 1.0
Hz, 1H), 7.15 (dd, J = 8.1, 1.4 Hz, 1H), 7.10 (td, J= 7.4, 1.1 Hz, 1H), 4.13-4.03 (m, 2H), 3.83—

3.75 (m, 4H), 3.13 (dd, J = 15.3, 1.2 Hz, 1H), 2.90 (ddt, J = 15.3, 9.6, 1.9 Hz, 1H), 2.19 (s, 1H).
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BC{1H} NMR (125 MHz, CDCl3) 6 173.9, 136.1, 132.1, 127.3,121.8,119.6, 117.9, 110.9, 107.5,
56.0,52.3,42.2, 25.5.

HRMS (ESI-TOF) m / z caled for C13H14N202H (M + H)* : 231.1129, found 231.1130.

[a]**p = +68.3 (c 4.60, CHCI3).

General Procedure 2: CEC Reactions

The amine was weighed into a volumetric flask and diluted to volume with methanol to
make a 200 mM amine stock solution. This solution was subsequently diluted with zert-amyl
alcohol to make a 10 mM stock solution for CEC reactions. 100 pl (1 pmol) of this solution was
added to an amber mass spectrometry vial which had been pre-weighed with 3 umol of each acyl
transfer reagent, and the vial was sealed with an aluminum cap and shaken lightly to mix the
contents. If the amine substrate was a salt, EtsN (1 pL) was added to liberate the free amine in situ.
The mixture was allowed to stand for the designated amount of time, at the designated temperature,
after which time the cap was removed and 100 equivalents of propionic anhydride were added.
The mixture was allowed to stand for 15 min, after which time the contents of the vial were pipetted
into a dram vial.

For analysis, 3 pl of the CEC reaction mixture was diluted to 3 mL with 30% MeCN/H20
(UPLC grade solvents) to make a 10 uM stock solution. This solution was diluted to 1 uM and 3
puM in LC-MS vials, and the 1 pM, 3 pM, and 10 uM solutions were subjected to mass
spectrometry analysis using an optimized method on a UPLC-QqQ-MS. Samples were subjected
to UPLC using an Acquity UPLC system equipped with a C18 column eluting with a gradient of
MeCN with 0.2% acetic acid (A1 buffer) in a mixture of 98:1.8:0.2 H20O:MeCN:acetic acid (B1
buffer) from 10-90% of A1l buffer/B1 buffer. This system was coupled to a Quattro Premier XE

QgQ MS using a learning method, allowing the user to input the expected ionic masses in each
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sample. The instrument then optimizes itself to look for the desired mass transition through the
QqQ.

As proof of concept, analysis was also performed for substrate 3-32, 3-38, and 3-43 using
a Waters Acquity QDA UPLC-MS system. For analysis, 5 pL of the CEC reaction mixture was
diluted to 1 mL with 10% H20/MeCN (UPLC grade solvents) to make a 50 pM mass spectrometry
sample. Samples were subjected to UPLC using a Waters Acquity UPLC system equipped with a
C4 column eluting with a gradient from 0-100% MeCN/H20 + 0.1% formic acid. The TIC
chromatogram was then used to prepare extracted ion chromatograms (EICs) for the [M + H]*
peak of the C3, C4, and C5 amides in question. Data for these substrates is reported in the SI, and

is in excellent agreement with the data from the UPLC-QqQ-MS.

O
C4H9)J\O\ 0 Ho @
N N
3 15 (S,R)-C5 N
tert- amyl alcohol o @ 0
60 °C, 6h
3-7 : 3- 60 3-59 3-60

29:
Hydroxamic acid crossover experiment: (4a$,9aR)-3-0x0-2,3,9,9a-tetrahydroindeno[2,1-
b][1,4]oxazin-4(4aH)-yl pentanoate (3-15 (S,R)-CS) (5.3 mg, 0.018 mmol) and (4aR,9aS)-4-
hydroxy-4,4a,9,9a-tetrahydroindeno[2,1-b][ 1,4]oxazin-3(2H)-one (3-7) (3.8 mg, 0.018 mmol)
were added to a dram vial equipped with a stir bar and #-amyl alcohol (0.6 mL, 0.03 M) was added.
The mixture was heated to 60 °C for 6 h to replicate the CEC reaction conditions. The reaction
mixture was cooled to room temperature, and a 240 pL aliquot was diluted to 2 mL with a solution
of 10% iPrOH/Hexanes (both HPLC grade). This mixture was characterized by HPLC using a

Chiralcel AD column (w/o guard) eluting with 15% iPrOH/Hexanes with a flow rate of 1.0
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mL/min. The two hydroxamic acids were observed as a 2.9:1 ratio of 3-7 : 3-60. HPLC traces can

be found in our publication.'®
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Chapter 4. Crystallization of Liquid Alkenes and Diols as Osmate Ester
Derivatives

Adapted with permission from Burns, A. S.; Dooley, C., III; Carlson, P. C.; Ziller, J. W.;
Rychnovsky, S. D. Relative and Absolute Structure Assignments of Alkenes Using Crystalline
Osmate Derivatives for X-ray Analysis. Org. Lett. 2019, 21, 10125-10129. Copyright 2022
American Chemical Society.

4.1 Abstract

Organic compounds containing alkenes are often challenging to crystallize. We have found
that osmium tetroxide and TMEDA form stable crystalline adducts with alkenes, allowing the
determination of absolute structure by X-ray crystallography. Osmium, a heavy atom, facilitates
the crystallographic analysis and the determination of absolute configuration using common Mo
X-ray sources. The utility of this method for determining absolute structure and configuration was
demonstrated on several unsaturated substrates. We also investigated a redox-neutral

crystallization strategy of 1,2- and 1,3- diols using potassium osmate, and results are reported.

87



4.2 Introduction

4.2.1 Motivation

As shown in chapters 1-3, our group has always had an interest in the determination of
absolute structure. Our group has also had a long-standing interesting in the synthesis of complex
natural products. A former group member, Dr. Sunshine Burns, completed the first total synthesis
of illisimonin A, un unprecedented I//icium sesquiterpene.' Sunshine had developed a synthesis of
the racemic natural product, but wanted to render the synthesis asymmetric to either confirm or
rebut the absolute configuration assigned by the isolation chemists. To do so, he used an
intermediate with a free primary alcohol to perform some sort of derivatization with a chiral
resolving agent. After several attempts, he was able to form a set of diastereomeric carbamates 4-
1 and 4-2 using (S)-a-naphthylethyl isocyanate, an intermediate I had suggested after my
experience with isocyanates (see chapter 2). These diastereomers were separable by

chromatography, thus resolving the enantiomers of the complex intermediate.

88



-crystalline
-contains heavy atom

Yﬁﬂ
© OH
Q i

-matches natural CD spectrum

5 steps

(15% overall)

4-3
(—)-illisimonin A

2. 0304,

1. LiAlH, (77%)
TMEDA (91%)

-crystalline
-contains heavy atom

Figure 4-1 Determination and revision of the absolute configuration of (—)-illisimonin A. Our
published assignment was based on ferrocene ester 4-4, whose absolute configuration was
determined through X-ray crystallography. Osmate ester 4-5 was prepared in fewer steps and
retained greasy protecting groups.

Seeking to determine absolute configuration, Sunshine removed the carbamate from 4-1,
and carried it forward to the natural product (4-3). He found that the measured ECD spectrum for
this enantiomer matched the ECD spectrum reported for the natural product. As the absolute
configuration was still ambiguous, he also wanted to form a crystalline intermediate for X-ray
analysis. With diastereomer 4-2, Sunshine attempted to crystallize several of his intermediates by
forming ferrocene esters with the primary alcohol. Ferrocene ester 4-4 was crystalline, allowing
the establishment of its absolute structure through X-ray diffraction, thus reversing the absolute
configuration of (—)-illisimonin A by inference. However, Sunshine had to push the material 5
steps before a suitably crystalline intermediate was found. At a suggestion from Professor
Rychnovsky, Sunshine removed the carbamate from 4-1, and attempted to form a TMEDA-osmate

ester. Reaction of the allylic alcohol with osmium tetroxide in the presence of TMEDA at low
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temperature afforded osmate 4-5 in excellent yield. This substance was readily crystalline, despite
still retaining the TBS and BOM-ether protecting groups. This strategy was more concise and
practical than the ferrocene ester 4-4.
4.2.2 Background

As discussed in chapter 1, the determination of absolute configuration is a non-trivial and
substrate dependent task. The gold standard for structure analysis is often considered to be X-ray
crystallography. Absolute configuration can be determined from X-ray diffraction from the Flack
parameter.” To have low uncertainty in the Flack parameter, and thus confidence in the assignment,
a heavy atom has often been required. Heavy atoms increase anomalous dispersion in the
diffraction data, allowing the position of that specific atom to be determined readily. One can think
of a heavy atom on an organic molecule as essentially a target for the X-rays. Further
improvements in the Flack method, as well as the use of higher energy Cu Ko X-ray sources, have
allowed the determination of absolute configuration for solely light-atom containing structures.?

To perform X-ray diffraction studies, it is necessary to obtain a suitable crystal from the
substance in question. This can often be challenging with organic compounds, as organic
compounds are not often crystalline. Several strategies have been developed to facilitate
crystallization of organic compounds. Alcohols, amines, carboxylic acids, ketones, and aldehydes
have all been derivatized to render them more crystalline. Alcohols and amines have been
derivatized with 4-nitrobenzoyl chloride and 4-bromobenzoyl chloride. More recently, as
showcased in Figure 4-1, acylation of alcohols and amines with ferrocene carboxylic acid has
facilitated the crystallization of liquid compounds.* These intermediates also contain a heavy atom
(Fe), facilitating X-ray analysis. Carboxylic acids have been converted to amine salts, and ketones

and aldehydes have been crystallized as 3,5-(NO2)2-phenylhydrazones. As we were preparing our
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publication of this work, a new method was published by the Whitehead group which formed
crystalline derivatives of alcohols as guanidinium sulfate salts.>

Several strategies have also been developed which do not rely on the derivatization of
organic substrates. One strategy for dealing with liquid substances is to crystallize them at low
temperatures.® Another astounding strategy does not involve crystallization of organic substrates
at all! Fujita et. al. have reported that tiny crystals of porous complexes can be soaked with
solutions of liquid compounds, and the complex can absorb the target molecules.” The host
complexes can then be analyzed by X-ray diffraction, thus giving information about the organic
substance trapped within it. This method completely circumvents crystallization but is rather
specialized.

4.2.3 Osmylation as a Crystallization Strategy

Osmium tetroxide is known to be a highly reactive compound and has long been known to react
with alkenes and form complexes with amines.® Osmate esters have been used to generate
crystalline intermediates. Crystalline osmates have been used to elucidate the stereoselectivity of
the osmylation reaction,”!? the regioselectivity of the reaction,!! or to help explain the effect of
chiral ligands in stoichiometric enantioselective osmylations.!? Several studies investigating the
interactions of OsO4 with RNA and DNA have produced crystal structures of nucleoside and
nucleotide-derived osmates. '3

We were inspired by the work of Donohoe, who has shown that the OsOs-TMEDA
(tetramethylethylenediamine) complex displays excellent chemoselectivity in reactions with
allylic alcohols.” Additionally, it is estimated that the OsOs-TMEDA is 100x more reactive than
the OsOs-pyridine complex, allowing reactions with alkenes at cryogenic temperatures. The

dihydroxylation can be directed by hydrogen bonding, and often reacts with good
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diastereoselectivity. These desirable characteristics spurred us to investigate the scope of alkenes

which could be crystallized using this methodology.
4.3 Results and Discussion

4.3.1 Crystallization of Liquid Alkenes

To evaluate the utility of this method, we initially examined commercially available, liquid
alkenes. The osmylation of prenol (4-6a), geraniol (4-7a), and (+)-2-carene (4-8a) was carried out
by addition of a stock solution of OsO4 in CH2Cl: to a cooled (—78 °C) solution of alkene and
TMEDA. These reactions all proceeded in good yield, and the osmate ester products were stable
to silica gel chromatography. The substrates were readily crystallized by vapor diffusion, and their
structures were determined using single crystal X-ray diffraction. Additionally, geraniol reacts
proximal to the allylic alcohol, in accord with directing effect reported by Donohoe.? The melting
poing of 4-7b is 61 °C higher than the corresponding ferrocene ester, indicating enhanced
crystallinity.* In the case of 4-8b, the absolute configuration was confirmed by the Flack method.?

Decalin 4-9a,'* and allylic sulfide 4-10a'> are both oils. They both react under standard
conditions (OsO4and TMEDA at —78 °C in CH2Cl2) to form osmate esters 4-9b and 4-10b in good
yields. The structures and absolute configurations were determined by X-ray crystallography.
Sulfide 4-10a is a compelling example of the utility of this methodology. Its absolute configuration
was originally inferred by analogy to a model substrate synthesized using the same
enantioselective method. From 14 mg of 4-10a, we prepared 36 mg of osmate 4-10b that
crystallized on the first attempt, providing experimental confirmation of its proposed absolute
configuration.

Alkene 4-11a'® reacted with the osmium complex selectively and the adduct 4-11b

crystallized readily. Initially, the crystals were twinned, making it challenging to determine
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absolute configuration from the X-ray diffraction data. Fortuitously, changing solvents resulted in
single crystals, allowing confirmation of the absolute configuration and structure.

Verbenone (4-12a), an oil, and the solid dienone a-santonin (4-13a) were both osmylated
and the adducts readily crystallized, highlighting the method’s applicability to electron-deficient
alkenes. Notably, the osmylations are not sensitive to the reaction solvent, as 4-12a reacted in
CH2Cl2, MeOH, and THF without diminishment in yield. The chemoselectivity of the osmylation
on 4-13a was also notable, as a lack of selectivity could have led to lower yields and a more

challenging crystallization.!’
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Table 4-1 Alkenes and the Derived Crystalline Osmate-TMEDA Esters.?

Alkene Yield Osmate mp Alkene Yield Osmate mp
>N N o) o
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= =Us- ! ec o
\(\/ 59% 5% 1% O\Cl)lé
O 192 °C (dec)
OH SAN
476a . 4-6b 4-12a 4-12b
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97%
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enantiopure solid racemic oil
mp =59-63 °C

aStandard Conditions: 1.0 equiv alkene, 1.0 equiv OsOs, 1.1 equiv TMEDA, CH,Cl,, —78 °C, 1 h. ®The diastereomeric

mixture of osmate esters was separated by chromatography prior to crystallization.

The dihydroxylation of enol ethers and silyl enol ethers typically leads to a-hydroxy ketone
products.'® We hypothesized that the osmate esters of these motifs would be kinetically stable, and
lead to crystalline products. Enol ether 4-14a, an intermediate toward the total synthesis of

batrachotoxin, formed a stable, crystalline osmate ester. Silyl enol ether 4-15a formed a less stable
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osmate ester. Osmate ester 4-15b decomposed during chromatography on silica gel, but we found
that the osmate ester could be crystallized directly from the reaction mixture, allowing structure
determination of this challenging substrate.

One drawback of the functionalization of alkenes is the possible generation of
diastereomers. All the substrates discussed thus far reacted with high diastereoselectivity.
However, the osmylation of isopulegol 4-16a generated a 1.3:1 mixture of diastereomers. In
theory, a single diastereomer could be crystallized out of the mixture, but we did not have any
success in our attempts. However, we found that the osmate diastereomers could be separated by
chromatography after an extensive screen of eluents, and with a single diastereomer we were able
to crystallize 4-16b. Additionally, vinylcyclopropane 4-17a generated a 2.4:1 mixture of
diastereomers which were readily separated, allowing structure confirmation of this product. The
generation of diastereomers is a drawback to the methodology, but we found it generally possible
to separate the diastereomeric osmates when the osmate ester was formed proximal to other chiral

centers in the molecule.
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Table 4-2 Unsuccessful substrates.

Alkene Osmate Product Reason for Failure
N
WW\/ N\q /o]\/\/\/\/
Os .
N/ % ~0 Qil
4-18a /\
4-18b

o3
| 7 0s_
o) /V\/ NHTs O/ ‘b h{\ Product was amorphous solid;

o~ . V\/NHTS it did not crystallize in our hands

Decomposed on isolation
and purification

4-20b
N/A No reaction
N/A No reaction

Osmate ester formed in a 1:1 dr.
Mixture was not separable by
chromatography and did

not crystallize

4-23b

Several alkenes could not be successfully analyzed with this methodology, and they are
outlined in Table 4-2. Alkenes 4-18a and 4-19a underwent osmylation, but the osmate products
could not be crystallized. Chloroalkene 4-20a also underwent smooth osmylation, but the product

decomposed during purification. Thiophene 4-21a and naphthyl piperidine 4-22a were unreactive.
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Lanosterol 4-23a formed a 1:1 mixture of osmate diastereomers which were inseparable by

chromatography and could not be crystallized away from one another.
4.4 Redox Neutral Crystallization of Diols as TMEDA-Osmate Esters

44.1 Introduction

Following the success of the osmate functionalization of alkenes, we were interested in
applying a similar strategy to the crystallization of 1,2 and 1-3 diols, as well as amino alcohols.
These motifs are ubiquitous in synthetic chemistry, particularly macrolide natural products, and
the absolute configuration of these groups are often challenging to determine.'® We have
previously shown that osmate esters enhance the crystallinity of organic compounds, making them
suitable agents for crystallization.

Scheme 4-1 Regioselective osmylation of isopentenyl adenosine.
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HO OH HO OH o, O
4-24b 4-24a O:Os\:Lo

I_/

4-24c

It has long been known that 1,2-diols can undergo redox neutral osmylation using
potassium osmate in the presence of bidentate ligands.?° In 1976, Behrman showed that it was
possible to regioselectively osmylate isopentenyl adenosine 4-24a through modification of
reaction conditions. When reacted with osmium tetroxide in the presence of pyridine or 2,2’-
bipyridine (bpy), osmate ester 4-24b was formed by dihydroxylation of the alkene. However, the
diol of the sugar residue could be selectively osmylated by reaction with potassium osmate in the

presence of bpy to generate osmate ester 4-24¢ in 55% isolated yield.?® Behrman’s group
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performed several other studies on the kinetics and exchange equilibrium of these glycol-osmate
complexes with other diols or bidentate amine ligands.??®¢ While these complexes were reported
and utilized to study biological systems, we are not aware any examples using such a strategy to
generate X-ray quality crystals.
4.4.2 Results and Discussion

We began our studies by optimizing reaction conditions using 1,2-hexanediol 4-25a as a
model substrate. Results are reported in Table 4-3. Since potassium osmate is sparingly soluble in
many organic solvents, we began our optimization by using methanol as solvent. Reaction of 4-
25a with potassium osmate in methanol using 1.1 equivalents of TMEDA as the ligand resulted in
formation of osmate ester, but incomplete conversion. This was problematic, as the diol and osmate
ester were inseparable by chromatography. By adding 3 equivalents of TMEDA (entry 2) we were
able to drive the reaction to completion, but only achieved a 43% isolated yield of product. We
rationalized that it would be possible to perform the reactions under heterogeneous conditions, as
the osmate ester products are often highly soluble in organic solvent. Changing the solvent to
CH2Clz and increasing the temperature to 40 °C (entry 3) led once again to a 43% isolated yield of
product. Performing the reaction in THF (entry 4) and acetone/water (entry 5) resulted incomplete
conversion once again. In the reaction shown in Scheme 4-1, the reaction mixture was brought to
pH 7 by the addition of 1 M aq. HCI, presumably to attenuate any basicity. We thought that we
could buffer the TMEDA as an acid salt, achieving essentially the same effect. As such, I
synthesized TMEDA2TsOH salt, and when it was used as the ligand in methanol (entry 6) osmate
4-25b was isolated in 84% yield. This product crystallized on the first attempt, generating X-ray

quality crystals.
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Table 4-3 Optimization of redox neutral osmylation of 1,2-diols.

K50s0,4:2H,0
WOH 2 4 2 OO
OH Ligand, Solvent 0—0& /.
Temperature 0“1
4-25a —N
/
4-25b
Entry Ligand Solvent Temperature Result
: Incomplete
1 TMEDA (1.1 equiv) MeOH RT conversion
2 TMEDA (3 equiv) MeOH RT 43%
3 TMEDA (1.1 equiv) CH,Cl, 40°C 43%
: o Incomplete
4 TMEDA (1.1 equiv) THF 40 °C conversion
; Acdtone:H,0 Incomplete
5 TMEDA (1.1 equiv) 194 40 °C conversion
6  MEDA2TSOH MeOH RT 84%

(1.1 equiv)

With optimal conditions for a 1,2-diol, we wanted to investigate the propensity of 1,3-diols
to form osmate esters. There is exceedingly little precedent for a 1,3-diol osmate ester; in fact, it
was noted by Behrman that 1,2-diols kinetically outcompete 1,3-diols in transesterification
reactions with nucleosides.?’ The only example of a 1,3-diol osmate ester was from Paquette’s
approach to functionalized taxanes, wherein dihydroxylation of allylic alcohol 4-26 with
OsOa/pyridine led to the stable osmate ester 4-27.2! This triol osmate ester is interesting but is
clearly not directly applicable to simpler 1,3-diols.

Scheme 4-2 Isolation of a triol-osmate complex by Paquette.

OSO4

THF, Pyr

To probe this unprecedented transformation, I subjected diol 4-28a to the previously
established optimal conditions (Table 4-3, entry 6) and observed a 62% yield of osmate 4-28b.

This osmate ester crystallized on the first attempt, allowing us to attain the first X-ray structure of
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a 1,3-diol osmate ester. Optimistic that the osmylation would be general, we attempted to react
diol 4-29a, an intermediate from our group’s silacycle-directed intramolecular Diels—Alder
methodology.?? This compound would have been an excellent example of the utility of the method,
as the compound was a single diastereomer, but the configuration of the secondary alcohol on the
alkyl chain was unknown at the time. Unfortunately, reaction of 4-28a under the previously
established conditions did not lead to the isolation of any osmate ester, but rather seemed to
eliminate one of the two alcohols (assignment was not made).

Scheme 4-3 Osmylation of 1,3-diols.
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On the heels of this failed substrate, I attempted to look at other complex substrates. I
attempted osmylation of diol 4-30a, an intermediate in my work toward the synthesis of (2R)-
hydroxynorneomajucin (for details, see Chapter 5), and isolated 23% of osmate ester 4-30b, in
addition to a significant amount of methanol osmate 4-31. The low yield, coupled with the isolation
of the methanol osmate adduct, led us to believe that complex or hindered substrates might pose a
significant challenge for this methodology, greatly hindering the utility. Additionally, I tried to
form an osmate ester form Boc-protected amino alcohol 4-32a, and was pleased to observe a 57%
yield of osmate 4-32b. Unfortunately, the TBS and Boc protecting groups made the product very
non-polar, and the compound was in fact soluble in our most common antisolvent (pentane). As
such, I was unable to crystallize this substrate. However, the clean reactivity could be useful for

further evaluation of amino-alcohol substrates in the future.
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Scheme 4-4 Osmylation of complex 1,2-diol and amino alcohol substrates.
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4.5 Conclusions and Future Directions

In this chapter, we have shown that osmate esters are excellent functional groups for the
crystallization of organic compounds. The reaction of OsO4-TMEDA with alkenes is high yielding
and insensitive to reaction conditions, and the osmate esters are often highly crystalline, enabling
X-ray structure determination. The main limitation to this reactivity is the low diastereoselectivity
observed with acyclic alkenes. We have shown that when the osmate ester is proximal to other
chiral centers in the molecule, the diastereomers are often separable, allowing efficient
crystallization.

We have also reported preliminary work toward a strategy to crystallize 1,2 and 1,3 diols as
osmate esters. The use of TMEDA<2TsOH was necessary for clean conversion diols. Simple 1,2
and 1,3 diols effectively undergo the redox neutral osmylation, but more complex substrates often
fail, limiting the potential scope of the methodology. We also showed that protected amino
alcohols cleanly form osmate complexes under the same conditions. The limited scope of the
method, as well as low yields and challenging purifications are current problems for further
development. Further reaction optimization is certainly necessary for more complicated substrates,
beginning with avoiding alcoholic solvents due to the propensity to isolate the alcohol osmate
esters (see 4-31). There is significant potential for this methodology, but this project was re-

prioritized and set aside during the course of my total synthesis of (2R)-hydroxynorneomajucin. I
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hope that another graduate student will pick up the project and find a useful starting point in this

chapter.
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4.7 Supporting Information

4.7.1 General Information

Chemical shifts (8) were referenced to either TMS or the residual solvent peak. The 'H NMR
spectra data are presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, dd = doublet of doublets, ddd = doublet of doublet of doublets,
dddd = doublet of doublet of doublet of doublets, dt = doublet of tripets, dq = doublet of quartets,
ddq = doublet of doublet of quartets, app. = apparent), coupling constant(s) in hertz (Hz), and

integration. High-resolution mass spectrometry was performed using ESI-TOF. An internal
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standard was used to calibrate the exact mass of each compound. For accuracy, the osmium isotope
selected for comparison was that which most closely matched the ion intensity of the internal
standard. The isotope of osmium which corresponds to the nominal mass of this peak is reported.
Unless otherwise stated, synthetic reactions were carried out in flame- or oven-dried glassware
under an atmosphere of argon. All commercially available reagents were used as received unless
stated otherwise. Solvents were purchased as ACS grade or better and as HPLC-grade and passed
through a solvent purification system equipped with activated alumina columns prior to use. Thin
layer chromatography (TLC) was carried out using glass plates coated with a 250 um layer of 60
A silica gel. TLC plates were visualized with a UV lamp at 254 nm, or by staining with Hanessian’s
stain.?* Liquid chromatography was performed using forced flow (flash chromatography) with an
automated purification system on prepacked silica gel (S102) columns unless otherwise stated.
Electrospray ionization mass spectrometry (ESI-MS) was analyzed in positive mode with flow
injection. Optical rotations were performed on a JACSO P-1010 spectrometer using a glass 50
mm cell with the sodium D-line at 589 nm.
All purchased chemicals were used without further purification unless otherwise noted.
CDCl; was purchased from Cambridge Isotope Laboratories. Tetramethylethylene diamine
(TMEDA) was distilled over calcium hydride into a storage Schlenk and was stored under an
atmosphere of argon. Osmium tetroxide was purchased as a pure solid from Fisher Scientific and

used without further purification.

4.7.2 General Procedure 1: Formation of Osmate Esters from Alkenes®
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R 0:08:0

0s0,, TMEDA %

RH/\R:E e o o

R2 CH,Cl,, -78°C, 1h Rp}_(,,R4
R R®

103



To a solution of alkene in dichloromethane was added TMEDA (1.1 equiv). The solution was
cooled to —78 °C, and OsOu4 (1 equiv) was added as a solution in dichloromethane. Reactions were
run at concentrations anywhere from 0.01-0.3 M. The clear solution turned red upon addition of
OsOs, then brown/black as the osmium complex reacted with the alkene. When the starting
material was consumed as indicated by TLC (generally less than 15 min), the reaction was allowed
to warm to room temperature, and the solvent was removed in vacuo. The crude material was
purified by flash column chromatography (0 — 20% MeOH in CH2Cl2) to yield the brown osmate

ester. The osmate esters were most often crystallized by vapor diffusion for X-ray crystallographic

analysis.
4.7.3 General Procedure 2: Redox Neutral Formation of Osmate Esters from Diols
R
—N. N—
0:08:0
HO OH K50s0,4+2H,0 O/ \O
R™ \'R* TMEDA-2TsOH 1R
R ‘R
R? R® MeOH, RT R2 RO

To a stirred solution of diol (or amino alcohol) in methanol (0.1 M) was added TMEDA+2TsOH
(1.05 equiv). Potassium osmate (1.0 equiv) was then added, and the reaction was stirred at ambient
temperature. The reaction was monitored by TLC, as well as observing the solubilization of
potassium osmate. When the reaction was complete, the mixture was filtered through a pad of

celite, and the filtrate was evaporated. The crude material was purified by flash chromatography

(0 —20% MeOH in CH2Cl2) to yield the brown osmate ester.
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4.7.4 Compound Synthesis and Characterization

Geraniol osmate ester (4-7b): Geraniol (10 puL, 0.060 mmol) was converted to geraniol osmate
4-7b (19.0 mg, 60%) following general procedure 1. Osmate 4-7b was a brown foam when

initially concentrated from CH2Cl2/MeOH fractions.

Crystallization attempts
Method Solvent Antisolvent Result
1 Vapor Diffusion CHCl; Pentanes X-ray quality crystals

Rr: 0.38 (10% MeOH in CH2Cly, visualized by UV)

IH NMR (500 MHz, CDCls) & 5.20 — 5.09 (app. t, J = 7.0 Hz, 1H), 3.95-3.87 (m, 2H), 3.74 (q, J
= 7.8 Hz, 1H), 3.18-3.07 (m, 2H), 3.07-2.97 (m, 2H), 2.87 (s, 3H), 2.85 (s, 3H), 2.81 (s, 6H),
2.11-2.04 (m, 2H), 1.91-1.83 (m, 1H), 1.70-1.67 (m, 1H), 1.65 (s, 3H), 1.59 (s, 3H), 1.31 (s, 3H)
13C NMR (126 MHz, CDCl3) 8 130.7, 125.7, 92.6, 88.6, 64.7, 64.0, 63.2, 52.5, 51.7, 51.5, 50.7,
39.2,25.9,22.4,19.9,17.8.

Melting Point: 100-103 °C

HRMS m / z caled for C16H34N205'20sNa (M + Na)* : 549.1976, found 549.1954.

Crystal Structure: CCDC 1966638

(+)-2-Carene osmate ester (4-8b): (+)-2-Carene (9.5 pL, 0.060 mmol) was converted to osmate
4-8b (26 mg, 85% yield) following the general procedure outlined above. Osmate 4-8b was a

brown oily solid when initially concentrated from CH2Cl2/MeOH fractions.
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Crystallization attempts
Method Solvent Antisolvent Result
1 Vapor Diffusion CHCI; Pentanes oil
2* | Vapor Diffusion CHCl; Pentanes oil
3 Vapor Diffusion THF Pentanes X-ray quality crystals

*This trial used half the volume of solvent as trial 1.

Rr: 0.47 (10% MeOH in CH2Clz, visualized by UV)

TH NMR (500 MHz, CDCl3) § 3.66 (s, 1H), 3.13-3.05 (m, 2H), 3.05-2.97 (m, 2H), 2.83 (s, 6H),
2.81 (s, 6H), 2.04—1.84 (m, 3H), 1.57-1.46 (m, 1H), 1.24 (s, 3H), 1.04 (s, 3H), 1.01 (s, 3H), 0.65
(m, 1H), 0.56 (d, /= 9.6 Hz, 1H).

I3C NMR (126 MHz, CDCl3) 6 86.9, 85.9, 64.4, 63.9,51.7,51.4,51.2,50.9, 32.9, 29.8, 26.5, 26.0,
21.5,16.4,15.8, 15.3.

Melting Point: decomposed at 180 °C

HRMS m / z caled for C16H32N204!°20sNa (M + Na)* : 531.1870, found 531.1890.

[a]**p +146.8 (c 1.26, CHCI3)

Crystal Structure: CCDC 1966635

(BR,3aS5,4S5,8aR)-3-Hydroxy-3,8,8-trimethyl-1,2,3,3a,4,5,8,8a-octahydroazulene-4-
carbonitrile Osmate Ester (4-11b): Nitrile 4-11a° (20 mg, 0.091 mmol) was converted to osmate
4-11b (52 mg, 97% yield) following the general procedure outlined above. Osmate 4-11b was a

brown solid when initially concentrated from CH2Cl2/MeOH fractions.
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Crystallization attempts
Method Solvent Antisolvent Result
1 Vapor diffusion 7:4 THF:CHCl; Cyclopentane X-ray crystals, twinned
2 Vapor diffusion CHCl; n-Pentane X-ray crystals, twinned
3 Vapor diffusion 3:1 PhH:CHCl, Et,O X-ray crystals

Rr: 0.43 (10% MeOH in CH2Cly, visualized by UV)

"H NMR (500 MHz, CDCl3) 6 4.14 (d, J= 3.7 Hz, 1H), 3.89 (app. dt, J=11.7, 4.2 Hz, 1H), 3.14—
3.04 (m, 4H), 2.99-2.90 (m, 2H), 2.86 (s, 3H), 2.85 (s, 3H), 2.84 (s, 3H), 2.81 (s, 3H), 2.47 (q, J
=11.3 Hz, 1H), 2.26 (t,J=12.6 Hz, 1H), 2.09 (dd, /= 13.8, 4.5 Hz, 1H), 1.81-1.68 (m, 4H), 1.45—
1.37 (m, 1H), 1.32 (s, 3H), 1.11 (s, 3H), 1.03 (s, 3H).

BC{'H} NMR (126 MHz, CDCls) 8 123.6, 101.5, 83.6, 79.9, 77.4, 64.53, 64.49, 55.8, 52.1, 51.9,
51.3,40.4, 40.3, 38.2, 34.5,29.9, 24.9, 24.2, 23.8, 22.8.

Melting Point: decomposed at 231 °C

HRMS m / z caled for C20H37N305'°°0sNa (M + Na)* : 612.2215, found 612.2223.

[a]**p —953.2 (c 1.18, CHCIs)

Crystal Structure: CCDC 1966640

(-)-Isopulegol Osmate (4-16b): (—)-Isopulegol 4-16a (24 pL, 0.14 mmol) was dissolved in
CH2Cl2 (4.8 mL, 0.03 M), and TMEDA (24 uL, 0.16 mmol) was added. The solution was cooled
to —78 °C, and OsOs4 prepared as a 0.25 M solution in CH2Cl2 (0.57 mL, 0.14 mmol) was added.

The reaction was allowed to warm to room temperature after 30 min, and the solvent was

evaporated in vacuo. The crude residue was purified by preparative TLC eluting with 3%
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MeCN/Me2CO to provide 4-16b as a brown foam (36 mg, 47%) and epi-4-16b as a brown foam
(30 mg, 40%). Crystals for X-ray analysis were grown as described in the tables below.

Diastereomer 1 (4-16b, Higher Ry):

Crystallization attempts
Method Solvent Antisolvent Result
1 Vapor Diffusion Et,O n-Pentane Amorphous Solids
2 Vapor Diffusion 3:1 THF:CH,Cl, n-Pentane Amorphous Solids
3 Liquid Diffusion CHCl3 Cyclopentane No solids formed
4 Vapor Diffusion CHCl; n-Pentane Amorphous Solids
5 Vapor Diffusion THF Cyclopentane X-ray Quality Crystals

Rr: 0.42 (10% MeOH in CH2Cly, visualized by UV)

IH NMR (600 MHz, CDCl3) & 6.30 (s, 1H), 4.19 (d, J = 9.9 Hz, 1H), 4.06 (d, J = 9.9 Hz, 1H),
3.84 (td, J = 10.4, 4.3 Hz, 1H), 3.11-3.05 (m, 4H), 2.87 (s, 3H), 2.86 (s, 3H), 2.81 (s, 3H), 2.79 (s,
3H), 1.98-1.93 (m, 2H), 1.76 (ddd, J = 12.8, 9.9, 3.4 Hz, 1H), 1.64-1.57 (m, 2H), 1.42 (s, 3H),
1.15 (qd, J = 13.3, 12.7, 3.9 Hz, 1H), 1.03 (app q, /= 11.7 Hz, 1H), 0.97-0.91 (m, 1H), 0.90 (d, J
= 6.6 Hz, 3H).

BC{'H} NMR (151 MHz, CDCl3) & 92.3, 89.9, 72.3, 64.6, 64.3, 52.1 (2C), 51.74, 51.73, 49.4,
44.1, 35.0, 31.1, 28.6, 22.3, 17.9.

Melting Point: 84-87 °C

HRMS : m / z caled for C16H34N205'3°0sNa (M + Na)* : 543.1899, found 543.1904.

[]?2p +217.5 (¢ 1.25, CDCl3)

Crystal Structure: CCDC 1966646
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Diastereomer 2 (epi-4-16b, Lower Ry):

Crystallization attempts

Method Solvent Antisolvent Result
1 Vapor Diffusion PhH Cyclopentane Amorphous Solids
2 Vapor Diffusion Et,O n-Pentane No solids formed
3 Vapor Diffusion 3:1 PhH:CHCI; n-Pentane Amorphous Solids
4 Vapor Diffusion THF Cyclopentane Amorphous Solids
5 Vapor Diffusion THF n-Pentane Amorphous Solids
6 Vapor Diffusion THF Cyclopentane Amorphous Solids

Rr: 0.41 (10% MeOH in CH2Cly, visualized by UV)

'H NMR (600 MHz, CDCL3) § 6.18 (s, 1H), 4.46 (d,J = 10.0 Hz, 1H), 3.99 (d, /= 10.0 Hz, 1H),
3.82 (td, J = 10.2, 4.4 Hz, 1H), 3.15-3.09 (m, 2H), 3.09-3.02 (m, 2H), 2.88 (s, 3H), 2.87 (s, 3H),
2.83 (s, 3H), 2.80 (s, 3H), 1.99 (s, 1H), 1.95 (dt, /= 12.4, 43 Hz, 1H), 1.91-1.83 (m, 2H), 1.66—
1.60 (m, 1H), 1.40 (s, 3H), 1.04-0.95 (m, 2H), 0.90 (d, J = 6.5 Hz, 3H), 0.93-0.85 (m, 1H).
BC{TH} NMR (151 MHz, CDCl3) § 92.5, 85.6, 77.2,71.9, 64.7, 64.4, 52.1, 51.9, 51.8 (2C), 51.7,
44.0, 35.6, 31.2,29.1, 24 .4, 22.3.

HRMS : m /z caled for C16H34N205'%0OsNa (M + Na)* : 543.1899, found 543.1918.

[a]*2p —592.8 (c 1.24, CDCls)

Vinylcyclopropane osmate ester (4-17b): (£)-Vinylcyclopropane 4-17a (7.5 mg, 0.022 mmol)
was converted to osmate 4-17b (7.4 mg) and its diastereomer (3.2 mg, 68% combined yield)
following the general procedure outlined above. Osmate 4-17b readily separable from its

diastereomer, and was a brown solid when initially concentrated from CH2Cl2/MeOH fractions.
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Crystallization attempts

Method Solvent Antisolvent Result
1 Vapor diffusion PhH n-pentane amorphous solids
2 Vapor diffusion CH-CI, n-pentane oil
3 Vapor diffusion THF n-pentane amorphous solids
4 Vapor diffusion Me,CO cyclopentane amorphous solids
5 Vapor diffusion THF cyclopentane amorphous solids
6 Vapor diffusion THF Et,O No solids
7 Liquid Diffusion CH.CI, n-pentane X-ray quality crystals

Rr: 0.55 (10% MeOH/CH2Clz, UV). Diastereomer: 0.50 (10% MeOH/CH2Clz, UV).

'TH NMR (500 MHz, CDCl3) & 7.84 (s, 1H), 7.35-7.28 (m, 4H), 7.29-7.27 (m, 2H), 7.23-7.19 (m,
1H), 4.98 (d, J=9.3 Hz, 1H), 3.46 (ddd, J=13.4, 8.8, 4.7 Hz, 1H), 3.26-3.15 (m, 4H), 3.13-3.05
(m, 2H), 3.04 (s, 3H), 3.02 (s, 3H), 2.97 (s, 3H), 2.89 (s, 3H), 2.44 (s, 3H), 1.82—-1.75 (m, 1H),
0.51 (dtd, J= 14.0, 10.2, 4.3 Hz, 1H), 0.45-0.36 (m, 1H), 0.24 (tt, /=9.3, 4.9 Hz, 1H), —0.12 (dt,
J=18.6,5.3 Hz, 1H), —0.38 (dt, /= 10.0, 5.1 Hz, 1H).

BC{'H} NMR (151 MHz, CDCls)  142.7, 142.5, 139.5, 129.7 (2C), 127.84 (2C), 127.77 (2C),
127.4,127.3 (2C), 101.3, 95.2, 64.9, 64.7, 52.9, 52.3, 51.8, 51.2, 44.5, 31.2, 21.7, 20.0, 14.1, 9.5.
Melting Point: 90-93 °C

HRMS m / z caled for C26H39N306'%0sSNa (M + Na)* : 730.1991, found 730.2000.

Crystal Structure: CCDC 1966645

NV
«2TsOH
S4-1

TMEDA-<2TsOH (S4-1): To a solution of TMEDA (0.218 g, 1.88 mmol) in acetone (9.4 mL) was
added TsOH<H:20 (0.713 g, 3.75 mmol), and the mixture was stirred at ambient temperature. After
an hour, a white precipitate had formed. The mixture was cooled to 0 °C, and the mixture was
filtered through a sintered glass funnel. The solid was collected and dried in vacuo, affording S4-

1(0.795 g, 92%) as a white solid.
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'H NMR (600 MHz, CDs;OD) & 7.72 (d, J = 8.3 Hz, 2H), 7.26 (d, J = 7.9 Hz, 2H), 3.63 (s, 2H),
2.97 (s, TH), 2.38 (s, 3H).

BC{'H} NMR (151 MHz, CD30D) § 143.2, 142.0, 130.0, 126.9, 52.5, 44.3, 21.3.

Hexane-1,2-Diol Osmate (4-25b): hexane-1,2-diol 4-25a (12.6 mg, 0.107 mmol) was converted

to its osmate ester (40.7 mg, 84%) following general procedure 2.

Crystallization Attempts
Method Solvent Antisolvent Result
1 | Vapor Diffusion CHCl; Pentane Oil
2 | Vapor Diffusion | 3:1 Et,O:CH,Cl, Pentane Oil
3 | Vapor Diffusion THF Pentane | X-ray Quality Crystals

Rf: 0.44 (10% MeOH in CH2Clz, visualized by UV)

TH NMR (500 MHz, CDCl3): & 4.28-4.16 (m, 2H), 3.98 (dd, J = 9.3, 7.6 Hz, 1H), 3.12-3.02 (m,
4H), 2.86 (s, 6H), 2.84 (s, 6H), 1.92-1.84 (m, 1H), 1.81-1.71 (m, 1H), 1.53-1.42 (m, 1H), 1.42—
1.31 (m, 3H), 0.89 (t, J=7.1 Hz, 3H).

BC{'H} NMR (126 MHz, CDCl3): 6 90.0, 85.0, 64.6, 64.3,52.1,51.9,51.5, 51.4,32.5,29.2,23.2,
14.3.

Melting Point: 74—76°C

HRMS: m / z caled for C12H2sN204'"2OsNa (M + Na)* : 479.1557, found 479.1547.

(25,45)-pentanediol Osmate (4-28b): (25,4S5)-pentanediol 4-28a (10.2 mg, 86.3 mmol) was

converted to osmate ester 4-28b (23.5 mg, 62%) following general procedure 2.
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Crystallization Attempts
Method Solvent | Antisolvent Result
1 | Vapor Diffusion | CHCIs Pentane | X-ray Quality Crystals

Rf: 0.40 (10% MeOH in CH2Clz, visualized by UV)

'TH NMR (600 MHz, CDCl3): 8 4.77 (dq, J = 6.2, 5.0 Hz, 2H), 3.14 — 3.02 (m, 4H), 2.72 (s, 10H),
241 (t,J=5.1 Hz, 2H), 1.23 (d, /= 6.1 Hz, 6H).

BC{'H} NMR (151 MHz, CDCl3) § 74.1, 64.8, 50.3, 50.0, 49.2, 23.0.

Melting Point: decomposed at 150 °C

HRMS: m / z caled for C11H26N204'"20OsNa (M + Na)* : 465.1400, found 465.1398.

[a]2p—364.9 (¢ 1.01, CHCL3)

(3R,4R)-3-hydroxy-3-((5)-1-hydroxyethyl)-4-methyl-4-vinyldihydrofuran-2(3H)-one

Osmate Ester (4-30b): Diol 4-30a (25.0 mg, 0.134 mmol) was converted to osmate ester 4-30b
(16.1 mg, 23%) according to general procedure 2 with the addition of extra TMEDA (100. pL,
0.670 mmol) after 2 h. Compound 4-31 was also isolated during chromatography, and spectral

data are reported below.

Osmate 4-30b:

Crystallization Attempts
Method Solvent | Antisolvent Result
1 | Vapor Diffusion | CHCIs Pentane | X-ray Quality Crystals

Rf: 0.51 (10% MeOH in CH2Clz, visualized by UV)
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'H NMR (600 MHz, CDCl3) 6 6.61 (dd, J = 17.9, 11.0 Hz, 1H), 5.09 (d, J = 11.1 Hz, 1H), 4.94
(d, J=17.9 Hz, 1H), 4.50 (q, J = 6.9 Hz, 1H), 4.36 (d, J = 8.5 Hz, 1H), 4.19 (s, 1H), 3.20 — 3.13
(m, 2H), 3.08 — 3.01 (m, 2H), 2.95 (s, 3H), 2.91 (s, 3H), 2.86 (s, 3H), 2.85 (s, 3H), 1.58 (d, J = 6.9
Hz, 3H), 1.20 (s, 3H).

BC{TH} NMR (151 MHz, CDCl3) § 176.8, 142.2, 113.2,92.8, 91.5, 75.3, 64.9, 64.3, 52.6, 52.5,
51.5,48.7,22.2,16.2.

HRMS: m / z caled for C1sH2sN206!"OsH (M + H)* : 525.1641, found 525.1655.

[a]*20—630.1 (¢ 1.07, CHCls)

Osmate 4-31:
TH NMR (600 MHz, CDCI3) § 4.59 (s, 3H), 3.04 (s, 2H), 2.77 (s, 6H).
BC{TH} NMR (151 MHz, CDCI3) § 66.7, 65.4, 50.9.

HRMS: m / z calcd for CsH22N204°20OsNa (M + Na)* : 425.1092, found 425.1096.

/
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Amino alcohol Osmate (4-32b): Amino alcohol 4-32a (17.0 mg, 0.0556 mmol) was converted to
osmate 4-32b (20.2 mg, 57%) following general procedure 2. The product was soluble in pentane,
and we were unable to crystallize this compound.

Rf: 0.67 (10% MeOH in CH2Clz, visualized by UV)

'TH NMR (500 MHz, CDCls) 6 4.62 (d, J=9.7 Hz, 1H), 4.20 (ddd, /= 9.8, 4.4, 1.2 Hz, 1H), 3.79

—3.72 (m, 2H), 3.71 — 3.63 (m, 2H), 3.58 (ddd, /= 8.9, 4.4, 1.2 Hz, 1H), 3.14 (qd, /= 12.8, 11.7,
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9.4 Hz, 2H), 3.02 (s, 3H), 2.94 (s, 3H), 2.85 (s, 3H), 2.70 (s, 3H), 1.48 (s, 9H), 0.90 (s, 9H), 0.07
(s, 3H), 0.06 (s, 3H).

13C{'H} NMR (126 MHz, CDCls) § 162.1, 80.9, 78.6, 68.6, 65.0, 62.4, 61.1, 51.7, 51.1, 49.8,
48.2,28.8 (3C), 26.2 (3C), 18.5, 4.9, -5.0.

HRMS: m / z caled for C20HasN306'*?0OsSiNa (M + Na)* : 666.2590, found 666.2576.
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Chapter 5. Development of Strategies Toward the Total Synthesis of (2R)-
Hydroxynorneomajucin and Related Illicium Sesquiterpenes

5.1 Abstract

Efforts toward the first total synthesis of (2R)-hydroxynorneomajucin are described herein.
Our synthetic strategy initially hinged on utilizing a Pauson—Khand reaction of an advanced bis-
lactone intermediate to construct the core of the natural product which, unfortunately, was not
successful. The key features of our revised synthetic strategy include an asymmetric Tsuji—Trost
allylic alkylation to set a key quaternary center, a Pauson—Khand to close the core of the molecule,
and a late-stage conjugate addition to install the final quaternary center. This strategy has allowed

us to complete the first total synthesis of (2R)-hydroxynorneomajucin to date in 18 steps.
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5.2 Introduction

5.2.1 Introduction to the Illicium Sesquiterpenes
The lllicium genus comprises a group of flowering trees and shrubs native to areas of
eastern Asia, Australia, New Zealand, and the Southeastern United States.! From this genus of
plant, hundreds of interesting sesquiterpene natural products have been isolated, displaying
varying carbon skeletons, as can be seen in Figure 5-1.2 There have been around 100 seco-
prezizaane type sesquiterpenes isolated from the /llicium genus, and this sub-class will be the focus

of this chapter.

seco-prezizaane acorane illicinone himachalene allohimachalane alpha-santalene
isocampherenane allo-cedrane anislactone dunniane illisimonane

o7 Gp S Qo v

Figure 5-1 Different carbon skeletons of the Illicium sesquiterpenes.

The history of seco-prezizaane natural products dates back to the isolation of anisatin (5-
1), the toxin derived from the Japanese star anise in 1952.3 However, it was not until 1968 when
the x-ray structure of anisatin was solved by Yamada and coworkers that the chemical community
would see the complexity of this family of natural products.* Over the next several decades, the
field of seco-prezizaane natural products would flourish. In the early nineties, the group of
Fukuyama initiated a campaign searching for exogenous, small molecule neurotrophic factors
derived from the Illicium species of plants.! From this work, several new natural products were
isolated, some of which are shown in Figure 5-2. The seco-prezizaanes have become very popular

synthetic targets, owing to their challenging structure and potent neurotrophic activity.
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anisatin (1R,10S)-2-0x0-3,4-dehydroxy- jiadifenin
5-1 neomajucin (ODNM) 5-3
5-2

(2S)-hydroxy-3,4-dehydro- majucin jiadifenoxolane A (2R)-hydroxynorneomajucin
neomajucin 5-6 5-7 5-8
5-5

Figure 5-2 Representative seco-prezizaane sesquiterpenes.

From a biological perspective, the mechanism of action that lends the seco-prezizaanes
their neutrotrophic benefits is not very well understood. Anisatin is known to be one of the most
potent neurotoxins of plant origin (LD50=I1mg/kg in mice). Studies have shown that anisatin is a
potent, non-competitive y-aminobutyric acid (GABA) antagonist.” GABA is a major inhibitory
neurotransmitter in vertebrates and is important for regulation within the central nervous system.$
Specifically, GABA acts as an inhibitor on neuronal chloride channels, causing hyperpolarization
and inhibiting the propagation of action potentials. Several of the ///icium sesquiterpenes are
thought to act as GABA receptor antagonists. Antagonism of an inhibitory neurotransmitter is net
excitatory and can lead to increased action potential firing through depolarization of the neuron.
For example, anisatin, acting as a non-competitive GABA antagonist, inhibits the action of GABA
on chloride channels, and leads to convulsions of the organism.

Unlike 5-1, the other seco-prezizaanes listed in Figure 5-2 have been shown to elicit
neurotrophic effects, such as promoting the survival or growth of neural cells. The neurotrophic
effect of these natural products is not very well understood, as they also act as GABA antagonists.

Among the best studied of these natural products is jiadifenolide (5-4), owing to an elegant gram-
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scale synthesis of this natural product by the Shenvi group.” In pharmacological assays, 5-4 was
shown not to induce convulsions, and reportedly mice dosed at 15 uM intracerebroventricularly
(ICV) were more alert and active than the rest of the host mice.® Interestingly, while 5-4 was shown
to antagonize GABA receptors, it exhibited significantly weaker potency. Compared to known
convulsants, which blocked the GABAA currents in the single digit uM range, 5-4 blocked the
same currents only at 100 uM concentration. This weaker potency has been implicated in the safety
of 5-4, as dosing at high concentrations did not elicit any convulsant side effects. However, it does
not adequately explain exactly how 5-4 elicits its neuroprotective effects. Shenvi has also pointed
out that, at very low concentration, analogous GABA antagonists elicit similar neurotrophic
effects.’ This is especially interesting, as these compounds have other known binding sites in the
Cys-loop family of neurotransmitter-gated ion channels. Lastly, Shenvi points out that the PC12
cell line frequently used as an in vitro model for these natural products lacks functional GABA
receptors, meaning that the antagonistic effect of 5-4 on GABA receptors does not necessarily
underly its neurotrophic activity.

Though the mechanism of action is poorly understood, the interesting structures and potent
neurotrophic activity of these compounds has made them popular synthetic targets. Given their
homology to our target compound 5-8, it is instructive to examine the prior syntheses of these
compounds, which will be covered mostly chronologically. Excellent reviews on the topic of
lllicium and seco-prezizaane syntheses are available for further reading. '°

522 Danishefsky’s Total Synthesis of (+)-Jiadifenin

In 2004, Danishefsky’s group published the first total synthesis of (£)-5-3.!' Their

synthesis commenced by conversion of readily available 5-9 to 5-10 in a 5-step sequence of

alkylations. The ester of 5-10 was converted to a [-ketophosphonate, followed by an
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intramolecular Horner—Wadsworth—-Emmons reaction and deprotection to produce 5-11. The
primary alcohol of 5-11 was converted to an ethyl carbonate, and the intermediate was subjected
to sodium hydride to effect a Dieckmann condensation generating [-ketolactone 5-12. A series of
functional group and redox manipulations led to compound 5-13.

Scheme 5-1 Danishefsky’s synthesis of 5-2 and 5-3.
|
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With 5-13 in hand, a simple set of reactions led to 5-3. First, 5-13 was subjected to a Luche
reduction, followed by oxidation of the d-lactone with Davis oxaziridine to generate 5-14.
Following precedent from Fukuyama'?, treatment of 5-14 with Jones Reagent, followed by the
addition of methanol led to a mixture of 5-2 and 5-3 in 69% overall yield. 5-2 could be converted
to 5-3 by resubjection of the material to the oxidative rearrangement conditions. A brief validation
of the biological activity interestingly revealed that 5-2 was a more potent promoter of neurite
outgrowth than 5-3. In 2006, Danishefsky’s group published another paper investigating some of

the structure-activity relationship (SAR) around these natural products.!* Through discreet
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changes in their synthetic strategy, they additionally synthesized compounds 5-15 to 5-17 and

investigated their potential to promote neurite outgrowth (Figure 5-3).

’Ho CO,Me

HO. COzMe

53 52

Neurite lengths enhanced relative to DMSO-NGF control:

162% 184% 181% 121% 0%
Figure 5-3 Initial SAR mapping of jiadifenin-like compounds.

Comparing the activity of 5-3 to 5-15, it appears that methylation of the cyclopentenone
A-ring in fact diminishes the neurotrophic activity. Oddly, 5-16 has far diminished activity relative
to 5-2, making any assessment of the function of this methyl group unclear. It is, however, clear
that oxidation of C10 (labelled in compound 5-17) is necessary for activity, as compound 5-17
elicited no effect in these assays. One other important finding was that these compounds only
promoted neurite outgrowth in the presence of neurite growth factor (NGF), suggesting a
synergistic mechanism of action with this growth factor. This work sparked significant interest in
the field, and several elegant syntheses followed.

5.2.3 Theodorakis’s Enantioselective Syntheses of (—)-Jiadifenolide and (—)-Jiadifenin

Following Danishefsky’s pioneering racemic synthesis of 5-3, in 2011 the group of
Theodorakis disclosed the first total synthesis of enantiopure 5-4.'* Their synthesis commenced
from compound 5-18, which was readily converted to 5-19 in two steps. To render the synthesis
asymmetric, compound 5-19 was subjected to an enantioselective aldol condensation catalyzed by
D-prolinamide. Subsequent reduction of the remaining ketone with NaBHa4, followed by protection

led to 5-20. A sequence of 6 steps converted enone 5-20 to 5-21 bearing a new quaternary center.

Treatment of this intermediate with KHMDS and N-phenyl triflimide led to a vinyl triflate, which
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could then undergo a palladium-catalyzed carbomethoxylation and lactonization to access 5-22.
Nucleophilic epoxidation of the o, -unsaturated lactone, followed by Johnson—Lemieux oxidative
cleavage of the alkene afforded aldehyde 5-23. Oxidation of the aldehyde with Jones reagent led
to a carboxylic acid, which concomitantly underwent a nucleophilic opening of the epoxide leading
to a O-lactone intermediate. Desilylation with TBAF gave compound 5-24, which is a key
intermediate for the syntheses of both jiadifenolide (5-4) and jiadifenin (5-3).

Scheme 5-2 Theodorakis’s Synthesis of key intermediate 5-24.

0 0 7 TBSO

1. D-prolinamide, PPTS
2 Steps 2. NaBH, 6 Steps
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o) ° 4
5-18 5-19 5-20 5-21

1. HyO, NaOH 185G

1. Jones Reagent
2. 0s0y, NalO,

2. TBAF

5-23 5-24
Key Intermediate

With intermediate 5-24 in hand, there remained some work to access jiadifenolide. First,
the oxidation pattern of the A-ring cyclopentene needed to be adjusted. As such, diastereoselective
epoxidation of compound 5-24 directed by the free alcohol occurred upon treatment with mCPBA.
Subsequently, the alcohol was oxidized with Dess—Martin periodinane. Under the reaction
conditions, the newly formed ketone eliminated the B-epoxide, and the tertiary alcohol thus formed
underwent translactonization, cleanly affording compound 5-25. Reduction of the enone via
hydrogenation, followed by silyl protection of the secondary alcohol led to 5-26. In order to
convert the ketone functionality to a B-disposed methyl group, the ketone was first converted to a
vinyl triflate, which then underwent palladium-catalyzed methylation upon treatment with AlMes

to generate 5-27. Hydrogenation of this alkene with PtO2 (Adam’s catalyst) occurred selectively
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from the bottom face, giving the desired methyl configuration. To complete the synthesis, the y-
lactone was oxidized by treatment with NaHMDS and Davis’ oxaziridine, followed by further
oxidation with Jones reagent. When treated under the acidic conditions of Jones reagent, cleavage
of the TES-group occurs with concomitant lactol formation to complete the first total synthesis of
jiadifenolide in 27 steps from 5-18.

Scheme 5-3 Completion of the total synthesis of 5-4.

1. mCPBA 1. Hp, Pd/C
2. DMP 2. TESOTf
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O
5-27

Later in 2011, the Theodorakis group published a total synthesis of enantiopure jiadifenin
utilizing 5-24 as a common intermediate.'> As such, the secondary alcohol of 5-24 was eliminated
by treatment with Martin’s sulfurane. Hydrogenation of the less hindered alkene smoothly
generated 5-28. Allylic oxidation mediated by Mn(OAc)s and TBHP generated an enone
intermediate. Oxidation of the lactone ring with Davis’ oxaziridine, followed by diastereoselective
methylation of the enone afforded 5-2. Following the precedent of Danishefsky!! and Fukuyama!?,
treatment of 5-2 with Jones reagent completed the synthesis of (—)-5-3 in 24 steps from 5-18.

Scheme 5-4 Theodorakis’s synthesis of 5-3 from common intermediate 5-24.

1. TBHP, Mn(OAc); HO,
1. Martin 2. NaHMDS, Davis’ B
Sulfurane oxaziridine
(0] \OH
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Following these publications, the Theodorakis group also set about further investigating
the SAR of these natural products to complement the work done previously by Danishefsky.!®
Following the routes outlined in Schemes 5-2 to 5-4, a small library of analogues were synthesized
and subjected to biological assays. Each compound was added to cultured PC12 cells in the
presence NGF, and neurite outgrowth was monitored. The results are summarized in Table 5-1.
Note that inactive compounds showed neurite outgrowth less than 110% relative to NGF alone,
and active compounds elicited outgrowth greater than 110% relative to control. From the results,
the substitution around the cyclopentane A-ring does not seem to control the activity, but
substitution on the lactone does seem to be crucial. Specifically, having an a-disposed substituent
is necessary for activity. Compounds containing either no substituent or a (-substituent on the
lactone were shown to be inactive. Lastly, the Theodorakis group showed that oxidation of the
lactone does not underly the activity of these compounds, as having an a—methyl group (Table 4-
1, bottom row) also promoted neurite outgrowth. This work provides a much more thorough
understanding of the SAR of these molecules, but the specific mechanism of action remains

unclear.
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Table 5-1 Pharmacophore mapping of ODNM analogues.

H
H j)J\O inactive - inactive - inactive inactive inactive
|

H (0]
HO;i)ko - inactive inactive - - - inactive
|
O
OH
H j)J\O active - active active active - active
|
H ;')J\O active - active - - - -
|

5.24 Zhai’s Total Synthesis of Jiadifenin

In 2012, the group of Hongbin Zhai published an elegant route to jiadifenin (5-3) utilizing
a distinct set of bond disconnections.!” The synthesis started from 5-29, available in 3 steps from
commercial material. A sequence of 6 steps converted this compound to enantiopure 5-30. The
absolute stereochemistry of this intermediate was set via a Sharpless asymmetric dihydroxylation.
Treatment of 5-30 with LDA and TMSCI at low temperature generated silyl-ketene acetal 5-31,
which, upon heating, underwent a diastereoselective Ireland—Claisen rearrangement to set the
quaternary center in 5-32. A further sequence of protecting group manipulations led to compound
5-33, which, upon treatment with stoichiometric dicobaltoctacarbonyl and tributylphosphane
sulfide, underwent a smooth Pauson—Khand reaction to give tricycle 5-34. To set the other
necessary quaternary center, the Zhai group used a clever sequence consisting of a [2+2]

photocycloaddition with allene, followed by ozonolysis of the resulting alkene to generate a
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cyclobutanone. Treatment of the in situ generated cyclobutanone with NaOMe led directly to 5-

35.
Scheme 5-5 Zhai’s synthesis of 5-3.
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With all of the requisite carbons installed, all that remained was a sequence of functional
group and redox manipulations to complete the synthesis. Transformation of 5-35 to the enone via
a two-step Saegusa—Ito oxidation generated 5-36. Treatment of this compound with TBAF elicited
desilylation and subsequent lactonization. From here, oxidation of the lactone with Davis’
oxaziridine afforded 5-2, which could once again be converted to 5-3 by treatment with Jones
reagent. Overall, this elegant synthesis was completed in 18 steps from 5-29, and is one of few
approaches to this family of natural products that does not start with the A-ring cyclopentane in-
tact.

525 Sorensen’s Total Synthesis of (—)-Jiadifenolide

In 2014, the Sorensen group published an approach to 5-4 taking advantage of a clever

directed C-H oxidation as a key step.'® Their synthesis begins with 5-37, derived in 3 steps from

(+)-pulegone. It is worth mentioning that 5-37 will appear as a starting material in several other
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approaches to 5-4. Compound 5-37 was converted to 5-38 in a series of 6 standard manipulations.
One carbon homologation of the aldehyde in 5-38 was achieved using the Van Leusen reaction,
generating a homologated nitrile intermediate. Hydrolysis of the nitrile with sulfuric acid occurred
with concomitant lactonization to generate 5-39. Subsequently, the ketone was converted to an
oxime, which they used as a functional handle to direct a palladium catalyzed C—H oxidation of
the neighboring gem-dimethyl group generating 5-40. Unfortunately, while the oxidation was
regioselective for the methyl groups, it generated a 1:1 mixture of diastereomers from equal
oxidation of each methyl group. Further experimentation did not improve this ratio, but fortunately
the diastereomers were separable by silica gel chromatography.

Scheme 5-6 Sorensen’s synthesis of 5-4.
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2. KHMDS, 2. LiOH
Comins

With access to suitable quantities of 5-40, the synthesis could be completed in short order.
Cleavage of the oxime with iron powder in acetic acid, followed by treatment with KHMDS and
Comins reagent generated alkenyl triflate 5-41. A sequence of 4 steps reminiscent of
Theodorakis’s approach led to intermediate 5-42. Treatment of this material with DMDO effected

an oxidation of the iodide to an iodoso intermediate, which underwent an iodoso Pummerrer
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rearrangement to generate an o-keto lactone.!® Final treatment of this ketone with LiOH formed
the final ring and completed the synthesis of 5-4 in 18 steps LLS from pulegone-derived 5-37.
5.2.6 Paterson’s Total Synthesis of (£)-Jiadifenolide

Exactly one month after the Sorensen group published their synthesis of jiadifenolide, the
Paterson group published their work on the synthesis of racemic jiadifenolide utilizing an elegant
intramolecular Giese addition to close the central 6-membered ring and set a key quaternary
center.?’ Their synthesis commenced by performing an 11-step sequence on enone 5-42 to access
compound 5-43. Boron-mediated aldol of butenolide 5-44 with aldehyde 5-43 generated 5-45 as
a 2:1 mixture of separable diastereomers. The newly formed alcohol was silyl protected, leading
to the key step of the synthesis. Treatment of this intermediate with Sml> generated an intermediate
ketyl radical, which underwent intramolecular Giese addition with the pendant butenolide to
generate 5-47 as a single diastereomer. The authors propose that the exquisite diastereoselectivity
is due to chelated, boat-like transition state 5-46. Notably, the poor diastereoselectivity in the aldol
reaction was relatively inconsequential, as only the a-alcohol underwent productive cyclization.
This is likely due to the pseudoaxial position of the B-configured alcohol, which impedes the
samarium chelate.

Scheme 5-7 Paterson’s synthesis of 5-4.

O

o,
| | on 1. TESCI M
11 Steps / j 5-44 / 0 : O\$an
’ Bu,BOTT, i-ProNEt ’ 2. Sml, "OTES
| o =0
O (0] (0] o
5-42 5-43 5-45 5-46

1. OsO,4, NMO, Pyr
OTES 2. TPAP, NMO
\OH

HO (o) 3, HFPyr




With a successful route to tricycle 5-47, a series of manipulations was performed to access
5-48. Pyridine accelerated dihydroxylation of the monosubstituted alkene, followed by oxidative
lactonization under Ley conditions led to an intermediate o-keto lactone, similar to Sorensen’s
approach. Final desilylation with Olah’s reagent (HFePyr) occurred with concurrent
hemiacetalization to complete the synthesis of 5-4 in 23 steps LLS from 5-42. While not the
shortest approach, the creative strategy employed to close the core of the molecule would inspire
other approaches in this family of natural products.

5.2.7 Fukuyama’s Formal Synthesis of (£)-Jiadifenin

In 2015, Fukuyama’s group disclosed a formal synthesis of jiadifenin utilizing clever
palladium catalyzed reactions to form all of the rings and quaternary centers. Their approach began
with 5-49, which was converted to 5-50 in a sequence of 5 steps. The alkenyl bromide of 5-50 was
utilized to template a palladium-catalyzed Heck cyclization to form 5-51. A series of 12 steps led
to cyclic carbonate 5-52, which Fukuyama’s group used to template an intramolecular Tsuji—Trost
reaction. Treatment with Pd(OAc)2 and racemic BINAP generated a m-allyl palladium species,
which underwent cyclization from the keto-ester and further lactonization to afford 5-53. A final
sequence of manipulations led to Theodorakis’s intermediate 5-28, completing the formal
synthesis of 5-3. The creative use of palladium catalysis, specifically the Tsuji—Trost reaction,

partially inspired our own approach to 5-8.
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Scheme 5-8 Fukuyama’s formal synthesis of 5-3.
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5.2.8 Shenvi’s Gram-Scale Synthesis of (—)-Jiadifenolide

In 2015, Ryan Shenvi’s group published an 8-step, gram-scale synthesis of 5-4; a major
advance in the field of seco-prezizaane synthesis.” Their synthesis began with 5-54, conveniently
bearing the methyl stereocenter necessary in the A-ring. The aldehyde was initially converted to a
terminal alkyne through elimination of an intermediate alkenyl nonafluorobutanesulfonate with
tert-butyl-imino-tri(pyrrolidino)phosphorane (BTPP). This transformation could also be
performed in two steps by conversion of the aldehyde to the geminal dibromide, followed by
elimination with potassium fert-butoxide, which was a more convenient solution on large scale.
Ozonolysis of the trisubstituted alkene led to another aldehyde, which underwent a molybdenum
catalyzed hetero Pauson—Khand reaction to generate 5-55. Treatment of 5-55 with LDA at low
temperature, followed by addition of acetylbutenolide 5-56, formed Michael adduct 5-57. Addition
of titanium(I'V) isopropoxide and additional LDA at 0 °C equilibrated the enolate and allowed a
second Michael addition to occur, forming 5-58 as a single diastereomer. Notably, in one

operation, the entire core of 5-4 was formed from two relatively simple fragments.
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Scheme 5-9 Shenvi’s total synthesis of (—)-jiadifenolide.
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To complete the synthesis of 5-4, a few manipulations remained. First, Rubottom oxidation
of keto-ester 5-58 occurred diastereoselectively upon treatment with mCPBA. Subsequent directed
reduction of the ketone using tetramethylammonium triacetoxyborohydride delivered 5-59.
Enolization of the lactone with LDA, followed by addition of CBrs led to an intermediate
bromolactone. Oxidation of this bromolactone with Davis’ oxazidirine yielded 5-4. In a single pass
of this sequence, the Shenvi group prepared 1 gram of synthetic jiadifenolide, showcasing the
power of synthetic chemistry. To isolate 1 gram of jiadifenolide from natural sources, it would
require approximately 117 kilograms of Illicium jiadifengpi pericarps. While syntheses of other
classes of /llicium sesquiterpenes is beyond the scope of discussion, it is noteworthy that Shenvi’s
group has applied this highly stereocontrolled Michael addition to the syntheses of (—)-11-O-
debenzoyltashironin and merrilactone A.?-??

5.2.9 Zhang’s Protecting Group Free Synthesis of (—)-Jiadifenolide

In 2015, Zhang and coworkers published a protecting group free total synthesis of 5-4,
utilizing an unprecedented formal [4+1] annulation that was discovered in the course of their
work.?? Their synthesis commenced with 5-60, the ethyl ester derivative of Sorensen’s starting

material. In a similar sequence of reactions covered in Paterson’s synthesis, 5-60 was converted to
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5-61. Drawing inspiration from Paterson’s work, Zhang utilized a ketyl radical cyclization to
construct the core tricycle of the natural product. As such, treatment of 5-61 with Sml> led to 5-63
with good stereocontrol, which was postulated to be controlled by samarium chelate 5-62. This
altered execution of Paterson’s key transformation led to tricycle 5-63 in 7 steps, as opposed to the
14 steps required to synthesize 5-47. A Swern oxidation of the primary alcohol led to aldehyde 5-
64, the substrate for the key formal [4+1] cyclization.

Scheme 5-10 Zhang’s total synthesis of 5-4.
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At this stage, Zhang’s group had hoped to close the final lactone ring by functionalizing an
alkyne derivative. As such, they attempted to transform 5-64 to a terminal alkyne through use of
the Colvin rearrangement.?* Serendipitously, treatment of 5-64 with lithiated TMS-diazomethane
smoothly led to tetrahydrofuran 5-65. The proposed mechanism of this transformation can be seen
in Scheme 5-11 and will be discussed below. With 5-65 in hand, a one-step selenoxide elimination
delivered an intermediate enone, which was epoxidized by the action of DMDO to afford 5-66.
Oxidation with in situ generated RuO4 delivered a-keto lactone 5-67, which, upon treatment with
LiOH, formed 5-4. To showcase the scalability and utility of their route, Zhang’s group
synthesized >300 mg of jiadifenolide. This 13-step route, while not as short as Shenvi’s route, was

still a significant achievement in the context of //licium syntheses.
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Scheme 5-11 Proposed mechanism of the formal [4+1] annulation.
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Mechanistically, the key formal [4+1] cyclization takes a simple turn from the originally
proposed mechanism of the Colvin rearrangement.>* After initial addition of lithiated TMS-
diazomethane to generalized B-hydroxy ketone 5-68 to give 5-69, a Brook rearrangement occurs,
followed by intramolecular proton transfer to give intermediate 5-70. From here, two pathways are
possible. In the first pathway, extrusion of N2 occurs to give carbene intermediate 5-71, followed
by addition of the alkoxide to the carbene to give 5-72, which is a simple proton transfer from the
product. It is also possible that the alkoxide intermediate 5-70 is protonated, giving intermediate
5-73. Subsequent carbene formation and O-H insertion would also plausibly lead to the generalized
product 5-74. The authors show that this reactivity is general for a variety of B-hydroxy ketones
and aldehyde derivatives. While unplanned, this reaction was a very convenient means of
constructing a necessary ring in 5-4.

5.2.10 Micalizio’s Synthesis of (-)-Jiadifenin and (2S)-Hydroxy-3,4-dehydroneomajucin

In 2016, the group of Micalizio at Dartmouth published a divergent approach to 5-3 and 5-

5, making use of a metallacycle-mediated [2+2+2] cyclization to construct the A,B-ring system.?
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Their route began with enyne 5-76, available in 5 steps from chiral epoxide 5-75. Treatment of
stannyl-substituted TMS-acetylene to the combination of Ti(Oi-Pr)s and n-BulLi generated a
titanium metallacycle, which reacted with the lithium alkoxide of 5-76 to generate hydrindane 5-
77 with exquisite regio- and diastereoselectivity with respect to the quaternary center formed. A
detailed discussion of the mechanism for this transformation is beyond the scope of this discussion,
but details of similar studies can be found in Micalizio’s prior work.?® A series of 5 steps
transformed 5-77 into selenide 5-78. Treatment of selenide 5-78 with AIBN and tributyltin hydride
in refluxing benzene elicited a 5-exo radical cyclization, forming the final quaternary center and
generating a 1:1 mixture of 5-79 and 5-80. The formation of 5-80 is thought to occur via a 1,5-
hydrogen atom transfer to the dioxolane, followed by fragmentation of the protecting group to give
the ethyl ester after final hydrogen atom transfer. While the ratio is low, both 5-79 and 5-80 can
be converted to 5-81 in a sequence of 6 or 7 steps.

Scheme 5-12 Micalizio’s approach to 5-81.
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Compound 5-81 serves as a divergency point in the synthesis, as shown in Scheme 5-13.
To complete the synthesis of jiadifenin, 5-81 was treated with TBAF to epimerize the acidic methyl
center. Treatment of the epimerized intermediate with NaHMDS and Davis’ oxaziridine led to 5-

2, which could be easily converted to 5-3 upon treatment with Jones reagent. To access 5-5,
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intermediate 5-81 was first subjected to a diastereoselective Luche reduction, followed once again
by oxidation with Davis’ oxaziridine to afford hydroxylactone 5-82. Unfortunately, both the Luche
reduction and a-oxidation gave the incorrect stereochemistry of the alcohols necessary for the
completion of 5-5. To rectify the stereochemistry, first the A-ring alcohol was inverted through
Mitsunobu reaction with p-nitrobenzoic acid, affording a p-nitrobenzoate intermediate.
Subsequently, the hydroxylactone was oxidized to an a-keto lactone upon treatment with Dess—
Martin periodinane. Reduction of the ketone with sodium borohydride led once again to an a-
hydroxylactone, but with the desired configuration. Final deprotection of the benzoate completed
the first total synthesis of 5-5. Overall, this divergent approach afforded jiadifenin in 21 steps and
(2S)-hydroxy-3,4-dehydroneomajucin in 24 steps from 5-75.

Scheme 5-13 Divergence of 5-81 to 5-3 and 5-5.
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5.2.11 Maimone’s Oxidative Approach to (—)-Majucin and (-)-Jiadifenoxolane A
In 2017, Maimone’s group disclosed a very clever approach to the syntheses of majucin (5-6) and
jiadifenoxolane A (5-7) which relied on the heavy use of C-H oxidation reactions.?” The authors
quite brilliantly recognized that by beginning from commercially available cedrol, they could start

their synthetic efforts in the middle of the proposed biosynthesis, affording them maximum
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divergency.!-?® Initial Suarez oxidation of 5-84 was used to selectively oxidize the neighboring
methyl group and generate an intermediate tetrahydrofuran ring. Direct addition of acetic
anhydride and phosphoric acid afforded acetate 5-85. Hydroboration of the alkene, followed by
double oxidation with Collins reagent led to a ketone, which, upon treatment with sodium
borohydride, gave alcohol 5-86. With this alcohol, another Suédrez oxidation was performed to
oxidize the bridging methine position, generating 5-87. The tetrahydrofuran was then oxidized by
the action of in situ generated RuOs, leading cleanly to triple oxidation product 5-88. Subjection
to anhydrous Riley oxidation conditions further oxidized 5-88, followed by addition of
dimethylsulfate and base formed unsaturated keto ester 5-89. This two-step sequence of events
affected 7 total oxidations. Reduction of the ketone with L-selectride, followed by quenching with
basic methanol led to an intermediate keto-lactone, which was oxidized with DMDO to afford 5-
90.

Scheme 5-14 Maimone’s Synthesis of 5-6 and 5-7.
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Having established much of the oxidation for the natural products, the authors needed to
rearrange the carbon skeleton to access the necessary hydrindane of the seco-prezizaanes. To do
s0, 5-90 was simply heated in trifluorotoluene to effect an a-ketol rearrangement to access the
hydrindane core. Subsequent directed reduction gave trans-diol intermediate 5-91, which
resembles the core of jiadifenolide. It was then necessary to translactonize 5-91 to achieve the
necessary d-lactone. This could be achieved by treatment of 5-91 with TsOH, giving the 6-lactone
with elimination to generate the A-ring alkene. Treatment with base and MoOPH oxidized the
lactone to a hydroxylactone, which occurred from the less hindered face. To place the alcohol on
the concave face of the lactone, the authors made use of a Ru-catalyzed transfer hydrogenation
that had been recently reported by Hartwig.?® As such, subjection of the intermediate to
[Ru2(PEt3)6(OTH)3][OTS] in isopropanol cleanly epimerized this center and afforded 5-92.
Dihydroxylation with stoichiometric OsOs*TMEDA complex gave 5-6. Mesylation of the
secondary alcohol, followed by heating elicited an intramolecular etherification, completing the
synthesis of 5-7. This powerful oxidative strategy allowed Maimone and coworkers to complete
the first total synthesis of 5-6 and 5-7 in 14 and 15 steps respectively. The group has applied this
general strategy to the synthesis of a total of 12 Illicium sesquiterpenes.?®

5.2.12 Gademann’s Approach to (2R)-Hydroxynorneomajucin
In 2016, in a report on their formal synthesis of jiadifenolide, the Gademann group published the
first, and to my knowledge only, approach targeting the nor-seco-prezizaane 5-8.3° Their efforts
began from compound 5-93, which was derived from (+)-pulegone in 2 steps. 4-step elaboration
of 5-93 led to keto ester 5-94. This intermediate underwent a low-yielding oxidative radical
cyclization when treated with Mn(OAc)s in the presence of LiCl. Subsequent reduction of the

ketone afforded 5-95. To oxidize the gem-dimethyl position, alcohol 5-95 was treated with
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Pd(OAc)s and iodine to form tetrahydrofuran 5-96 through a Sudrez oxidation. Radical
dechlorination ensued upon treatment of 5-96 with AIBN and Bu3SnH. The bridging ether was
then opened by treatment with acetic anhydride in the presence of BF3*OEt2to give an intermediate
diacetate, which was cleaved with basic methanol to generate diol 5-97. Corey—Kim oxidation led
to an intermediate keto-ester with a neighboring aldehyde, which was a-hydroxylated by the action
of CeCl3*7H20 and atmospheric oxygen. Reduction of the aldehyde and ketone occurred upon
treatment with sodium borohydride, and the intermediate underwent double lactonization upon
heating with TsOH to afford 5-98.

Scheme 5-15 Gademann’s Approach to 5-8.
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Compound 5-98 was the last compound reported in the 2016 paper, but in 2017, Christophe
Daeppen disclosed some further studies in his dissertation.' On small scale, 5-98 could undergo
allylic oxidation upon treatment with chromium trioxide, generating an intermediate enone. Luche
reduction of this enone gave allylic alcohol 5-99. The stereochemistry of the alcohol was
unspecified since the reaction was performed on a scale small enough that NOE experiments could
not be performed. This work has achieved the most advanced intermediate toward 5-8 published

to date, and it is noteworthy that this approach was only one alcohol shy of the natural product.
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5.2.13 Introduction to (2R)-hydroxynorneomajucin

In 2012, Fukuyama’s group published the

0
OH 0
T isolation and neurotrophic activity of (2R)-
OH OH
58 58 hydroxynorneomajucin (5-8). This natural product was

Figure 5-4 (2R)-hydroxynorneomajucin. the first example of a  seco-prezizaane

norsesquiterpene from the dried pericarps of Illicium jiadifengpi.’?> The connectivity and relative
configuration of the natural product were assigned by extensive 2D-NMR studies. Additionally,
IR data was used to deduce the presence of a y-lactone ring, as opposed to the d-lactone ring of
other majucin-like compounds. To assign absolute configuration, 5-8 was synthesized from (2.5)-
hydroxyneomajucin (5-100), the absolute configuration of which was determined by Kusumi’s
modification of Mosher’s method.?* Acylation of the A-ring secondary alcohol of 5-100, followed
by oxidative rearrangement mediated by Jones reagent formed compound 5-101. Cleavage of the
acetate with basic methanol, followed by oxidation and reduction then formed 5-8, whose spectral
data matched the isolated natural product, thus confirming the assigned absolute configuration.

Scheme 5-16 Derivatization of 5-8 from 5-100.
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With the isolated material, Fukuyama was able to perform some initial biological assays of
5-8. They found that 5-8, like many of the other seco-prezizaanes (Figure 5-2) was able to promote
neurite outgrowth in primary cultures of fetal rat cortical neurons at concentrations ranging from
1 to 10 uM. However, additional biological studies were likely challenging due to the poor isolated

yield. From 3.5 kg of dried plant material, only 1.2 mg of 5-8 was isolated, an overall yield of
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0.000034%. Because of its unprecedented structure, coupled with its biological implications in
neurodegenerative disease, our group was particularly interested in developing a laboratory
synthesis of 5-8.

5.3 [Initial Efforts Toward the Synthesis of (2R)-hydroxynorneomajucin

5.3.1 Retrosynthesis

Structurally, 5-8 is a highly oxidized tetracycle, with an embedded trans-hydrindane core
and two quaternary centers. Our synthetic strategy is outlined in Scheme 5-17. We envisioned that
the trans-fusion would be set at a late stage utilizing a strategic Mukaiyama hydration, which is
precedented from Maimone’s work.?® Based on retrosynthetic analysis, late-stage redox
manipulations would lead back to tetracyclic enone 5-102. To access the core of the molecule and
set one of the quaternary centers, we imagined forming the A and B rings in one step using a
Pauson—Khand reaction from enyne 5-103. By having the alkene of the enyne appended to a
lactone ring, we believed that the conformational restriction would allow us to control the
stereochemical outcome at the quaternary center. Functional group manipulations could trace 5-
103 back to bis-lactone 5-104. To access 5-104, we envisioned accessing the neopentylic alkyne
from an alkene, via the intermediacy of an aldehyde. We also envisioned setting the trans-diol
motif via a diastereoselective Rubottom oxidation, and subsequent directed reduction, leading back
to compound 5-105. Given the lack of steric differentiation between the methyl and vinyl groups
attached to the quaternary center, it was not clear at the outset how these groups might influence
the diastereoselectivity of the ensuing Rubottom oxidation. Finally, we imagined setting the -
quaternary center of lactone 5-105 by using a tandem Tsuji—Trost asymmetric allylic
alkylation/lactonization, tracing back to the known [-keto ester 5-106 and commercially available

isoprene monoxide (5-107).
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Scheme 5-17 Initial synthetic plan.
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5.3.2 Investigation of Tsuji—Trost Reactivity

The Tsuji—Trost asymmetric allylic alkylation has a rich history in the field of organic
synthesis, particularly in the realm of total synthesis.>* This methodology has found vast use, due
to the ordinarily high fidelity of the reaction. We hoped to utilize this methodology to set a
quaternary center early on in our route toward 5-8. Before discussing our results, it is imperative
to discuss some key pieces of literature for this transformation.

In 2001, Trost reported that quaternary centers can be formed via an asymmetric allylic
alkylation with high regio- and stereoselectivity.?> Their optimization efforts looked at the reaction
of ethyl acetoacetate (5-108) and isoprene monoxide (5-107) catalyzed by 1 mol% of
Pd2(dba)3;*CHCI3, 1 mol % of tetra-n-butylammonium triphenyldifluorosilicate (TBAT) additive,
and 3 mol% of various ligands. The results are summarized in Scheme 5-18A. Using ligand (S,S)-
5-112, they were able to achieve a 56% yield of 5-109 with 93% ee with respect to the newly
formed quaternary center. Changing the ligand to naphthyl ligand 5-113 gave no substantial
increase in yield but boosted the enantioselectivity to 97% ee. Switching to ligand 5-114, with a
more flexible backbone, 5-109 could be formed in 70% yield and 96% ee. Regiosiomeric products
5-110 and 5-111 were observed in all reactions performed. This is due to the diastereomeric m-

allyl palladium complexes 5-115 and 5-116 which were formed upon ionization of the racemic

143



epoxide. As seen in Scheme 5-18B, the nucleophile approaches from the less sterically
encumbered side of the complex to set the stereochemistry of the resulting quaternary center.
However, when n-allyl complex 5-116 was formed, the nucleophilic addition lead to the undesired
linear addition products. These diastereomeric complexes can interconvert through a m-c-n
mechanism, which Trost found to be accelerated in the presence of certain additives. Specifically,
TBAT was found to accelerate this interconversion, which increases the regioselectivity of the
overall process by favoring complex 5-115 (Scheme 5-18B).

Scheme 5-18A. Formation of quaternary centers by Pd-catalyzed asymmetric allylic alkylation.
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Further precedent can be found in Xie’s total synthesis of the hyperolactones.?® In their
2011 biomimetic work toward the hyperolactones, the authors used a similar Tsuji—Trost reaction.
Treatment of 5-117 with isoprene monoxide in the presence of Pdz2(dba);*CHCIs and either (R, R)-

5-112 or (R,R)-5-113 led to the formation of hemiacetal 5-118. When ligand (R, R)-5-112 was used,
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the product was formed in 40% yield and 89% ee. Changing the ligand to (R,R)-5-113 led to
formation of 5-118 in 48% yield and an astounding 99% ee. The authors also showed that the
hemiacetal could be cleaved with the addition of DBU which was followed by lactonization onto
the methyl ester, generating 5-119 in 71% yield.

Scheme 5-19 Xie’s use of a Tsuji—Trost toward the hyperolactones.
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With this precedent in mind, I began investigating the Tsuji—Trost reaction between 5-106
and 5-107. I began by using the reaction conditions that Xie had used in their system, but changing
to the enantiomeric ligand (S,S)-5-113 to access the desired product. In the first several reactions
to access lactone 5-105, the reactions were performed in two operations. This was due to the need
to independently access the dihydrofuran 5-121 to confirm the enantiomeric purity about the
quaternary center by chiral HPLC. Since the lactone was formed as a 1:1 mixture of diastereomers,
it was challenging to determine enantiomeric purity from this intermediate. It was also found that
these steps could be combined, and simply adding DBU to the reaction mixture once the reaction

had reached completion directly formed 5-105 in one pot.

145



Scheme 5-20 Initial attempts to access 5-105 from keto-ester 5-106.
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The conditions were then optimized for further scalability. Typically, these reactions have
been reported at 0.1 M concentration, which was troublesome for two reasons. First, these
reactions are very sensitive to the presence of oxygen, so the solvent needs to be rigorously
degassed, which becomes quite time consuming on large scale. Second, on large scale the reaction
required significant quantities of solvent. As such, we were interested in seeing if we could
increase the reaction concentration without effecting the yield or enantiopurity of the product.
Additionally, (§,5)-5-113 was an expensive ligand. To run the reaction on a 15 g scale, it required
the use of approximately $220 worth of ligand alone. To make the process more economically
friendly, we also sought to decrease the palladium and ligand loadings while maintaining suitable
reactivity. Lastly, the report from Trost suggested that using (5,5)-5-114 might increase the overall
yield. A convenient consequence of using this ligand was that it is readily prepared from
inexpensive starting materials, making it a more economical choice if the yields and enantiopurity

were comparable.
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Table 5-2 Optimization of the Tsuji—Trost.

O O
~ AN Pd
MeO,C OMe ]
Ligand
5-106

5-105

Entry Condition Pd (mol %) Ligand (mol %) Concentration Result

1 A 0.5 1.5 0.1 M 64%, 96% ee
2 A 0.5 1.5 0.3 M 48%, 92% ee
3 A 0.5 1.5 02M 61%, 95% ee
4 A 0.25 0.75 0.2M 63%, 95% ee
5 B 0.25 0.75 0.2M 61%, 90% ee

Condition A: 5-107 (1.2 equiv), [Pd(allyl)Cl],, (S,S)-5-113, Na,COg, CH,Cly, RT; then DBU

Condition B: 5-107 (1.2 equiv), Pd(dba)g*CHCls, (S,S)-5-114, TBAT, PhH, 40°C; then DBU

With these goals in mind, I first examined the effect of concentration on the reaction (Table

5-2). Under standard conditions (entry 1), the reaction generated 5-105 in 64% yield and 96% ee
at the quaternary center. When the overall concentration was tripled (entry 2), the yield decreased
to 48% and the enantiomeric excess dropped to 92%. However, when the reaction was run at 0.2
M, the yield and enantiopurity were almost identical to entry 1, forming 5-105 in 61% yield and
95% ee. Having cut the total solvent use in half, I looked into decreasing the loading of palladium
and ligand. By dropping the loadings of palladium and ligand to 0.25 and 0.75 mol% respectively
(entry 4) the yield increased to 63% while maintaining the enantioselectivity. Interestingly, while
the overall concentration with respect to the limiting amount of 5-106 was doubled, the
concentration of palladium and ligand in entry 4 were identical to their respective concentrations
in entry 1. Decreasing the loadings beyond entry 4 proved fruitless and impractical, as the reaction
was significantly retarded using 0.1 and 0.3 mol% of palladium and ligand respectively.
Subsequently, to observe the effect of ligand 5-114, the loadings and concentration from entry 4

were replicated while mirroring Trost’s original reaction conditions (entry 5). This led to formation
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of product in similar yield, but the enantioselectivity of the process diminished, forming the
quaternary center with only 90% ee. While the conditions were in fact more economical, we
elected to use the conditions in entry 4 to scale the process for material throughput due to the
higher enantiopurity of the product. By performing the reaction according to entry 4 on about 10
g scale, we were able to replicate the optimization result and showcase the scalability. The desired
lactone 5-105 was isolated in a 63% yield with 95% ee.
5.33 Optimization of a-Hydroxylation

Having established scalable access to lactone 5-105, the next challenge was to
diastereoselectively install an o-hydroxyl group. Having set the quaternary center with high
enantiomeric excess, we hoped that the slight steric difference between the methyl and ethylene
groups might confer some inherent diastereoselectivity. With these hopes in mind, I first tried o-
hydroxylation under standard Rubottom-type conditions employing m-CPBA and observed a 1:2
ratio of 5-122 to 5-123. Unfortunately, the substrate displayed a slight bias for the undesired
diastereomer. There was precedent from Xie’s synthesis of the hyperolactones suggesting that this
selectivity could be inverted under radical generating conditions.? As such, treatment of 5-105
with cerium trichloride heptahydrate in iPrOH under an atmosphere of oxygen as described by
Christoffers,?” generated a 2:1 ratio favoring the desired 5-122. This result seemed promising at
first, but inconsistent results and low overall yields made material throughput an impediment on
scale. Other oxidizing metals were used to try and boost overall yield, such as Mn(OAc)2,

Mn(OAc)3, and CAN, but to no avail.*®
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Table 5-3 Optimization of the a-hydroxylation.

(0] o o
0 N OH? OH?
MeO,C _Conditions _ MeO,C 5 , MeO,C
o] O o]
7 i 7 i 7
Me Me Me
5-105 5-122 5-123
. 5-122 :
Entry Conditions 5-123
1 mCPBA, CH,Cl, 1:2
2 CeCl3*7H,0, O, (1 atm), /PrOH 2:1
3 K>COg, 5-124, THF 1:4
4 K>CO3, 5-125, THF 1:1

5 5-126 (20 mol%), Cumyl-OOH, PhMe 7:1

NS N
0''s s/ (6] MeO

75\ 7\

5-124 5-125

5-126

Rationalizing that the substrate only has a small stereochemical bias, we hoped that we
could use an external source of chirality to overcome the inherent bias. As such, I thought that
Davis’ chiral camphor-derived oxaziridines might elicit the desired transformation.?* However,
oxidation with 5-124 led to a 1:4 ratio favoring undesired 5-123, and oxidation with 5-125 gave a
1:1 ratio of diastereomers. Having failed with chiral oxidants, we hoped the chirality could be
derived from a different external source, such as an organocatalyst. Along these lines, we found a
protocol developed by Jergensen in which they performed an enantioselective a-hydroxylations
of B-keto esters using cinchona alkaloid catalysis in the presence of cumyl hydroperoxide.*® We
gratifyingly found that treatment of 5-105 with catalytic quantities of quinidine (5-126) in the
presence of cumyl hydroperoxide led to a 7:1 diastereomeric ratio favoring the desired 5-122! It is
also worth noting that this reaction was incredibly simple to perform, as the reaction was run in

untreated toluene under an ambient atmosphere. On decagram scale, I was able to consistently

149



perform this reaction in 92% overall yield to generate a 7:1 mixture of separable diastereomers
(Scheme 5-21).
Scheme 5-21 Decagram scale synthesis of 5-122.
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5.34 Forward Synthesis
With access to suitable quantities of 5-122, we could continue forward to synthesize the
enyne precursor necessary to investigate the Pauson—Khand reaction. We elected to initially target
simplified enyne 5-131 (Scheme 5-22), which lacks a methyl group on the exo-methylene
functionality. We envisioned this would incur less of a steric clash in the transition state of the
Pauson—Khand, and it also simplified synthesis. Furthermore, we imagined it would be possible to
methylate subsequent to the Pauson—Khand reaction.

Scheme 5-22 Synthesis of enyne 5-131.
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Reduction of the ketone in 5-122 under modified Saksena reduction conditions led to an
intermediate diol, which could be fully lactonized upon treatment with tosic acid to generate 5-
127 in 51% yield over two steps.*! We initially investigated the ozonolysis of the free tertiary
alcohol but found that the compound readily underwent a retro-aldol/aldol pathway, scrambling
the configuration of the quaternary center. Therefore, the tertiary alcohol was first protected as a
MOM-ether, which was subsequently ozonolyzed to yield aldehyde 5-128. Conversion to the
alkyne was achieved by utilizing the Seyferth—Gilbert homologation, generating alkyne 5-129.4?
It is worth noting that the Ohira-Bestmann reaction,*> Corey—Fuchs reaction,** and the Colvin
rearrangement* were all ineffective for this substrate. We found it necessary to protect the alkyne
to install the requisite alkene. Unfortunately, silylation of the alkyne proceeded in low yield, owing
to a competitive C-silylation of the lactone. Methylenation of the protected intermediate led to
enyne 5-130. The silyl group was removed upon heating the alkyne in the presence of KF to yield
enyne 5-131. With a suitable enyne substrate, we began investigating the feasibility of our key
Pauson—Khand reaction.

5.35 Investigation of Pauson—Khand Reactivity

Having successfully synthesized 5-131, we began probing the Pauson—Khand cyclization.
Before discussing our efforts in this area, it is imperative to briefly discuss the utility of the
Pauson—Khand reaction (PKR) in the context of total synthesis. This discussion will not be all-
encompassing but will highlight some recent examples of Pauson—Khand reactions in total
synthesis. Several excellent reviews on the subject have been published, in which there are more
thorough detail on mechanism and early examples.*

The Pauson—Khand reaction was first reported in 1971. This seminal report was

investigating the reaction between cobalt-alkyne complexes with norbornadiene to generate
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cobalt-cyclopentadiene and cobalt-arene complexes.*” The reaction between norbornadiene and
the cobalt-alkyne complex to generate an enone was viewed as a side product in the transformation.
Since its discovery, the reaction has become particularly useful to construct complex
cyclopentenones. The mechanism for the cobalt-mediated reaction was first proposed by Magnus
in 1985 and can be seen in Scheme 5-23.4

Scheme 5-23 Mechanism of the Pauson—Khand reaction.
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The mechanism proposed by Magnus began with coordination of Co2(CO)s to an alkyne,
to generate intermediate 5-133. Loss of a carbon monoxide ligand generated complex 5-134, which
has an open site to coordinate an alkene, thus forming 5-135. Subsequently, a migratory insertion
occurred to generate 5-136 after the addition of a CO ligand. This intermediate can undergo a ring
expanding CO insertion, followed again by addition of a CO ligand to generate complex 5-137.
After CO insertion, 5-137 could undergo a reductive elimination pathway to generate 5-138, with
the other cobalt atom still bound to the alkyne carbons. After loss of Co2(CO)s, enone 5-139 was
formed. While this mechanism was specific for dicobalt octacarbonyl, the most prevalent mediator
of the Pauson—Khand reaction, similar mechanisms can be invoked for several other transition

metal carbonyl complexes.
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Since its discovery, the Pauson—Khand reaction has found significant utility in total
synthesis. Figure 5-5 shows natural products that have been recently synthesized using a Pauson—
Khand reaction; the resulting ring from the reaction is highlighted. As seen earlier in Scheme 5-5,
the Zhai group made use of a cobalt-mediated Pauson—Khand reaction to construct the core of
jiadifenin in 2012.!7 The synthesis of crinipellin A by Zhen Yang and coworkers was a testament
to the power of this transformation.*® As seen in 5-140, the entire tetracyclic natural product was
made by two Pauson—Khand reactions (PKR). The rings highlighted in red were formed through a
cobalt mediated PKR, while the blue rings were formed through a palladium catalyzed Pauson—
Khand. In addition to this synthesis, the Pauson—Khand reaction was also featured in the synthesis
of astellatol (5-141),%° waihoensene (5-142),3! 5-epi-cyanthiwigin I (5-143),%? ryanodol (5-144),%
phorbol (5-145),%* ingenol (5-146),%° and indoxamycin A (5-147).° While not a complete list,
these complex natural products showcase the utility of the Pauson—Khand reaction and were

inspiration for us as we pursued this transformation.
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phorbol ingenol indoxamycin A
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Figure 5-5 Natural products recently synthesized using Pauson—Khand reactions.

With inspiration from the literature, as well as access to compound 5-131, we were ready
to probe the feasibility of our key disconnection. Unfortunately, subjecting 5-131 to stoichiometric
Co02(CO)s and tetramethylthiourea (TMTU) in refluxing toluene failed to elicit the desired Pauson—
Khand reaction. Additionally, switching to a rhodium catalyzed PKR, similar to that reported in
Reisman’s ryanodol synthesis, did not change the outcome of the reaction.’? With these results,
we wanted to understand what was impeding the reaction. We rationalized that the preferred
conformation of 5-131 likely has the alkene and alkyne far apart. Conformations in which these

functionalities are close in space might be sparsely populated.

o) C_)M%M
: a. Co,(CO)g, 1 atm CO,
: TMTU, PhMe, 110 °C

= b. [Rh(CO),Cl],, 1 atm CO
: PhMe, 110 °C

Figure 5-6 Initial attempts at the key Pauson—Khand reaction.

154



To investigate the conformational preferences of the molecule, I performed calculations on
compound 5-131. Initial conformer searching was performed on 5-131 in Spartan’’ using
molecular mechanics. Subsequently, the conformers were minimized using Hartree—Fock with the
6-31G* basis set. I then selected only the conformers which put the reactive atoms close in space
and performed a final DFT minimization of these conformers using ®B97X-D and the 6-31G*
basis set. I found that there were several conformers which placed the atoms close in space; the
lowest in energy of the conformers was found at 1.78 kcal/mol relative to the ground state
(Figure5-6). In this conformation, the highlighted atoms, which would need to form a bond, are
3.434 A apart. While this did not paint the whole picture, since the conformations can significantly
change once a metal is bound to the alkyne, it gave us hope that the system could undergo a

Pauson—Khand reaction.

Relative Energy: 0.0 kcal/mol +1.78 keal/mol
Figure 5-7 Calculated conformers for 5-131.

Unwilling to give up on this transformation, we synthesized several other enyne substrates
hypothesizing that other functionalities around the enyne may play a key role in changing the
conformation enough to allow the PKR to proceed. We elected to change the substitution on the
alkyne, on the alkene, and on the tertiary alcohol to investigate their effect on the outcome of the
PKR. Synthesis of these substates began with compound 5-127. Silylation of the tertiary alcohol

proceeded in excellent yield, followed by a high yielding ozonolysis afforded 5-149. Seyferth—
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Gilbert homologation on this compound was particularly irreproducible, resulting in yields of 5-
150 between 10 and 53%. This was likely due to an undesired silyl transfer that can occur during
the course of the reaction, halting the formation of the oxaphosphetane intermediate. Subsequent
silylation of the alkyne, followed by a low-yielding aldol reaction with acetaldehyde led to 5-151
as a mixture of diastereomers. Elimination of the alcohol to the exo-enone was realized upon
mesylation of the secondary alcohol and treatment of the mesylate with DBU to generate 5-152.
Alcohol 5-153 was also observed from the elimination, a consequence of desilylation under the
reaction conditions. Both 5-152 and 5-153 were desired PKR synthons. A portion of the free
alcohol was desilyated by treatment with KF to afford PKR precursor 5-103 in 47% yield .

Scheme 5-24 Synthesis of alternate enyne substrates.

-~ 1. LIHMDS,

1. TMSOTH, Pyr. 99% (MeQO),P N2 TMSCI, 60%

2. Oy; then PhyP, 97% KO1Bu, THF, -78 °C g 2. LDA,
10-53% : MeCHO, 29%

1. MsCl, EtN

2. DBU
54 % (2 steps) ™S

5-103

With these enynes prepared, we embarked on a more thorough investigation of the Pauson—
Khand reactivity. Results can be seen in Table 5-3 below. Using doubly silylated 5-152, rhodium
catalyzed conditions (entries 1 and 2) resulted in decomposition of the starting material and no
formation of product. Changing to a cobalt mediated process at room temperature utilizing NMO
to promote ligand exchange (entry 3) simply returned starting material.>® Using 5-153 (entry 4), a
similar cobalt mediated process also failed to elicit any reaction. As the silyl groups did not seem

to be helping the reactivity, further studies were performed on 5-103. However, even with the
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unprotected material, rhodium mediated reactions (entries 5-7), cobalt mediated reactions (entries
8-10), molybdenum mediated reactions (entries 11-13), and in situ generated Ni(CO)s (entry 14)
all failed to yield even traces of 5-154. Rationalizing that if this system were likely to undergo a
productive Pauson—Khand reaction, at least a trace amount of product would have been detected
during the studies outlined in Table 5-3. It seems that having the alkene appended to the second
lactone ring placed too much of a conformational constraint on the system, making it unlikely that
the alkene and alkyne would come close enough to form a bond. After these failures, we went back

and revised our overall synthetic strategy.
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Table 5-4 Attempted Pauson—Khand reactions using a variety of enynes.

Conditions
5-152 R', R2=TMS
5-153 R' = H, R2 = TMS
5-103 R',R2=H
Entry Compound Cco Solvent Temp. Metal Result
Rh I
1 5-152 1 atm PhMe  100°C ggé%o )2Cllz; Decomp
2 5-152 1 atm Bu,O 140 °C [Rh(CO),Cl]» Decomp
- - Co,(CO)g,
3 5-152 PhMe RT NMO N.R.
_ _ COZ(CO)a,
4 5-153 CH,Cl, RT TMANO N.R.
5 5-103 iatm PhMe  110°C  [Rh(CO),Cll» N.R.
6 5-103 1 atm BuO  130°C  [Rh(CO).Cll, N.R
7 5-103 1 atm Bu,O 150 °C [Rh(CO),Cl]» Decomp
: i Co,(CO)s,
8 5-103 CH,Cl, RT TMAND N.R.
9 5-103 - PhMe 110°C Co,(CO)g Decomp
: o Co,(CO)s,
10 5-103 1 atm DCE 76 °C NMO N.R.
11 5-103 - CH.Cl, RT Mo(CO)3(DMF);  N.R.
12 5-103 - PhMe 60°C  Mo(CO)3(DMF);  N.R.
13 5-103 - PhMe  110°C Mo(CO)3(DMF);  N.R.
14 5-103 1atm  PhMe RT Ni(COD),, bpy N.R.

5.4 Second Generation Route Toward (2R)-hydroxynorneomajucin

54.1 Revised Retrosynthesis
After the failure of the key Pauson—Khand, I needed to step back and reevaluate the
synthetic strategy. It was clear from Table 5-3 that having the alkene bound to the lactone did not
allow for the reaction to proceed. The most likely explanation was that the alkene and alkyne were
unable to come close enough in space to form a bond once a metal was bound to one of these

functionalities. However, the Pauson—Khand reaction still seemed like the most efficient means of
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forming the core ring system of 5-8. I thought that the strategy could be salvaged by redesigning
the enyne substrate to allow for more conformational flexibility. The simplest means of doing this
would be to close the lactone ring after the Pauson—Khand reaction. As such, I devised the
following retrosynthesis (Scheme 5-25).

Scheme 5-25 Revised retrosynthesis of 5-8.

(0]
(0] (0]
OH
oQ o 0 o? o HO 'y
— — “OH
H OH 5

OH O
58 5-102 5-155
OH (0]
OH 9 0 o o
g 1 /
— 0o —— R o —— R1JJ\/U\OR2 * /%
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5-156 5-157

Strategically, I wanted to retain the two major reactions from the previous approach,
namely the Pauson—Khand reaction to close the core, and the Tsuji—Trost asymmetric allylic
alkylation to set the quaternary center. As such, I envisioned taking 5-8 back to 5-102 through late-
stage redox manipulations. The lactone was envisioned to be closed at a later stage in the synthesis,
from a conjugate addition into enone 5-155. The tricyclic core of 5-155 could once again be formed
through a Pauson—Khand reaction with enyne 5-156. Functional group manipulations could lead
back to 5-157, which would once again arise from a Tsuji—Trost reaction between 5-158 and 5-
107. However, it was unclear at the outset what specific functionalities would be necessary in 5-

157 to synthesize 5-156, and our efforts commenced by investigating this.
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Scheme 5-26 Potential approach to 5-156.
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As shown in Scheme 5-26, two potential sequences could lead to 5-156. We could
potentially trace this material back to epoxide 5-159, which would be opened with lithiated
propyne to directly give 5-156. This epoxide could come back to a Tsuji—Trost reaction of methyl
or ethyl acetoacetate with 5-107. This pathway would have the benefit of coming back to
commodity chemicals. Alternatively, the alkyne of 5-156 could be installed by functionalizing an
aldehyde intermediate, which would trace back to 5-161 bearing some sort of B-heteroatom
functionality. This would also arise from a Tsuji—Trost reaction from ketoester 5-162. While it was
conceptually possible to perform the Tsuji—Trost with 5-163, we found this approach to not be
feasible due to challenges in the synthesis of the substrate. Attempts to form 5-163 all resulted in
isomerization to the conjugated allene 5-164, and as such will not be discussed further.

542 Synthesis of the Enyne Precursor

With several ideas of where to start this new route, I began by investigating the formation
of 5-156 through the intermediacy of epoxide 5-159. The Truji—Trost reaction between ethyl
acetoacetate (5-165) and 5-107 has been reported previously, so the conditions reported were
utilized.** As such, 5-165 was treated 5-107 in the presence of Pd2DBA3*CHCIl3 and 5-114,
followed by the addition of DBU to elicit lactonization to afford 5-166 in 65% yield, and excellent

enantiomeric purity. Subsequent o-hydroxylation using the previously optimized conditions
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resulted in a 48% isolated yield of 5-167. However, analysis of the crude NMR revealed only a
2.7:1 dr in contrast to the good selectivity observed previously on 5-105. Silylation of the tertiary
alcohol, followed by two-step bromination of the methyl ketone led to 5-168 in good yield. The
ketone was reduced non-diastereoselectively with sodium borohydride to yield 5-169. Treatment
of this compound with sodium hydride resulted in the desired epoxide 5-159. Unfortunately, after
several attempts to open the epoxide with propyne derivatives, no productive reaction was
observed. Alternatively, we could potentially perform an Sn2 reaction with bromide 5-169 after
protection of the secondary alcohol. As such, TBS protection gave 5-171, but unfortunately
attempts at performing an Sx2 of this substrate proved challenging and inconsistent. Due to these

challenges, we ultimately abandoned this approach to pursue the other strategy laid out in Scheme

5-26.
Scheme 5-27 Synthesis of enyne 5-156 through epoxide 5-159.
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The alternative approach to 5-156 required keto ester starting materials bearing [-
functionalization to manipulate at a later stage to form the alkyne. Several potential starting

materials were synthesized bearing protected B-alcohols, but none of them were particularly
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reactive in the Tsuji-Trost reaction (Figure 5-8). These compounds either resulted in partial
conversion to product, or no conversion. Concerned that the B-functionality could potentially
eliminate or poison the palladium catalyst, we sought literature precedent for performing this type
of reaction with potential B-leaving groups. We found that Trost had utilized 5-173 in an approach
to viridenomycin,* and thought that this could be useful to us, as the sulfide could be converted
to an aldehyde via a Pummerer rearrangement. I synthesized 5-173 and under modified conditions
from Trost’s report 5-174 was isolated in 49% yield and 96% ee. The reaction was found to be
robust and scalable, but the lactonization required cooling of the solution to —10 °C and dropwise

addition of DBU to limit the side product that resulted from elimination of thiophenol.

=
/\Ké
5-107
Pd,DBA,*CHCl,

m)ok/l?\ (5,5)-5-113 PhS
PhS OFEt CH,Cly, rt;
5-173 then DBU

49%, 96% ee

Unsuccessful Substrates:

O O O O O O O O
~ AN ~ AN ™S~ ~ I ~ AN
BnO OMe MeO OMe (0] OMe TBSO OMe

5-162a 5-162b 5-162¢ 5-162d
Figure 5-8 Investigation of potential Tsuji—Trost starting materials.

Having established scalable access to 5-174, the material was pushed forward toward enyne
5-156 using a similar sequence to the one previously established. Oxidation of 5-174 with
quinidine and cumyl hydroperoxide yielded 5-175 in 72% overall yield, as a 4:1 mixture of
separable diastereomers. Importantly, it was necessary to cool the reaction mixture prior to the
addition of cumyl hydroperoxide to circumvent competitive oxidation of the sulfide under the
reaction conditions. Additionally, the cumyl alcohol byproduct formed in the reaction has a very
similar Rr value to the desired compound. It was necessary to remove the byproduct by distillation
either before or after chromatography. Saksena reduction of the ketone, followed by treatment with
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2,2-dimethoxypropane and TsOH led to acetonide 5-176. Oxidation of the sulfide to the sulfoxide,
followed by Pummerer rearrangement promoted by TFAA led to aldehyde 5-177 in 96% yield
over two steps. Seyferth—Gilbert homologation proceeded smoothly, giving terminal alkyne 5-178
in 84% yield. Methylation of the alkyne, followed by deprotection afforded 5-156, in a total of 9
steps LLS.

Scheme 5-28 Synthesis of 5-156.
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54.3 Constructing the Core

With access to 5-156, we were once again able to investigate the Pauson—Khand reaction
on this substrate. Given the precedent from Zhai’s synthesis of jiadifenin (Scheme 5-5),!7 we were
very confident about the outlook for this transformation. In terms of minimizing protecting group
manipulations, we were interested in the possibility of performing this reaction with 5-156 directly.
However, under cobalt mediated and rhodium catalyzed conditions, only starting material was
recovered (Scheme 5-29A). PKR reactions have been reported with unprotected tertiary alcohols,
so we postulated that the secondary alcohol was inhibiting the reactivity. Once again, to minimize
protecting group manipulation, we attempted to protect the secondary alcohol as a dialkyl oxalate.
This would serve both as a protecting group and as a functional handle to form a cesium oxalate,

which can be leveraged to perform an intramolecular alkoxycarbonyl radical cyclization.®
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Treatment of 5-156 with methyl chlorooxoacetate produced an intermediate dialkyl oxalate,
however this intermediate unfortunately did not undergo the desired Pauson-Khand (Scheme 5-
29B). Ultimately, we elected to silylate the secondary alcohol in a similar manner to Zhai and use
this known intermediate to perform the Pauson—Khand. However, we elected not to use the same
reaction conditions as Zhai. Specifically, the Zhai group used tributylphosphane sulfide as an
additive in the PKR, but this material can only be made from tributyl phosphine in poor yield.!”-¢!
Additionally, it is known that simpler sulfide additives will also serve the same role in the Pauson—
Khand reaction.®?> As such, we chose to use readily available thioanisole to mediate our reaction.
Treatment of the silylated alcohol with Co2(CO)s, followed by refluxing the solution in the
presence of thioanisole gratifyingly led to 5-180 in 61% yield. This material was subsequently
desilylated by treatment with TBAF to give 5-155 in 88% yield. The structure and absolute
configuration of 5-155 were unambiguously confirmed through X-ray crystallography.

Scheme 5-29A. Pauson—Khand of the free diol 5-156. B. Protection of the secondary alcohol as
an oxalate. C. Silylation of the secondary alcohol.
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Having secured scalable access to 5-155, we needed to install the final carbon atom and
quaternary center necessary for 5-8. At the outset of this sequence, we were hoping to leverage the
secondary alcohol of 5-155 to perform an intramolecular alkoxycarbonyl radical cyclization to set
the quaternary center and close the final ring in one step.>%% We intended to do this by converting
the secondary alcohol into a cesium oxalate, and using conditions developed in the Overman
laboratory to perform the intramolecular Giese addition to yield 5-180.° Unfortunately, these
efforts were not fruitful (Scheme 5-30). The secondary alcohol could be selectively acylated with
methyl chlorooxoacetate, but we found that saponification with CsOH resulted in non-
regioselective saponification. Under these conditions we also observed elimination of the
secondary alcohol to generate a conjugated dienone product. It is also possible to access cesium
oxalates by treatment of TMS-ethyl oxalates with CsF to generate the cesium hemioxalate.%*
However, attempts to form the cesium oxalate on our system resulted primarily in elimination to

the dienone side product.

Scheme 5-30 Attempts to install the final quaternary center.
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Having failed to form the cesium oxalates, we attempted to access the desired
alkoxycarbonyl radicals through selenocarbonates. Treatment of 5-155 with CDI followed by
sodium phenylselenide led to the desired selenocarbonate. Subsequent radical cyclization
mediated by AIBN and Bu3SnH successfully afforded the desired lactone 5-180; however the
selenocarbonate intermediate was plagued by the same elimination issues as the oxalates, making
it challenging to access meaningful quantities of this lactone. We then turned our attention to
intermolecular conjugate additions into enone 5-155. I reasoned that radical chemistry might still
be productive, as the early transition states that radicals often go through make them less sensitive
to steric effects, which was particularly important when adding into a tetrasubstituted enone. It is
possible to perform Giese additions with hydroxymethyl radicals generated in methanol by
photolysis of enones in the presence of photosensitizers.® Initially, the reaction seemed to be
productive on small scale when irradiating with a 450W mercury arc lamp. However, the reaction
was sensitive to scale and overall irreproducible, as no two reactions gave the same results, even
if the scale, stoichiometry, and vessel were identical.

Recently, Dr. Alex Burtea of our group used photoredox catalysis to generate the a.-amino
radical of Boc-glycine to perform a Giese addition as one of the key steps in the total synthesis of
himeradine A.% I attempted to use these conditions to perform a Giese addition into 5-155, and
the reaction seemed robust when using several equivalents of Boc-glycine on <5 mg scale.
However, the reaction did not scale well, as increasing the scale to 15 mg resulted in complete
deterioration of the reaction conversion. Additionally, it was not readily apparent how to best
convert the protected primary amine into an aldehyde/ester. Due to the polarity of the product after

removal of the amine protecting group, none of the desired primary amine product was isolated.
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After significant failure in eliciting either an intra- or intermolecular Giese addition into 5-
155, I began to pursue polar approaches for the conjugate addition. Ideally, the nucleophile would
be in the acid oxidation state to minimize late-stage redox manipulations. With this idea, we
became interested in the hydrocyanation chemistry developed by Nagata.®” We initially attempted
additions of Nagata’s reagent (Et2AICN) to both 5-155 and 5-34 but found no success. Nagata also
frequently used triethyl aluminum and HCN to enact this transformation, but I was hesitant to
synthesize and use neat HCN due to its inherent toxicity. However, after some evaluation of the
literature, I found that TMSCN is often used as a surrogate for HCN in these reactions.® Treatment
of enone 5-155 with TMSCN and AlEts successfully afforded ketone 5-183.

The initial reaction conditions for the hydrocyanation were modeled after the conditions
that Snyder reported in their synthesis of the annotinolides.®* Compound 5-155 was added to a
mixture of EtsAl and TMSCN, and the reaction was heated to 60 °C for 1.5 hours (Figure 5-9a).
Under these conditions, TMS-cyanohydrin 5-185 was isolated in large quantities along with the
desired 1,4-addition product 5-184. Utimoto and coworkers proposed that in the early stages of the
reaction, TMS-cyanohydrin 5-187 predominates (Scheme 5-31B), but in the presence of excess
Et3Al this intermediate can reionize and equilibrate to the thermodynamic 1,4-addition product 5-
188.7° By allowing the reaction to proceed for 20 hours at reflux, 5-155 was cleanly converted to

5-184.
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Scheme 5-31A. Divergent results for hydrocyanation of 5-155. B. Mechanistic pathway
proposed by Utimoto.
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Now that the final carbon was installed, we next needed to evaluate the most prudent way
of forming the lactone. Attempts to directly form the lactone by treatment of 5-184 with
concentrated acid led to decomposition of the material. Dilute hydrochloric acid achieved
hydrolysis of the TMS-enol ether. Subsequent treatment of this the ketone with Wilkinson’s
catalyst and acetaldoxime enacted an anhydrous hydration of the nitrile,® which spontaneously
lactonized under these conditions, generating 5-189 in 41% yield. It was also possible to form 5-
189 directly by treatment of the crude TMS-enol ether 5-184 with Wilkinson’s catalyst and
acetaldoxime, albeit in low yield. Regardless of yield, these steps led to the installation of the final
carbon atom, quaternary center, and ring of the natural product.

Scheme 5-32 Conversion of 5-155 into desired lactone 5-189.
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544 End Game Strategy

Having developed a route to 5-189, we could evaluate the endgame of the synthesis. To
convert 5-189 to 5-8, we needed to epimerize the methyl stereocenter at carbon 1 in the A ring, as
well as manipulate the oxidation states at carbon 2 and 4 (Figure 5-9). Unfortunately, 5-189 exists
in a twist-boat which makes direct epimerization challenging due to the concave nature of the a-
face of the molecule. However, conversion to enone 5-190 through a Saegusa—Ito dehydrogenation
would generate a more planar A-ring, thus increasing the probability that a successful
epimerization could be achieved. Epimerization of 5-190 would generate an intermediate from
Gademann’s approach to 5-8.3° Gademann’s group synthesized the same enone through allylic
oxidation of 5-98 (Scheme 5-15) and performed a Luche reduction to generate 5-99 with
unassigned stereochemistry. While a full discussion will follow below, we believed that the allylic
alcohol stereochemistry set by this Luche reduction contradicts that of the natural product at C2.
After the 1,2-reduction, a Mukaiyama hydration would install the final oxygenation and complete

the synthesis of 5-8.

5-;90 ©
Figure 5-9 Highlighting the final manipulations necessary for the conversion of 5-189 to 5-8.

To begin investigating the stereochemical complexity of the A ring, a Saegusa—Ito

oxidation was performed on 5-189 (Scheme 5-33). Interestingly, when using the protocol

established in Zhai’s synthesis of jiadifenin, we observed a 1:3.4 ratio of dienone 5-191 and desired
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enone 5-192. Precedent for this double dehydrogenation is scarce, making it an intriguing side
product. Unfortunately, 5-191 and 5-192 were not separable by silica gel chromatography, so the
mixture was taken forward to attempt epimerization of the methyl center. We first attempted
epimerization using grade IV basic alumina in refluxing toluene,”® but we only observed 5-193a
in a 1:10 ratio with 5-192. Decomposition of the starting material occurred upon treatment of 5-
192 with DBU at room temperature. We also attempted a kinetic protonation of the corresponding
silyl enol ether using a procedure developed by Zimmerman.”! As such, 5-192 was converted to
its silyl enol ether upon treatment with TMSOTf and triethylamine and was subsequently
protonated with 6 M HCI in acetonitrile generating a mixture of 5-193a and 5-193b. The
diastereomeric ratio of this transformation (for both 5-193a and 5-193b) was 1.8:1. Unfortunately,
the silylated diastereomers were inseparable, but the free alcohol diastereomers were conveniently
separable by chromatography and the stereochemistry was confirmed by NOESY.

Scheme 5-33 Efforts toward epimerizing the A-ring methyl stereocenter.

1. Et3N, TMSCI,
LDA, THF

wOH
O 2.Pd(OAc),, DMSO
90% (2 steps)

=0 1:3.4
5-189
! Entry |  Condition 5-192 : 5-193
1. TMSOTY, Et;N
2. Pd(OAc), 1 Arlazr?l\?/’l égﬁ%eog/) 10:1
3. 1 atm H,, "
RhCI(PPhg)s 2 DBU, CH,Cl, | Decomposition
34% (3 steps) 1. TMSOTY, Et;N
6:1dr 3 > HOl Mécﬁ 1:1.8

Having achieved partial epimerization, we were still interested in improving the ratio, and
thought that 5-191 could serve as a useful intermediate. Professor Rychnovsky suggested that
hydrogenation with Wilkinson’s catalyst to reduce the exo-alkene might give greater

diastereoselectivity, as the catalyst is known to be sensitive to sterics.”? Since 5-191 was

170



inseparable form 5-192, the mixture of material was subject to a Saegusa—Ito oxidation to funnel
it to the desired dienone. Subsequent hydrogenation of the crude material with Wilkinson’s catalyst
then provided 5-193b as a 6:1 mixture of diastereomers at C2. While an excellent result, the
process was not reproducible, as pure samples of dienone 5-191 failed to hydrogenate by the action
of Wilkinson’s catalyst under otherwise identical conditions. This seemed to be a lesson in tracking
metal impurities, as the crude mixture that successfully hydrogenated likely contained Pd(OAc):
from the previous transformation. Verification of this hypothesis by hydrogenating a sample of
pure 5-191 with 40 mol % Pd(OAc):2 led to 5-193 as a 2.5:1 mixture of diastereomers.

With 5-193 in hand, we were ready to perform the final manipulations of the synthesis. Our
rationale for stereoselectivity was informed by an evaluation of the literature. In Micalizio’s
synthesis of 5-3 and 5-5, they reported a Luche reduction on an enone very similar to 5-193. Luche
reduction of 5-81 gave 5-194 in 92% yield as a single diastereomer (Scheme 5-34A) and the
stereochemistry was confirmed by NOESY.? In this report, the vinylic proton at position 3 is
reported as a doublet with a coupling constant of 0.9 Hz. The only difference between 5-194 and
our desired product is the size of the bridging lactone ring, which is unlikely to drastically change
the conformation of the A ring. Based upon this coupling constant and completed synthesis by
Micalizio, I propose that the unassigned allylic alcohol of 5-99 in Gademann’s approach to 5-8
was in an a-orientation (Scheme 5-34B). This is based on the tabulated NMR data reported in
Christophe Daeppen’s dissertation,® in which he stated that the vinylic proton at carbon 3 appears
as a doublet with a coupling constant of 1.0 Hz. The NMR spectra for diastereomers 5-195 and 5-
196 were calculated using Spartan,®®’* and the coupling constant for the vinyl proton was
calculated to be 2.0 Hz in 5-195 and 3.6 Hz in 5-196. In addition to these calculated values, the

vinyl proton of 5-5 is known to appear as a doublet with 3.1 Hz coupling, which gives credibility
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to the calculated values.”> While the coupling constants are not exact, the evidence from
Micalizio’s synthesis in addition to the calculated coupling lend credence to the assertion that a
Luche reduction will set the alcohol stereochemistry incorrectly.

Scheme 5-34A. Luche reduction reported by Micalizio.?> B. Proposed stereochemistry for the

Luche reduction reported by Gademann and Daeppen.?® C. Calculated NMR data for the alcohol
diastereomers. D. Precedent from Wicha describing stereochemical divergent results.

NaBH,, CeCl; NaBH,, CeCl, -7H,0

OTMS
O MeOH,-78°C

MeOH, -78 °C
92%

Ho <
" 5195
5.5 (d, 2.0 Hz)

NaBH,, CeCly K-selectride

THF, =50 °C
90%

MeOH, —20 °C
90%
87:13 a:p MeO

5-197

Confident that a Luche reduction would give the incorrect diastereoselectivity, I searched
the literature for relevant examples of 1,2-reductions of enones resulting in a syn relationship
between the alcohol and an a-substituent. In 2016, Wicha reported a very relevant result in which
they were performing 1,2-reductions on steroidal enone 5-197 (Scheme 5-34D).”* They observed
that 1,2-reduction of 5-197 under Luche conditions gave predominantly 5-198, but reduction with
K-selectride at low temperature gave exclusively 5-199 in 90% yield. Eager to see if this result
would be fruitful, 5-193b was treated with K-selectride at —78 °C on small scale. In our case 5-196

was formed, and the proton at carbon 3 appeared as a doublet at 6.36 ppm with a 3.2 Hz coupling
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constant, consistent with the calculated value for this compound and the value from 5-5. Excited
that the stereochemistry seemed to match, we attempted Mukaiyama hydration with the very
minimal material recovered from the reduction. Treatment of this crude material with Mn(dpm)3
and Ph(OiPr)SiH2 in isopropanol under an oxygen atmosphere resulted in complete conversion as
observed by TLC. After workup with aqueous HCI, 5-8 was formed. Unfortunately, the NMR of
the crude material in a low-volume NMR tube resulted in peaks barely discernable from the
baseline noise. The sample was sufficient to observe a 5-8 by LRMS, but the stereochemistry at
the tertiary alcohol could not be confirmed at the time.

Scheme 5-35 Completion of the synthesis of 5-8 on small scale.

(0] (0] 1 atm O,
Mn(dpm)s
Ph(Oi-Pr)SiH,

K-selectride

~OTMS
0 THF -78°C

OTMS
o  iProH,0°C

5-8
validated by
MS

Having validated that the final steps work, additional material was necessary to confirm
the stereochemistry of the Mukaiyama hydration. The sequence in Scheme 5-33 was overall low
yielding, and almost every step generated a mixture of products. However, in one of the
hydrocyanation reactions of 5-155, the crude material was treated with Pd(OAc)2 to effect a
Saegusa—Ito oxidation. In addition to the expected exo-enone, we observed a significant quantity
of the double dehydrogenation product. This outcome was unexpected, as precedent for double
dehydrogenations on systems similar to ours is scarce in the literature. We found that we could
perform the hydrocyanation as before to generate 5-184, and subsequent treatment with
superstoichiometric PA(OAc)2 in DMSO at 55-70 °C led cleanly to -cyano dienone 5-200 in 34%
yield over two steps. While the yield is relatively low, this sequence cuts out several of the

manipulations shown in Scheme 5-33. We also found that when the mixture was heated further,
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we began to observe hydrolysis of the nitrile, presumably by trace moisture. Gratifyingly,
treatment of crude 5-184 with 2.5 equivalents of Pd(OAc)2 at 110 °C in an oxygen atmosphere
directly led to dienone lactone 5-191 in 38% yield over 2 steps, eliminating the rhodium-catalyzed
hydration we had previously been using.

With improved access to clean samples of dienone 5-191, we attempted to improve the
diastereoselectivity of the final steps. We had previously shown that hydrogenation of enone 5-
191 with Pd(OAc): led to 5-193a as an intermediate as a 2.5:1 dr at the methyl stereocenter (see
Scheme 5-33 and accompanying discussion). In this reaction, the mixture would often turn black,
potentially indicating the presence of highly active palladium nanoparticles.” We thought that
using a less active palladium species might increase the diastereoselectivity of the process. As
such, we attempted hydrogenation over 10 mol% Pd/C and were delighted to find that the
diastereoselectivity was essentially perfect! However, the material needed to be sufficiently pure
and free of excess palladium from the preceding Saegusa—Ito reaction. Subsequent 1,2-reduction
of the enone with K-selectride generated 5-201 as a single diastereomer in 67% yield, and the
stereochemistry of this material was confirmed by NOESY. Mukaiyama hydration of 5-201 under
the previously described conditions yielded the first synthetic sample of 5-8 as a 7:1 mixture of
diastereomers presumably about the tertiary alcohol. However, when the temperature was
decreased, and the reaction was performed at —15 °C, we only observed a single diastereomer.
After chromatography, we isolated the first synthetic sample of 5-8 in 64% yield. The 'H and '3C
NMR spectra of our synthetic material matched well with those reported by Fukuyama.*

The NMR data of isolated 5-8 are worth briefly discussing. In the isolation paper,
Fukuyama reported isolation of 1.2 mg of 5-8 from 3.5 kg of dried plant material. While the 'H

NMR spectrum reported was clean, there is some discrepancy in the purity of the sample (Figure
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5-10 and 5-11). In the COSY data reported for isolated 5-8, there are several impurities between
3.8 and 3.3 ppm that do not appear in the normal '"H NMR spectrum. Additionally, in the reported
proton spectrum there is no water peak at 4.87 ppm as seen in the COSY, and the !3C satellites for
the methanol signal are seemingly missing. These discrepancies lead us to question the overall
purity of the isolated material. While we are not attempting to disparage the work of Fukuyama’s
group, these inconsistencies simply lead to some question about the purity and reliability of the
data reported, particularly the specific rotation value. However, as the absolute configuration of
intermediate 5-155 was determined through X-ray crystallography, we are confident that the
absolute configuration of 5-8 is indeed correct.

Scheme 5-36 Alternate end-game strategy leading to the 5-8.

EtsAl (3 equiv) 1 atm O,
TMSCN (3 equiv) Pd(OAc),
THF, reflux, 20 h DMSO, 55 °C

34% (2 steps)

Et;Al (6 equiv) 1 atm O,

TMSCN (6.1 equiv) Pd(OAc),
THF, reflux, 20 h DMSO, 55 °C
38% (2 steps)

5-191

1.1 atm H, 0, 1 atm O,

Pd/C (10 mol%) Mn(dpm);
68%, >20:1 dr Ph(Oi-Pr)SiH,

HO

WOH -
2. K-selectride, S o -PrOH,-15°C
-78t00°C N o 64%
67%
° 5-201 58
First Synthetic
Sample

5.5 Summary

In this chapter, we have reported the first completed total synthesis of (2R)-
hydroxynorneomajucin (5-8). Efforts toward an initial route which disconnected the molecule to a

complex bis-lactone enyne substrate for a key Pauson—Khand cyclization are described in detail.
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A revised strategy beginning from 5-173 led to the first completed total synthesis of 5-8 in 18 steps
LLS. Our strategy relied on the use of 5-34, a known intermediate from the Zhai group’s route to
jiadifenin. Our sequence to 5-34 is 11 steps LLS in an overall 8.4% yield, while the route published
by Zhai is also 11 steps but proceeds in 5.7% overall yield. Additionally, we observed excellent
control of the quaternary center in 5-34, while the Ireland—Claisen that was used in the reported
sequence sets the quaternary center as an inseparable 7:1 mixture of diastereomers. Our strategy
allowed us to complete the first total synthesis of 5-8 in 17 steps LLS. At the time of writing, we

are working on a manuscript of this work, and results will be published in due course.
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Scheme 5-37 The first total synthesis of 5-8, completed in 17 steps from 5-173.
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5.6 Supporting Information

5.6.1 General Experimental Details
Unless otherwise stated, all reactions were carried out under an atmosphere of argon in
flame- or oven-dried glassware. Solvents were purchased as ACS grade or better and as HPLC-
grade and passed through a solvent purification system equipped with activated alumina columns
prior to use. Thin layer chromatography (TLC) was carried out using glass plates coated with a

250 um layer of 60 A silica gel. TLC plates were visualized with a UV lamp at 254 nm, or by

177



staining with potassium permanganate or Hanessian’s stain.”® Liquid chromatography was
performed using forced flow (flash chromatography) with an automated purification system on
prepacked silica gel (S102) columns unless otherwise stated.

The 'H and *C{'H} NMR spectra were recorded at 298.0 K unless otherwise stated.
Chemical shifts (6) were referenced to the residual solvent peak (7.26 ppm for CHCls, 3.31 ppm
for CH3OH) for "H NMR and CDCI3 (77.16 ppm) or CD30D (49.00 ppm) for *C{'H} NMR. The
"H NMR spectra data are presented as follows: chemical shift, multiplicity (s = singlet, d = doublet,
t=triplet, q = quartet, m = multiplet, dd = doublet of doublets, ddd = doublet of doublet of doublets,
dddd = doublet of doublet of doublet of doublets, dt = doublet of tripets, dq = doublet of quartets,
ddq = doublet of doublet of quartets, app. = apparent), coupling constant(s) in hertz (Hz), and
integration. High-resolution mass spectrometry was performed using ESI-TOF. An internal
standard was used to calibrate the exact mass of each compound. Optical rotations were performed
on a JACSO P-1010 spectrometer using either a 10 or 50 mm glass cell with the sodium D-line at
589 nm.

5.6.2 Chemicals

All commercially available reagents were used as received unless stated otherwise. (S,5)-
DACH-Naphthyl (5-113) and Pd2DBA3*CHCIs were purchased from Strem and stored in a
desiccator. We later found that 5-113 could be purchased from AmBeed at a lower price while
retaining the quality of ligand. (S,S)-5-114 was prepared as described by Trost.”” Compound 5-107
was purchased from Sigma, but it could also be prepared on large scale following the procedure
of Stoltz.”® Compounds 5-162a,” 5-162b,% and 5-162¢®! were prepared from the Weiler dianion
of methylacetoacetate according to literature procedures. Compound 5-162d*?> was prepared

according to literature procedure. [Rh(CO)2Cl]2, and Co2(CO)s were purchased from Strem and
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were stored in a —20 °C freezer in a nitrogen-filled glovebox. Mo(CO)3DMF3 was made according
to a literature procedure, and the material was stored in a —20 °C freezer in a nitrogen-filled

glovebox.®3

5.6.3 Compound Synthesis and Characterization
o o o
S, rooTHRAT AL
MeO,C OH ————= MeOC OMe
ii. MgCly,
5-106
o o
KO OMe
40°C, ON

55%
dimethyl 3-oxohexanedioate (5-106): A flame-dried 2L three-neck round bottom flask equipped
with a mechanical stirrer (using an adapter to maintain argon atmosphere) and a reflux condenser
was charged with mono-methyl succinate (38.5 g, 0.291 mol) and THF (500 mL, 0.58 M). The
solution was stirred, and 1,1’-carbonyldiimidazole (56.8 g, 0.350 mol) was added portion wise
under an argon counterflow. The solution was then stirred for 1 h at room temperature. After this
time, potassium 3-methyl-3-oxopropanoate (45.5 g, 0.291 mol) and MgCl2 (dried at 150 °C under
vacuum for 24 h, 27.8 g, 0.291 mol) were added successively, and the solution was heated to 40
°C overnight. During this time, CO2 evolution was observed, and the suspension became thicker
as the reaction progressed. Once CO:2 evolution had ceased, the slurry was cooled to room
temperature and filtered through a pad of celite washing with additional portions of THF. The
filtrate was concentrated in vacuo, and the crude material was suspended between EtOAc (300
mL) and aq. 1 M HCI (300 mL). The organic layer was collected, and the aqueous layer was
extracted with EtOAc (3 x 150 mL). The combined organic extracts were washed with saturated
aq. NaHCO3 (2 x 200 mL), brine (1 x 200 mL), dried over Na2SO4 and concentrated in vacuo. The
crude oil was vacuum distilled in an oil bath (~300 mTorr, 83 °C vapor temperature, 130 °C bath

temperature) to afford 5-106 as a clear oil which turned yellow upon storage (30.0 g, 55%). All
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spectral data were consistent with those reported previously.

Rr=0.51 (50% EtOAc in hexanes) visualized by UV.

'TH NMR (500 MHz, CDCI3) & 3.73 (s, 3H), 3.67 (s, 3H), 3.50 (s, 2H), 2.86 (t, J = 6.6 Hz, 2H),
2.61 (t,J= 6.6 Hz, 2H).

BC{'H} NMR (126 MHz, CDCls) 6 201.0, 172.9, 167.5, 52.5, 52.0, 49.1, 37.5, 27.8.

/\ﬁj

5-107 0
o o [Pd(allyl)Cl], (0.5 mol%) MeO—4 G
W (5,5)-5-113 (1.5 mol%) OO
MeO,C OMe
Na,CO3 MeO,C ¢}
5-106 CH,Cly, RT, 10 min HO
65% 5-120

methyl (45)-2-hydroxy-2-(3-methoxy-3-oxopropyl)-4-methyl-4-vinyltetrahydrofuran-3-
carboxylate (5-120): A flame-dried 100 mL round bottom flask was charged with 5-106 (0.397
g, 2.11 mmol), [Pd(allyl)Cl]2 (7.7 mg, 0.021 mmol), (S,S)-DACH-naphthyl (50.0 mg, 0.0633
mmol), and Na2COs3 (0.268 g, 2.53 mmol). The flask was evacuated and backfilled with argon
three times. Dichloromethane (degassed by sparging, 21 mL) was added and the solution was
stirred for 5 minutes, during which time a bright orange color was observed. 2-methyl-2-
vinyloxirane (0.25 mL, 2.5 mmol) was added, and the solution turned pale yellow immediately.
Once the orange color of the palladium complex had returned, the solvent was evaporated and the
crude material was purified by flash chromatography on silica gel eluting with 30%
EtOAc/hexanes to afford 5-120 as a colorless oil (0.376 g, 65%) as an inseparable mixture of 3
diastereomers. The diastereomers were integrated together when signals were overlapping to
simplify analysis, however it should be noted that once the hemiacetal is eliminated, the
diastereomers converge to one isomer.

R¢=0.67 (50% EtOAc in hexanes) visualized by staining with KMnOa.

TH NMR (500 MHz, CDCl3) § 6.14-5.83 (m, 1H), 5.22-4.95 (m, 2H), 4.22 (d, J= 9.0 Hz, 0.13H),
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4.02 (dd, J = 8.9, 7.9 Hz, 0.49H), 3.86-3.78 (m, 1H), 3.73 (s, 2H), 3.69-3.61 (m, SH), 2.83 (s,
0.48H), 2.70 (s, 0.37H), 2.62-2.44 (m, 2H), 2.13-2.04 (m, 0.82H), 2.04-1.94 (m, 0.82H), 1.36 (s,
1.43H), 1.22 (s, 1.47H).

13C{1H} NMR (126 MHz, CDCls) § 174.3, 174.2, 173.2, 173.0, 172.8, 170.3, 165.8, 144.2, 143.1,
141.3,114.4,112.8, 112.7, 105.2, 105.1, 82.4, 77.95, 77.87, 61.9, 59.4, 52.32, 52.31, 51.81, 51.76,
51.75, 50.7, 49.0, 47.83, 47.80, 35.7, 35.4, 30.9, 28.64, 28.57, 28.5, 24.8, 24.1, 23.6, 20.5.

HRMS (ESI/TOF) m/z: [M+Na]* Calcd for C13H2006Na 295.1158; Found 295.1159.

0 0

MeO—/ \ 0
e o
M o CH,Cl,, RT ;
e0:L" 4 94% (E
5-120 5-105

methyl  4-((45)-4-methyl-2-o0xo0-4-vinyltetrahydrofuran-3-yl)-4-oxobutanoate  (5-105):
Compound 5-120 (0.249 g, 0.914 mmol) was dissolved in CH2Cl2 (9 mL) and DBU (0.15 mL, 1.0
mmol) was added dropwise. The mixture was allowed to stir until complete consumption of 5-120
was observed. The reaction was quenched by the addition of 2 M aq. HCI (9 mL). The mixture
was transferred to a separatory funnel, the organic phase was separated, and the aqueous phase
was extracted with CH2Cl2 (3 x 10 mL). The combined organic extracts were dried over Na>SOs,
the drying agent was filtered off, and the solution was concentrated. The crude material was
purified by flash chromatography on silica gel eluting with 50% EtOAc/hexanes. Pure 5-105 was
isolated as a clear oil (0.205 g, 94%) as a 1:1 mixture of diastereomers with 7% of the enol
tautomer. The diastereomers were integrated together when possible to simplify analysis.
Rf=0.51 (50% EtOAc in hexanes) visualized by UV.

TH NMR (500 MHz, CDCI3) 8 11.62 (s, 0.08H), 5.98-5.86 (m, 1H), 5.29-5.16 (m, 2H), 4.42 (d,
J=8.8 Hz, 0.36 H), 4.11 (q, J = 8.8 Hz, 1H), 4.02-3.96 (m, 0.47H), 3.73 (s, 0.63H), 3.67 (s, 3H),
3.59 (s, 0.48H), 3.50 (s, 0.40H), 3.43 (s, 0.35H), 3.03-2.83 (m, 2H), 2.71-2.49 (m, 2H), 1.39 (s,

181



1.5H), 1.27 (s, 1.5H).
BC{IH} NMR (126 MHz, CDCl3) § 202.2, 201.6, 201.0, 172.8, 172.7, 172.5, 172.1, 167.5, 141.8,
140.3, 136.9, 117.1, 115.9, 114.8, 79.1, 76.6, 76.6, 63.9, 60.9, 52.5, 52.0, 52.0, 49.1, 46.7, 46.6,
39.6, 39.6, 37.5, 29.8, 27.8, 27.4, 27.4, 26.9, 23.8, 23.7, 18.5.

HRMS (ESI/TOF) m/z: [M+Na]" Calcd for C12Hi160sNa 263.0890; Found 263.0889.

/\KC\)

5-107 o
0
[Pd(allyl)Cl], (0.25 mol%)
Vu (8,5)-DACH-Naphthyl (0.75 mol%) MeO,C o
MeO,C OMe Na,COj3 (5 mol%) :
5-106 CH,Cl,, RT; | :
then DBU 5-105

61%, 95% ee
methyl 4-((45)-4-methyl-2-oxo0-4-vinyltetrahydrofuran-3-yl)-4-oxobutanoate (5-105): A dry
1L 3-neck round bottom flask was charged with beta-keto ester (9.82 g, 52.2 mmol), [Pd(allyl)Cl]2
(47.6 mg, 0.130 mmol), (S,S)-DACH-naphthyl (0.310 g, 0.391 mmol), and Na.CO3 (0.277 g, 2.61
mmol). The flask was evacuated and backfilled with argon three times. Dichloromethane* (260
mL) was added via cannula under a positive pressure of argon and the solution was stirred for 5
minutes, during which time a bright orange color was observed. 2-methyl-2-vinyloxirane (5.9 mL,
60. mmol) was added, and the solution turned pale yellow immediately. The mixture was stirred
at room temperature until the orange color of the palladium complex returned. If TLC reveals
starting material, 0.2 equivalents of epoxide can be added and the reaction can be stirred until the
orange color returns to ensure full conversion. At this time, a 0.5 mL aliquot of the reaction mixture
was removed and was dehydrated to the dihydrofuran to assay the enantioselectivity of the
reaction. DBU (8.6 mL, 57 mmol) was then added, and the solution was stirred for 1 h.
Subsequently, the reaction was quenched with aq. 2 M HCI (200 mL) and the mixture was
transferred to a separatory funnel. The organic layer was separated, and the aqueous layer was
extracted with CH2Cl2 (2 x 150 ml). The combined organic extracts were dried over Na2SO4 and
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concentrated in vacuo. The crude material was purified by flash chromatography on silica gel (500
g) eluting with 30% EtOAc/hexanes to afford the title compound as a peach-colored oil (7.92 g,
63%). The material was spectroscopically identical to characterization for 5-105 described above.
*The reaction was found to be very sensitive to oxygen. Prior to reaction, the solvent was degassed
(sparging) with argon for 45 minutes to ensure the solvent was oxygen free. Rigorous Schlenk

technique should be used, as traces of ambient atmosphere will retard formation of the active

Q0 Quinidine (20 mol%) Q oo Q onO
MeO,C Cumyl Hydroperoxide MeO,C 3 MeO,C
; PhMe, RT : :
| = 83%, 7:1 dr [ [

5-105 5-122 5-123

catalyst.

methyl 4-((3R,4R)-3-hydroxy-4-methyl-2-oxo-4-vinyltetrahydrofuran-3-yl)-4-
oxobutanoaten (5-122): Lactone 5-105 (7.92 g, 33.0 mmol) was dissolved in toluene (330 mL) in
a non-dried round bottomed flask open to air. Quinidine (2.15 g, 6.59 mmol) was added, and the
solution was stirred for 10 minutes at ambient temperature. Cumeme hydroperoxide (80% assay)
(7.3 mL, 39.6 mmol) was then added, and the mixture was stirred overnight (~15 h) at room
temperature. After the reaction was complete (TLC) the solvent was evaporated in vacuo. NMR
analysis of the crude material revealed a 7:1 dr favoring the desired diastereomer. The crude
material was purified by flash chromatography on silica gel eluting with a gradient from 15-25%
EtOAc/hexanes to afford 5-122 as a clear oil (6.24 g, 74%) as a single diastereomer.

Desired Diastereomer (5-122):

Rf=0.27 (25% EtOAc in hexanes) visualized by KMnOa.

'TH NMR (600 MHz, CDCl3) 8 5.77 (dd, J = 17.5, 10.8 Hz, 1H), 5.28 (d, J = 10.8 Hz, 1H), 5.19
(d, J=17.5 Hz, 1H), 4.48 (d, J= 8.8 Hz, 1H), 4.19 (br. s, 1H), 4.04 (d, J = 8.8 Hz, 1H), 3.67 (s,
3H), 3.15(ddd, J=18.7,7.6, 6.0 Hz, 1H), 2.71 (dt, /= 18.7, 6.2 Hz, 1H), 2.61 (ddd, J=17.4, 7.6,
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6.0 Hz, 1H), 2.53 (dt, /= 17.4, 6.2 Hz, 1H), 1.29 (s, 3H).

BC{'H} NMR (151 MHz, CDCl3) § 208.1, 174.9,173.2,135.5,118.4,87.2, 74.5,52.2,49.7,34.2,
27.9, 19.6.

HRMS (ESI/TOF) m/z: [M+Na]" Calcd for C12H1606Na 279.0840; Found 279.0846.

[a]*'p +106.3 (c 1.58, CHCl3)

Undesired Diastereomer (5-123):

Rr=0.23 (25% EtOAc in hexanes) visualized by KMnOa.

TH NMR (600 MHz, CDCl3) 6 5.93 (dd, J = 17.6, 10.9 Hz, 1H), 5.35 (d, J = 10.9 Hz, 1H), 5.28
(d,J=17.5Hz, 1H),4.26 (dd, /=20.2, 8.9 Hz, 2H), 3.78 (s, 1H), 3.67 (s, 3H), 3.18 (ddd, J=19.3,
7.1,5.1 Hz, 1H), 2.91 — 2.82 (m, 1H), 2.61 (ddd, /= 10.8, 7.3, 5.3 Hz, 2H), 1.20 (s, 3H).

BC{'H} NMR (151 MHz, CDCl3) § 207.8, 174.6, 173.2,136.7,117.3, 85.8, 74.1, 52.1, 34.6, 27.5,

0
OHQ  1.NaBH(OAc),
MeO.C : CH,Cly, 40 °C
O —_—
: 2. p-TsOH, PhH
/ = reflux

0,
5-122 60% (2 steps)

16.2.

5-127

(2R,3'R,4'R)-3'-hydroxy-4'-methyl-4'-vinyltetrahydro-[2,3'-bifuran]-2',5(2H,3' H)-dione (5-
127): To a stirred solution of a-ketol 5-122 (4.52 g, 17.6 mmol) in CH2Cl2 (176 mL) was added
NaBH(OAc)3 (11.3 g, 52.9 mmol) at room temperature. The solution was then heated to reflux
overnight (~18 h). The mixture was then cooled to room temperature and aq. 2 M HCI (150 mL)
was added and the solution was stirred vigorously for 1.5 h. Subsequently, the mixture was
transferred to a separatory funnel, and the organic layer was separated. The aqueous layer was
extracted with CH2Cl2 (3 x 100 mL), and the combined organic extracts were dried over Na2SO4

and concentrated in vacuo. The crude diol was used directly without further purification.
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The crude diol was dissolved in benzene (200 mL) in a 500 mL round bottom flask
equipped with a Dean—Stark apparatus under argon. TsOH*H20 (0.837 g, 4.40 mmol) was added,
and the solution was heated to reflux for 18 h. The solution was cooled, and the solvent was
evaporated. The crude material was chromatographed by flash chromatography on silica gel
eluting with a gradient from 20-50% EtOAc/hexanes to afford bislactone 5-127 as a yellow oil
(2.39 g, 60% over two steps).

Rr=0.23 (25% EtOAc in hexanes) visualized by KMnOa.

TH NMR (500 MHz, CDCl3) 6 5.95 (dd, J = 17.6, 10.9 Hz, 1H), 5.27 (d, J = 10.9 Hz, 1H), 5.23
(d, J=17.6 Hz, 1H), 4.73 —4.69 (m, 1H), 4.28 (d, /= 8.9 Hz, 1H), 4.19 (d, /= 9.0 Hz, 1H), 3.57
(app. s, 1H), 2.64 — 2.43 (m, 3H), 2.43 — 2.33 (m, 1H), 1.30 (s, 3H).

BC{'H} NMR (126 MHz, CDCls) 8 177.3, 174.3, 137.5, 116.3, 79.6, 78.9, 74.7, 49.8, 28.2, 22.6,
17.3.

HRMS (ESI/TOF) m/z: [M+Na]" Calcd for C11H140sNa 249.0739; Found 249.0742.

[a]22p-30.1 (c 1.35, CHCL3)

1. NaH, MOMCI

2. O3, CH.Cl,, =78 °C;
then PhsP g
42% (2 steps) o~

5-127 5-128

(2R,3'R.4'R)-3'-(methoxymethoxy)-4'-methyl-2',5-dioxooctahydro-[2,3'-bifuran]-4'-

carbaldehyde (5-128): To a cooled (0 °C) solution of bislactone 5-127 (1.57 g, 6.94 mmol) and
MOMCI (1.05 mL, 13.9 mmol) in THF (69 mL) was added NaH (60% dispersion, 1.39 g, 34.7
mmol) in 5 portions. The solution was warmed to room temperature and stirred until the reaction
as complete by TLC. The mixture was cooled to 0 °C and quenched by the addition of saturated

aq. NH4Cl (150 mL). The mixture was transferred to a separatory funnel, and the aqueous layer
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was extracted with ethyl acetate (3 x 50 mL). The combined organic extracts were dried over
NaxSO4 and concentrated in vacuo. This material was used immediately in the subsequent step
without purification.

A solution of crude methoxymethyl ether in CH2Clz2 (69 mL) was cooled to —78 °C, and
03/02 (generated by a ClearWater Tech corona discharge M-1500 ozone generator) was bubbled
through the solution until the solution was saturated with ozone (visualized by the persistence of a
blue color in the solution). Once saturated, the excess ozone was purged from the solution by
bubbling Oz through the solution until it became colorless, and Ph3P (2.18 g, 8.33 mmol) was
added. The reaction mixture was warmed to room temperature and allowed to stir for 12 h. The
solution was concentrated, and the crude residue was purified by flash chromatography on silica
gel (40-90% EtOAc/Hex) to afford aldehyde 5-128 as a colorless oil (787 mg, 42% over two steps).
'TH NMR (500 MHz, CDCl3) 8 9.75 (s, 1H), 4.93 (d, J = 7.0 Hz, 1H), 4.88 (d, J = 7.0 Hz, 1H),
4.60 (d,J=9.4 Hz, 1H), 4.06 (dd,J=9.4, 0.8 Hz, 1H), 3.45 (s, 3H), 2.63-2.54 (m, 2H), 2.54-2.46
(m, 1H), 2.45-2.37 (m, 1H), 1.47 (s, 3H).

HRMS (ESI/TOF) m/z: [M+Na]" Calcd for C12H1607Na 295.0794; Found 295.0781.

KO1Bu, THF, =78 °C
63%

(2R,3'R,4'R)-4'-ethynyl-3'-(methoxymethoxy)-4'-methyltetrahydro-[2,3'-bifuran]-

2',5(2H,3'H)-dione (5-129): Potassium tert-butoxide (0.341 g, 3.03 mmol) was weighed into a
flame dried 200 mL Schlenk flask in a nitrogen filled glovebox. The flask containing the KO7Bu
was brought out of the glovebox and was placed under inert atmosphere. THF (15 mL) was added

to the solid, and the solution was cooled to —78 °C. Seyferth—Gilbert reagent (0.477 g, 3.18 mmol)
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was added dropwise, during which time the contents of the flask turned bright orange. The mixture
was allowed to stir for 20 minutes, after which time a solution of 5-128 (azeotroped 3x with PhMe,
0.787 g, 2.89 mmol) in THF (8 mL) was added dropwise, rinsing with another 8 mL portion of
THF. The mixture was allowed to stir at —78 °C for 2 h, and was subsequently quenched by the
addition of saturated aq. NH4Cl (30 mL) at —78 °C. The mixture was warmed to ambient
temperature, diluted with 50 mL of H20, and was transferred to a separatory funnel. The aqueous
phase was extracted with ethyl acetate (3 x 30 mL), and the combined organic extracts were dried
over NaxSOu, filtered, and concentrated. The crude material was purified by MPLC (ISCO) on
silica gel eluting with a gradient from 40-80% EtOAc in hexanes to afford alkyne 5-129 as a
colorless oil (0.490 g, 63%).

Rf=0.71 (75% EtOAc in hexanes) visualized by KMnOa.

TH NMR (500 MHz, CDCl3) & 5.23-5.15 (m, 1H), 4.92 (d, J = 7.1 Hz, 1H), 4.82 (d, J= 7.1 Hz,
1H), 4.33 (d, J = 8.4 Hz, 1H), 4.18 (d, J = 8.4 Hz, 1H), 3.44-3.35 (m, 3H), 2.60-2.44 (m, 4H),
2.39 (s, 1H), 1.50 (s, 3H).

BC{TH} NMR (126 MHz, CDCl3) 8 176.6, 171.8, 95.0, 84.0, 81.4, 80.8, 76.5, 74.0, 57.0, 45.3,
27.9,22.7, 18.1.

HRMS (ESI/TOF) m/z: [M+Na]" Calcd for Ci3H1606Na 291.0845; Found 291.0847.

o OMoM
: 1. LIHMDS, CF,CH,OTFA

LiHMDS, TMSCI

O THF,-78°C
= 37%

2. K,COg, 18-c-6, PFA
46% (2 steps)

5120
(2R,3'R,4'R)-3'-(methoxymethoxy)-4'-methyl-4'-((trimethylsilyl)ethynyl)tetrahydro-[2,3'-
bifuran]-2',5(2H,3'H)-dione (S5-1): LIHMDS (0.643 g, 3.84 mmol) was weighed into a flame

dried 100 mL Schlenk flask in a nitrogen filled glovebox, and the flask was removed from the
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glovebox and placed under argon. THF (10 mL) was added to the solid LIHMDS, and the solution
was cooled to —78 °C. A solution of alkyne 5-129 (0.490 g, 1.83 mmol) in THF (5 ml) was added,
and the mixture was allowed to stir for 30 minutes. Freshly distilled TMSCI (0.49 mL, 3.9 mmol)
was added, and the mixture was allowed to stir for 20 minutes. The reaction was quenched by the
addition of saturated aq. NH4Cl (6 mL) at —78 °C, and the mixture was warmed to ambient
temperature. The mixture was diluted with H2O (20 mL), transferred to a separatory funnel, and
extracted with ethyl acetate (3 x 15 mL). The combined organic extracts were dried over Na2SOa,
filtered, and concentrated in vacuo. The crude material was purified by MPLC (ISCO) on silica
gel eluting with a gradient from 0-50% EtOAc in hexanes to yield S5-1 as a colorless oil (0.232
g, 37%).

TH NMR (500 MHz, CDCl3) 6 5.20-5.14 (m, 1H), 4.95 (d, J= 7.1 Hz, 1H), 4.84 (d, J= 7.1 Hz,
1H), 4.33 (d, /= 8.3 Hz, 1H), 4.17 (d, J = 8.3 Hz, 1H), 3.43 (s, 3H), 2.62-2.47 (m, 4H), 1.49 (s,
3H), 0.15 (s, 9H).

BC{'H} NMR (151 MHz, CDCls) § 176.8, 172.1, 105.5, 95.1, 90.9, 81.6, 80.9, 76.8, 57.1, 46.0,
28.0,22.9, 18.5, -0.1.

HRMS (ESI/TOF) m/z: [M+H]" Calcd for Ci6H2406SiH 341.1420; Found 341.1408.
(2R,3'R,4'R)-3'-(methoxymethoxy)-4'-methyl-4-methylene-4'-
((trimethylsilyl)ethynyl)tetrahydro-[2,3'-bifuran]-2',5(2H,3' H)-dione (5-130):

LiHMDS (0.164 g, 0.981 mmol) was weighed into a flame dried 25 mL Schlenk flask in a nitrogen
filled glovebox, and the flask was removed from the glovebox and placed under argon. THF (2.5
mL) was added to the solid LIHMDS, and the solution was cooled to —78 °C. A solution of alkyne
S5-1 (0.163 g, 0.479 mmol) in THF (2.5 ml) was added, and the mixture was allowed to stir for

30 minutes. Freshly distilled 2,2,2-Trifluoroethyl trifluoroacetate (0.14 mL, 1.0 mmol) was added,
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and the solution was stirred at —78 °C for 30 minutes. The reaction mixture was subsequently
warmed to 0 °C for 10 minutes, and then quenched by the addition of saturated aq. NH4Cl (5 mL).
The mixture was extracted with ethyl acetate (3 x 5 mL), and the combined organic extracts were
dried over Na2SOs, filtered, and concentrated by rotary evaporation. The crude trifluoroacetate
was used directly in the next step without further purification.

A flame dried 2-neck round bottom flask equipped with a reflux condenser was charged
with 18-crown-6 (33 mg, 0.13 mmol), paraformaldehyde (0.494 g, 16.3 mmol) and K2CO3 (0.205
g, 1.48 mmol). Crude trifluoroacetate was added as a solution in benzene (24 mL total volume),
and the mixture was heated to reflux for 2 hours. Subsequently the mixture was cooled to room
temperature and was quenched with saturated aq. NH4Cl. The mixture was extracted with ethyl
acetate (3 x 10 mL), and the combined organic extracts were dried over Na2SOs, filtered, and
concentrated by rotary evaporation. The crude material was purified by MPLC (ISCO) on silica
gel eluting with 0-50% EtOAc in hexanes to yield 5-130 as a colorless oil (77 mg, 46% over 2
steps).
TH NMR (500 MHz, CDCl3) 8 6.18 (t, J= 3.0 Hz, 1H), 5.61 (t,J = 2.6 Hz, 1H), 5.20 (dd, J = 8.8,
4.5 Hz, 1H), 4.86 (d,J=7.3 Hz, 1H), 4.71 (d, /= 7.3 Hz, 1H), 4.31 (d,J=8.4 Hz, 1H),4.12 (d, J
=8.5Hz, 1H), 3.40-3.32 (m, 4H), 3.11 (ddt, J=18.2, 8.7, 3.0 Hz, 1H), 1.47 (s, 3H), 0.11 (s, 9H).
3C {IH} NMR (126 MHz, CDCl3) 6 172.0, 169.8, 134.1, 121.1, 105.4, 95.0, 91.0, 77.7, 76.6,
60.4,57.0,45.9, 29.0, 18.4, -0.2.

HRMS (ESI/TOF) m/z: [M+Na]" Caled for C17H2406SiNa 375.1240; Found 375.1242.
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50%

5-131

(2R,3'R,4'R)-4'-ethynyl-3'-(methoxymethoxy)-4'-methyl-4-methylenetetrahydro-[2,3'-
bifuran]-2',5(2H,3'H)-dione (5-131): To a solution of 5-130 (49.5 mg, 0.140 mmol) in MeCN
(2.8 mL) was added KF (0.163 g, 2.80 mmol) and the mixture was stirred for 18 h. The solvent
was evaporated, and the crude residue was purified by flash chromatography on silica gel eluting
with EtOAc to afford 5-131 (34.0 mg, 86%) as a colorless oil.

Rr=0.45 (40% EtOAc in hexanes) visualized by KMnOa.

TH NMR (500 MHz, CDCI3) 8 6.20 (s, 1H), 5.63 (s, 1H), 5.27 (dd, J = 8.7, 4.5 Hz, 1H), 4.87 (d,
J=17.2 Hz, 2H), 4.72 (d, J= 7.2 Hz, 2H), 4.35 (d, /= 8.4 Hz, 1H), 4.17 (d, /= 8.4 Hz, 1H), 3.42
—3.29 (m, 4H), 3.14 (ddt, J=18.2, 8.7, 2.9 Hz, 1H), 2.40 (s, 1H), 1.52 (s, 3H).

3C {'TH} NMR (151 MHz, CDCl3) & 171.8, 169.8, 134.0, 121.3,95.1, 84.0, 81.2, 77.7, 76.4, 74.2,
57.1,45.4,28.9, 18.1.

HRMS (ESI/TOF) m/z: [M+Na]" Caled for Ci1aH160sNa 303.0845; Found 303.0852.

TMSOT, Pyr.

CH,Cl,, 0°C tort
99%

5-127

(2R,3'R,4'R)-4'-methyl-3'-((trimethylsilyl)oxy)-4'-vinyltetrahydro-[2,3'-bifuran]-

2',5(2H,3'H)-dione (S5-2): To a solution of 5-127 (1.38 g, 6.10 mmol) in CH2Cl2 (60 mL) was
added pyridine (1.2 mL, 15 mmol). The solution was cooled to 0 °C, and TMSOTT (1.6 mL, 8.6
mmol) was added dropwise. The solution was stirred for 20 minutes at 0 °C, then it was warmed

to room temperature and allowed to stir an additional 30 minutes. The reaction was quenched with
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saturated aq. NH4Cl, and the mixture was extracted with CH2Cl2 (3 x 50 mL). The combined
organic extracts were dried over Na>SOu, filtered, and concentrated in vacuo. The crude material
was purified by flash chromatography on silica gel eluting with 30% EtOAc in hexanes to afford
S5-2 (1.80 g, 99%) as a colorless oil.

TH NMR (600 MHz, CDCl3) 6 5.97 (dd, J = 17.7, 10.9 Hz, 2H), 5.25 (d, J = 11.0 Hz, 1H), 5.22
(d, J=17.6 Hz, 1H), 4.70 — 4.67 (m, 1H), 4.31 (d, J=9.1 Hz, 1H), 4.04 (d, /=9.1 Hz, 1H), 2.56
—2.42 (m, 3H), 2.40 — 2.30 (m, 1H), 1.25 (s, 3H), 0.23 (s, 9H).

3C {TH} NMR (151 MHz, CDCl3) 8 176.8, 174.4, 138.2,115.9, 81.2, 80.7, 74.6, 50.6, 28.0, 22.3,
17.9, 1.6.

[a]**p-8.7 (¢ 1.77, CDCLs)

O —_—

: CHQC'z, -78 OC; B

| : then Ph4P o -
97%

§5-2 5-149

(2R,3'R,4'R)-4'-methyl-2',5-dioxo-3'-((trimethylsilyl)oxy)octahydro-[2,3'-bifuran]-4'-

carbaldehyde (5-149): A solution of S5-2 (2.00g, 6.70 mmol) in CH2Cl2 (67 mL) was cooled to
—78 °C, and O3/0O2 (generated by a ClearWater Tech corona discharge M-1500 ozone generator)
was bubbled through the solution until the solution was saturated with ozone (visualized by the
persistence of a blue color in the solution). Once saturated, the excess ozone was purged from the
solution by bubbling O2 through the solution until it became colorless, and PhsP (2.11 g, 8.04
mmol) was added. The reaction mixture was warmed to room temperature and allowed to stir for
16 h. The solution was concentrated, and the crude residue was purified by flash chromatography

on silica gel (0-35% EtOAc in hexanes) to afford aldehyde 5-149 (1.95 g, 97%) as a white solid.
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TH NMR (500 MHz, CDCl3) 8 9.70 (s, 1H), 4.71 (d, J= 9.9 Hz, 1H), 4.62 (dd, J= 8.1, 4.3 Hz,
1H), 3.94 (d,/=9.8 Hz, 1H), 2.61 —2.44 (m, 3H), 2.35 - 2.24 (m, 1H), 1.38 (s, 3H), 0.27 (s, 9H).
3C {'H} NMR (126 MHz, CDCl3) 6 199.5, 175.8, 172.7, 81.9, 78.8, 70.6, 57.9, 27.8, 21.7, 15.4,
1.7.

Melting Point: 57-61 °C

[a]*’p+18.5 (¢ 1.38, CDCl3)

(MeO),P___N,

KOBu, THF, =78 °C
10-53%

5-149 5-150
(2R,3'R,4'R)-4'-ethynyl-4'-methyl-3'-((trimethylsilyl)oxy)tetrahydro-[2,3'-bifuran]-

2',5(2H,3'H)-dione (5-150): Potassium tert-butoxide (0.620 g, 5.52 mmol) was weighed into a
flame dried 200 mL Schlenk flask in a nitrogen filled glovebox. The flask containing the KO7Bu
was brought out of the glovebox and was placed under inert atmosphere. THF (30 mL) was added
to the solid, and the solution was cooled to —78 °C. Seyferth—Gilbert reagent (0.947 g, 6.31 mmol)
was added dropwise, during which time the contents of the flask turned bright orange. The mixture
was allowed to stir for 20 minutes, after which time a solution of 5-149 (azeotroped 3x with PhMe,
0.790 g, 2.63 mmol) in THF (15 mL) was added dropwise, rinsing with another 10 mL portion of
THF. The mixture was allowed to stir at —78 °C for 3 h, and was subsequently warmed to —20 °C.
After 20 minutes at —20 °C, the reaction was quenched by the addition of saturated aq. NH4Cl (30
mL). The mixture was warmed to ambient temperature, diluted with 50 mL of H20, and was
transferred to a separatory funnel. The aqueous phase was extracted with ethyl acetate (3 x 30 mL),

and the combined organic extracts were dried over Na2SOs, filtered, and concentrated. The crude
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material was purified by MPLC (ISCO) on silica gel eluting with a gradient from 0-50% EtOAc
in hexanes to afford alkyne 5-150 as a white semisolid (0.264 g, 34%).

Rf=0.56 (40% EtOAc in hexanes) visualized by KMnOa.

TH NMR (500 MHz, CDCl3) § 5.03 (dd, J= 8.3, 6.9 Hz, 1H), 4.42 (d, J= 8.6 Hz, 1H), 4.05 (d, J
= 8.6 Hz, 1H), 2.73 — 2.64 (m, 1H), 2.54 (dd, J = 9.8, 7.2 Hz, 2H), 2.43 (s, 1H), 2.42 — 2.35 (m,
1H), 1.43 (s, 3H), 0.22 (s, 9H).

3C {H} NMR (151 MHz, CDCls) § 176.6, 174.4, 83.2, 81.3, 80.0, 76.2, 74.7, 43.2, 28.0, 22.3,
20.6, 1.6.

HRMS (ESI/TOF) m/z: [M+Na]" Caled for C14H2005SiNa 319.0978; Found 319.0978.

[a]*2p—37.7 (c 1.84, CDCls)

o OTMS
: LIHMDS,
TMSCI

O _—
THF, ~78 °C
60% ™S

5-150 S5-3

-

(2R,3'R,4'R)-4'-methyl-4'-((trimethylsilyl)ethynyl)-3'-((trimethylsilyl)oxy)tetrahydro-[2,3'-
bifuran]-2',5(2H,3'H)-dione (S5-3): A solution of 5-150 (0.180 g, 0.607 mmol) in THF (5.0 mL)
was cooled to —78 °C, and LiHMDS (1.0 M, 1.34 mL, 1.34 mmol) was added dropwise. The
solution was stirred 1 h at —78 °C, then TMSCI (0.23 mL, 1.8 mmol) was added and the mixture
was stirred for another 30 minutes. Subsequently, the reaction was quenched with saturated aq.
NH4Cl (5 mL) at —78 °C, and the mixture was warmed to rt. The mixture was extracted with ethyl
acetate (3 x 5 mL), and the combined organic extracts were dried over Na>SOs, filtered, and
concentrated. The crude material was purified by flash chromatography on silica gel eluting with
10-20% EtOAc in hexanes to afford S5-3 (0.135 g, 60%) as a colorless oil.

Rf=0.24 (10% EtOAc in hexanes) visualized by KMnOa.
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'TH NMR (600 MHz, CDCl3) & 4.92 (dd, J= 8.3, 7.3 Hz, 1H), 4.38 (d, /= 8.5 Hz, 1H), 4.00 (d, J
= 8.5 Hz, 1H), 2.71 (dddd, J = 13.5, 10.6, 8.8, 7.3 Hz, 1H), 2.54 — 2.48 (m, 2H), 2.33 (dtd, J =
13.4, 8.4, 6.0 Hz, 1H), 1.36 (s, 3H), 0.19 (s, 9H), 0.13 (s, 9H).

3C {'H} NMR (151 MHz, CDCl3) 3 176.4, 174.8, 104.4, 91.6, 81.4, 80.1, 76.3, 43.5, 28.0, 22.3,
21.4,1.6,-0.1.

HRMS (ESI/TOF) m/z: [M+Na]" Caled for Ci17H2805S12Na 391.1373; Found 391.1375.

[a]?'p—41.7 (c 0.83, CDCLs)

LDA, MeCHO

THF, -78 °C
29%

(2R,3'R,4'R)-4-(1-hydroxyethyl)-4'-methyl-4'-((trimethylsilyl)ethynyl)-3'-

((trimethylsilyl)oxy)tetrahydro-[2,3'-bifuran]-2',5(2H,3' H)-dione (5-151): A solution of S5-3
(0.130 g, 0.353 mmol) in THF (3.6 mL) was cooled to —78 °C, and LIHMDS (1.0 M, 0.39 mL,
0.39 mmol) was added dropwise. The solution was allowed to stir at this temperature for 1 hour,
and subsequently acetaldehyde (60. mL, 1.06 mmol) was added and the mixture was stirred for an
additional 20 minutes. The reaction was quenched by the addition of saturated aq. NH4Cl, the the
mixture was extracted with ethyl acetate (3 x 5 mL). The combined organic extracts were dried
over NaxSOu, filtered, and concentrated. The crude material was purified by MPLC (ISCO) on
silica gel eluting with a gradient from 10-100% EtOAc in hexanes to give 5-151 (41.9 mg, 29%)
as a mixture of 4 diastereomers. For simplicity, the data will not be tabulated, but an expansion of

the relevant peaks can be found in Appendix C.
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1. MsCl, EtgN

2.DBU
54 % (2 steps) T™S

(2R,3'R,4'R)-4-ethylidene-4'-methyl-4'-((trimethylsilyl)ethynyl)-3'-
((trimethylsilyl)oxy)tetrahydro-[2,3'-bifuran|-2',5(2H,3' H)-dione (5-152): To a solution of 5-
151 (85 mg, 0.206 mmol) in CH2Cl2 (4.1 mL) was added triethylamine (90. mL, 0.62 mmol). The
mixture was cooled to 0 °C, and MsCl (20. mL, 0.27 mmol) was added. The solution was allowed
to stir at 0 °C for 30 minutes, and was subsequently quenched by the addition of saturated aq.
NH4Cl. The mixture was extracted with CH2Cl2 (3 x 5 mL), and the combined extracts were dried
(Na2S0a4), filtered and concentrated. The crude material was taken into the next step without further
purification.

The crude mesylate was dissolved in CH2Cl2 (4.1 mL), and DBU (34 mL, 0.23 mmol) was
added at room temperature. The solution was stirred for 2 hours and was subsequently diluted with
water (5 mL) and extracted with CH2Cl2 (3 x 5 mL). The combined extracts were dried over
NaxS0s, filtered, and concentrated. The crude material was purified by MPLC (ISCO) on silica
gel, eluting with a gradient from 0-20% EtOAc in hexanes to give 5-152 (28.8 mg, 35%, 1.7:1
E:Z) as a colorless oil, as well as 5-153 (13.0 mg, 19%, >20:1 E:Z) as a white solid. These
compounds were subsequently combined for desilylation.

Data for 5-152: The proton NMR was a 1.7:1 mixture of isomers. Integrations shown are exactly
as they appear. The mixture was inconsequential going forward.

TH NMR (500 MHz, CDCl3) § 6.83 —6.71 (m, 1.7H, major), 6.28 (q, J = 7.6 Hz, 1H, minor), 5.01
(dd, J=8.8,5.6 Hz, 1.7H, major), 4.92 (t, /= 7.6 Hz, 1H, minor), 4.41 (dd, /= 8.5, 4.6 Hz, 3.3H),

4.00 (d, J= 8.6 Hz, 3.4H), 3.91 (d, J=8.7 Hz, 1H), 3.63 (d, J= 8.7 Hz, 1H), 3.48 —3.38 (m, 1.7H),
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3.29 (d,J=18.6 Hz, 2.5H), 3.06 (s, 1H), 2.92 (dd, /= 18.5, 8.5 Hz, 3.5H), 2.50 (dq, /= 14.2, 7.9,
7.0 Hz, 1H), 2.18 (d, /= 7.0 Hz, 3.5H), 1.87 (d, /= 7.1 Hz, 5.5H), 1.64 (d, /= 6.2 Hz, 1H), 1.39
(s, 10H), 0.17 (s, 29H), 0.14 (s, 10.7H), 0.11 (s, 23.9H).

HRMS (ESI/TOF) m/z: [M+Na]" Caled for C19H3005Si2Na 417.1530; Found 417.1531.

Data for 5-153:

TH NMR (500 MHz, CDCl3) 8 6.80 (dq, J=10.2, 4.1, 3.6 Hz, 1H), 5.02 (dd, J= 8.4, 6.8 Hz, 1H),
4.37 (d, J= 8.3 Hz, 1H), 4.17 (d, J = 8.3 Hz, 1H), 3.46 (s, 1H), 3.26 (ddt, /= 17.8, 6.4, 2.9 Hz,
1H), 3.07 (ddt, J=18.0, 8.5, 2.3 Hz, 1H), 1.88 (dt,J = 7.3, 2.1 Hz, 3H), 1.47 (s, 3H), 0.14 (s, 9H).
13C NMR {'H} NMR (126 MHz, CDCl3) § 174.2, 170.2, 136.8, 126.5, 104.3, 91.7, 77.9, 77.7,
76.6,43.8,27.1,19.3, 16.0, -0.1.

HRMS (ESI/TOF) m/z: [M+Na]" Caled for Ci6H2205SiNa 345.1134; Found 345.1135.

5-103

(2R,3'R,4'R)-4-ethylidene-4'-ethynyl-3'-hydroxy-4'-methyltetrahydro-[2,3'-bifuran]-
2',5(2H,3'H)-dione (5-103): To a solution of 5-152 (28.8 mg, 0.0730 mmol) and 5-153 (13.0 mg,
0.0403 mmol, 0.113 mmol combined) in MeCN (2.3 mL) was added KF (65 mg, 1.1 mmol). The
mixture was heated to 40 °C and was stirred for 20 hours. Subsequently, the mixture was cooled
and the solvent was evaporated by rotary evaporation. The mixture was re-suspended in 50%
EtOAc in hexanes, and was filtered through a plug of silica gel, eluting also with 50% EtOAc in
hexanes to yield 5-103 (13.1 mg, 47%) as a 3:1 mixture of E:Z alkene isomers.

'"H NMR (500 MHz, CDCl3) 8 6.82 — 6.75 (m, 3H), 6.36 (qt, /= 7.4, 2.4 Hz, 1H), 5.16 (dd, J =

8.5, 6.6 Hz, 3H), 5.08 (t, J= 7.7 Hz, 1H), 4.36 (d, J = 8.5 Hz, 3H), 4.33 (d, J = 8.8 Hz, 1H), 4.20
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(d,J=8.4 Hz, 5H), 3.64 (dd, J= 18.2, 8.7 Hz, 1H), 3.47 — 3.43 (m, 1H), 3.38 — 3.22 (m, 4H), 3.14
—3.05 (m, 5H), 2.39 (s, 4H), 2.25 (d, J = 4.8 Hz, 1H), 2.14 (dt, J = 7.4, 2.4 Hz, 3H), 1.88 (dt, J =
7.2,2.1 Hz, 9H), 1.52 (s, 9H), 1.50 (s, 3H).

HRMS (ESI/TOF) m/z: [M+Na]" Calcd for C13H140s5Na 273.0739; Found 273.0743.

/\ﬁ\)

5-107

0
o o Pd,DBAZ°CHCl, 0
L (5,5-5-114
- O
OBt 1BAT, PhH, 40 °C: Ve
5-165 then DBU :
65%, 99% ee 5-166

(45)-3-acetyl-4-methyl-4-vinyldihydrofuran-2(3H)-one (5-166): Based off of the protocol of
Trost.3* A dry 1L 3-neck round bottom flask was charged with Pd&2DBA3*CHCI3 (0.155 g, 0.150
mmol), (S,5)-5-114 (0.355 g, 0.450 mmol), and TBAT (0.162 g, 0.300 mmol). The flask was
evacuated and backfilled with argon five times. Benzene* (300 mL) was added via cannula under
a positive pressure of argon and the solution was submerged in an oil bath preheated to 40 °C for
10 minutes, during which time a bright orange color was observed. Ethyl acetoacetate 5-165 (7.6
mL, 60. mmol) was added, followed by 2-methyl-2-vinyloxirane (6.5 mL, 66 mmol), and the
solution turned pale yellow immediately. The mixture was stirred at 40 °C until the orange color
of the palladium complex returned (3 h). At this time the solution was cooled to room temperature,
and a 0.5 mL aliquot of the reaction mixture was removed and was subsequently dehydrated to the
dihydrofuran to assay the enantioselectivity of the reaction. DBU (9.9 mL, 66 mmol) was then
added, and the solution was stirred for 1 h. Subsequently, the reaction was quenched with aq. 2 M
HCI1 (200 mL) and the mixture was transferred to a separatory funnel. The organic layer was
separated, and the aqueous layer was extracted with CH2Cl2 (2 x 150 ml). The combined organic
extracts were dried over Na2SO4 and concentrated in vacuo. The crude material was purified by

MPLC (ISCO) on silica gel eluting with a gradient from 10-30% EtOAc in hexanes to afford 5-
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166 as a yellow oil (6.60 g, 65%). The material is a 1.2:1 mixture of diastereomers and exists
approximately 34% as the enol tautomer. Several of the peaks in the proton did not resolve, and
are integrated together.

*The reaction was found to be very sensitive to oxygen. Prior to reaction, the solvent was degassed
(sparging) with argon for 45 minutes to ensure the solvent was oxygen free.

TH NMR (500 MHz, CDCl3) 8 11.52 (s, 1H), 6.06 —5.75 (m, 3H), 5.28 — 5.13 (m, 6H), 4.40 (d, J
=8.7Hz, 1H), 4.12 (d, /= 8.9 Hz, 1H), 4.10 — 4.06 (m, 2H), 3.99 (dd, /= 10.3, 8.8 Hz, 2H), 3.55
(s, 1H), 3.40 (s, 1H), 2.32 (s, 3H), 2.28 — 2.25 (m, 4H), 1.94 (s, 3H), 1.39 (s, 6H), 1.26 (s, 3H).
3C {IH} NMR (126 MHz, CDCl3) 4 202.0,201.4, 176.4,172.7,172.3,171.0, 141.8, 140.4, 136.9,
117.1, 115.8, 114.5, 102.9, 79.0, 76.5, 76.5, 64.5, 61.6, 61.5, 50.3, 46.5, 46.4, 43.5, 32.3, 32.3,
30.3,23.8,23.4, 18.6, 18.4, 14.2.

HRMS (ESI/TOF) m/z: [M+Na]" Caled for CoH1203Na 191.0684; Found 191.0687.

P o Quinidine P OHQ
CumylOOH :
2 48% /

5-166 5-167
(3R,4R)-3-acetyl-3-hydroxy-4-methyl-4-vinyldihydrofuran-2(3 H)-one (5-167): Lactone 5-166
(3.48 g, 20.7 mmol) was dissolved in toluene (200 mL) in a non-dried round bottomed flask open
to air. Quinidine (1.35 g, 4.14 mmol) was added, and the solution was stirred for 10 minutes at
ambient temperature. Cumeme hydroperoxide (80% assay) (4.6 mL, 25 mmol) was then added,
and the mixture was stirred overnight (~15 h) at room temperature. After the reaction was complete
(TLC) the solvent was evaporated in vacuo. The crude material was purified by MPLC (ISCO) on

silica gel eluting with a gradient from 10-30% EtOAc/hexanes to afford 5-167 (1.84 g, 48%) as a

colorless oil.
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IH NMR (500 MHz, CDCl3) § 5.76 (dd, J = 17.6, 10.9 Hz, 1H), 5.29 (d, J = 10.9 Hz, 1H), 5.20
(d, J=17.6 Hz, 1H), 4.54 (d, J=8.9 Hz, 1H), 4.11 (d, J= 8.9 Hz, 1H), 3.54 (s, 1H), 2.27 (s, 3H),
1.29 (d, J = 0.9 Hz, 3H).

3C {IH} NMR (151 MHz, CDCl3) 4 207.5, 175.5, 135.4, 118.1, 87.4, 74.5, 49.4, 27.4, 19.6.

OTMS
D oHo o
g TMSOTH, Pyr. :
o — o}
: CH,Cl, :
/ = 95% / -
5-167 S5-4

(BR.,4R)-3-acetyl-4-methyl-3-((trimethylsilyl)oxy)-4-vinyldihydrofuran-2(3H)-one  (S5-4):
Compound 5-167 (1.83 g, 9.94 mmol) was dissolved in CH2Cl> (50 mL) and the solution was
cooled to 0 °C. Pyridine (2.01 mL, 24.9 mmol) was added followed by TMSOTf (2.16 mL, 11.9
mmol), and the mixture was stirred at 0 °C for 15 minutes. The mixture was then warmed to room
temperature, and stirred overnight (16 h). The reaction was quenched by the addition of saturated
aq. NH4Cl (30 mL), and the layers were separated. The aqueous layer was extracted with CH2Cl2
(3 x30mL), and the combined organic extracts were dried over Na2SOs, filtered, and concentrated.
The crude material was purified by flash chromatography on silica gel eluting with 15% EtOAc in
hexanes to afford S5-4 (2.43 g, 95%) as a colorless oil.

'TH NMR (500 MHz, CDCl3) 8 5.70 (dd, J = 17.6, 10.9 Hz, 1H), 5.25 (d, /= 10.9 Hz, 1H), 5.13
(d, J=17.6 Hz, 1H), 4.36 (d, J=9.1 Hz, 1H), 3.99 (d, /= 8.8 Hz, 1H), 2.19 (s, 3H), 1.23 (s, 3H),
0.24 (s, 9H).

3C {TH} NMR (126 MHz, CDCl3) 6 208.5, 173.8, 135.9, 117.8, 90.0, 73.4, 50.1, 27.4, 20.0, 1.7.

[a]*2p +106.9 (¢ 1.15, CHCI3)
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0 (:_)TMS 0 :__OTgS

: 0 1.LDA, TMSCI g :
r THF, =78 °C ;
o ——M—— o)
Vi 2. NBS, NaOAc Vi

80% (2 steps)
S5-4 5-168

(3R,4R)-3-(2-bromoacetyl)-4-methyl-3-((trimethylsilyl)oxy)-4-vinyldihydrofuran-2(3H)-one
(5-168): A solution of diisopropylamine (0.62 mL, 4.4 mmol) in THF (25 mL) was cooled to —78
°C, and n-BuLi (2.5 M, 1.7 mL, 4.2 mmol) was added dropwise. The solution was stirred for 30
minutes at this temperature. A solution of S5-4 (0.987 g, 3.85 mmol) in THF (10 mL) was then
added dropwise, and the solution was stirred at —78 °C for another 30 minutes. TMSCI (0.59 mL,
4.6 mmol) was added, and the solution was stirred at —78 °C for 20 minutes. The solution was then
warmed to room temperature and stirred for another hour. The reaction was quenched by the
addition of saturated aq. NaHCO3 (30 mL) and the mixture was extracted with EtOAc (3 x 30 mL).
The combined organic extracts were washed with saturated ag. NaHCO3 (2 x 30 mL), brine (1 x
30 mL), and were dried over NaxSO4. The drying agent was filtered off, and the solvent was
evaporated by rotary evaporation. The crude TMS-enol ether was used immediately in the next
step.

N-Bromosuccinimide (1.03 g, 5.78 mmol) and sodium acetate (0.537 g, 6.55 mmol) were
dissolved in a mixture of 5:1 Acetone:H20 (39 mL), and the solution was cooled to 0 °C. The crude
TMS-enol ether was added dropwise as a solution in acetone (8 mL), and the reaction was allowed
to warm to room temperature overnight (16 h). The reaction was subsequently quenched by the
addition of 20% aqueous NaHSO3 (15 mL) and brine (30 mL), and the mixture was extracted with
CH2Cl2 (3 x 40 mL). The combined organic extracts were dried over Na2SOs, filtered, and
concentrated in vacuo. The crude material was purified by MPLC (ISCO) on silica gel eluting with

a gradient from 0-20% EtOAc in hexanes to give 5-168 (1.024 g, 80%) as a slightly yellow oil.
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'H NMR (500 MHz, CDCls) & 5.66 (dd, J = 17.5, 10.9 Hz, 1H), 5.34 (d, J = 10.9 Hz, 1H), 5.20
(d,J=17.5 Hz, 1H), 4.39 (d, J=9.0 Hz, 1H), 4.27 (d, J= 16.0 Hz, 1H), 4.22 (d, J= 16.0 Hz, 1H),
4.02 (d, J=9.0 Hz, 1H), 1.25 (s, 3H), 0.26 (s, 9H).

13C {'H} NMR (126 MHz, CDCls) § 200.4, 172.4, 135.1, 119.2, 90.0, 73.5, 50.5, 34.7, 19.7, 1.8.

HRMS (ESI/TOF) m/z: [M+Na]" Calcd for C12H19”’BrO4SiNa 357.0134; Found 357.0132.

OTMS OTMS
5 o 0 5 HO 0
' : NaBH, :
o] 5 O
B MeOH, rt B
/ z 59% / z
5-168 5-169

(3R,4R)-3-(2-bromo-1-hydroxyethyl)-4-methyl-3-((trimethylsilyl)oxy)-4-vinyldihydrofuran-
2(3H)-one (5-169): Sodium borohydride (21.0 mg, 0.543 mmol) was added to a solution of 5-168
(0.121 g, 0.362 mmol) in MeOH (3 mL), and the mixture was stirred until the starting material had
been consumed (TLC). The reaction was quenched by the addition of saturated aq. NH4Cl (10
mL), and the mixture was extracted with CH2Cl2 (3 x 5 mL). The combined organic extracts were
dried over NaxSOs, filtered, and concentrated. The crude material was purified by flash
chromatography on silica gel eluting with a gradient of 10-15-20-25% EtOAc in hexanes to afford
5-169 (73.0 mg, 59%) as a 1.6:1 mixture of unassigned diastereomers.

'"H NMR (500 MHz, CDCI3) & 6.16 (dd, J = 17.7, 10.9 Hz, 1H, minor), 6.01 (dd, J=17.6, 11.0
Hz, 2H, major), 5.41 (d, J= 11.0 Hz, 2H, major), 5.34 (d, J = 10.9 Hz, 1H, minor), 5.28 (d, J =
17.6 Hz, 2H, major), 4.46 (d, J = 8.3 Hz, 1H, minor), 4.40 (d, J = 8.4 Hz, 2H, major), 4.28 (dd, J
=17.9, 2.0 Hz, 1H, minor), 4.22 (dd, J= 7.9, 2.1 Hz, 2H, major), 4.07 (d, J = 8.3 Hz, 2H, major),
3.98 (d, /= 8.3 Hz, 1H, minor), 3.95 (dd, J=11.2, 2.2 Hz, 2H, major), 3.92 (dd, J=10.9, 1.9 Hz,
1H, minor), 3.58 (dd, /= 10.9, 7.9 Hz, 1H, minor), 3.34 (s, 1H), 3.33 (dd, J=11.1, 7.9 Hz, 2H,

major), 1.30 (s, SH, major), 1.29 (s, 3H, minor), 0.29 (s, 12H, major), 0.26 (s, 9H, minor).
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13C {'H} NMR (126 MHz, CDCl3) § 178.7 (minor), 176.8 (major), 137.6 (minor), 136.4 (major),
117.6 (major), 117.2 (minor), 81.3 (minor), 80.9 (major), 80.0 (minor), 76.6 (major), 76.1 (minor),
75.7 (major), 48.2 (major), 48.1 (minor), 35.0 (minor), 34.7 (major), 20.0 (major), 19.9 (minor),
1.0 (major), 0.5 (minor).

HRMS (ESI/TOF) m/z: [M+Na]" Caled for C12H217"BrO4SiNa 359.0290; Found 359.0275.

Ho OTMS 0. oHO

: 0
Br ; NaH
0 ——— . o)
; THF, —10 °C to 1t -
7 | :

0,
5160 43% 5-159

(BR.,4R)-3-hydroxy-4-methyl-3-(oxiran-2-yl)-4-vinyldihydrofuran-2(3 H)-one (5-159):
Sodium hydride (95% assay, 21.1 mg, 0.838 mmol) was weighed into a flame dried Schlenk flask
and was suspended in THF (7.5 mL). The mixture was cooled to —10 °C, and a solution of 5-169
(0.257 g, 0.762 mmol) in THF (7.5 mL) was added. The reaction mixture was stirred at —10 °C for
30 minutes, and was then warmed to room temperature and stirred for an additional 3 hours. The
reaction was quenched by the addition of saturated aq. NH4Cl, and the mixture was extracted with
EtOAc (3 x 15 mL). The combined organic extracts were dried over Na>SOs, filtered, and
concentrated. The crude material was purified by MPLC (ISCO) on silica gel eluting with a
gradient from 0-25% EtOAc in hexanes to afford 5-159 (84.2 mg, 43%) as a colorless oil.

TH NMR (500 MHz, CDCI3) 8 5.96 (dd, J = 17.9, 10.9 Hz, 2H, major), 5.93 (dd, J = 18.0, 10.9
Hz, 1H, minor), 5.37 (d, J = 11.0 Hz, 2H, major), 5.25 (d, /= 11.0 Hz, 1H, minor), 5.13 (d, J =
17.6 Hz, 2H, major), 5.13 (d, /= 17.6 Hz, 1H, minor), 4.80 (t, J = 6.7 Hz, 2H, major), 4.68 (t, J =
6.2 Hz, 2H, major), 4.43 (t, J = 6.3 Hz, 2H, major), 4.20 (d, J = 9.0 Hz, 1H, minor), 4.13 (d, J =
9.0 Hz, 2H, major), 4.01 (d, /= 9.1 Hz, 1H, minor), 3.98 (d, J = 8.9 Hz, 2H, major), 3.07 (dd, J =
4.0, 2.7 Hz, 1H, minor), 2.79 (t,J=4.4 Hz, 1H, minor), 2.71 (dd, /J=4.7, 2.6 Hz, 1H, minor), 1.18
(s, 3H, minor), 1.15 (s, 6H, major), 0.20 (s, 9H, minor), 0.05 (s, 18H, major).
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13C {H} NMR (126 MHz, CDCl3) & 173.4 (major), 173.3 (minor), 137.1 (major), 137.0 (minor),
117.3 (major), 116.4 (minor), 95.8 (major), 80.5 (minor), 76.7 (major), 73.8 (minor), 72.1 (major),
67.2 (minor), 52.6 (major), 50.1 (minor), 46.4 (minor), 44.9 (major), 19.1 (minor), 18.3 (major),

1.7 (minor), -0.2 (major).

OTMS OTMS
HO 0 TBSO ENG)
Br : Br. :
TBSOTY, EtzN
o —— O
: CHxCl, :
4 - 60% / -
5-169 5-171

(3R, 4R)-3-(2-bromo-1-((tert-butyldimethylsilyl)oxy)ethyl)-4-methyl-3-((trimethylsilyl)oxy)-
4-vinyldihydrofuran-2(3H)-one (5-171): A solution of 5-169 (70.1 mg, 0.208 mmol) in CH2Cl2
(2.0 mL) was cooled to 0 °C, and triethylamine (70. uL, 0.52 mmol) was added. TBSOTf (60. mL,
0.27 mmol) was added dropwise, and the solution was warmed to room temperature and stirred
for 3 hours. The reaction was quenched by the addition of saturated aq. NH4Cl, the layers were
separated, and the aqueous phase was extracted with CH2Cl2 (3 x 15 mL). The combined organic
extracts were dried over NaxSOs, filtered, and concentrated. The crude material was purified by
MPLC (ISCO) on silica gel eluting with a gradient from 0-20% EtOAc in hexanes to afford 5-171
(54 mg, 60%) as a colorless oil.

TH NMR (500 MHz, CDCI3) 8 6.09 (dd, J = 17.6, 10.9 Hz, 1H, minor), 5.89 (dd, J=17.7, 11.0
Hz, 2H, major), 5.34 (d, J = 10.9 Hz, 2H, major), 5.21 (d, J = 10.9 Hz, 1H, minor), 5.16
(overlapping d, J=17.7 Hz, 3H), 4.35 (d, J = 8.8 Hz, 2H, major), 4.32 (d, /= 7.7 Hz, 1H, minor),
4.16 (dd, J=17.6, 1.1 Hz, 2H, major), 3.93 (d, /= 8.8 Hz, 2H, major), 3.87 — 3.85 (m, 1H, minor),
3.85 —3.81 (m, 3H, major), 1.20 (s, 7H, major), 1.18 (s, 3H, minor), 0.91 (s, 9H, minor), 0.90 (s,
19H, major), 0.37 (s, 7H, major), 0.34 (s, 3H, ninor), 0.20 (s, 19H, major), 0.19 (s, 9H, minor),

0.11 (s, 6H, major), 0.11 (s, 3H, minor).
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13C {IH} NMR (126 MHz, CDCI3) 8 177.1 (minor), 174.4 (major), 138.4 (minor), 136.9 (major),
117.4 (major), 116.3 (minor), 85.7 (major), 84.5 (minor), 81.8 (minor), 77.7 (major), 75.9 (minor),
74.6 (major), 49.1 (major), 49.0 (minor), 36.6 (major), 35.9 (minor), 26.4 (major), 26.3 (minor),
21.8 (major), 20.8 (minor), 19.4 (major), 19.0 (minor), 0.9 (major), 0.4 (minor), -2.2 (major), -3.1
(minor).

HRMS (ESI/TOF) m/z: [M+Na]* Caled for C1sH3s"*BrOsSiaNa 473.1155; Found 473.1149.

o)
B
rQkOEt O O
EtsN (3.6 mol%) oN Zn, TMSCI L
PhSH + ZCN ————————— Phs~ Sp— PhS OEt
CHCI;,0°Ctort _ , reflux _
99% §5-5 67% (200 mmol scale) 5173

Compound 5-173 can be prepared through alkylation of the dianion of ethyl acetoacetate according
to the procedure of Trost,3* but we found it more convenient and scalable to synthesize 5-173 from
S5-5 via a Blaise reaction.

3-(phenylthio)propanenitrile (S5-5): Prepared according to a literature procedure.®® To a cooled
(0 °C) solution of thiphenol (25.8 mL, 251 mmol) and acrylonitrile (16.4 mL, 250 mmol) in CHCl3
(50 mL) was added EtsN (1.25 mL, 9.00 mmol). The cooling bath was removed, and the solution
was stirred at room temperature for 2 hours. The reaction was diluted with Et2O (500 mL), and the
organics were washed with aq. 1 M NaOH (2 x 150 mL), water (1 x 150 mL) and brine (1 x 150
mL). The organic layer was dried over MgSOu, filtered, and concentrated, yielding S5-5 (40.77 g,
99%) as a clear oil. All spectral data are in accord with the literature.

'"H NMR (500 MHz, CDCl3) & 7.44 —7.40 (m, 2H), 7.37 — 7.32 (m, 2H), 7.31 — 7.27 (m, 1H), 3.13
(t,J=17.3 Hz, 2H), 2.59 (t,J=7.3 Hz, 2H).

ethyl 3-oxo0-5-(phenylthio)pentanoate (5-173): Prepared according to a literature protocol.’¢ A
flame dried 3-neck 1L round bottom flask equipped with a reflux condenser and two pressure-

equalizing addition funnels was charged with Zn dust (26.16 g, 400 mmol) and THF (166 mL).
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TMSCI (0.76 mL, 6.0 mmol) was added, and the mixture was refluxed for 20 minutes to activate
the zinc. One of the addition funnels was charged with ethyl bromoacetate (45.0 mL, 400 mmol),
and the other was charged with S5-5 (32.64 g, 200 mmol). S5-5 and ethyl bromoacetate were added
simultaneously and dropwise over the course of an hour to the refluxing mixture of zinc (caution:
highly exothermic. Controlling addition rate, as well as choosing an adequately sized flask and
reflux condenser is extremely important). After the addition was complete, the mixture was
refluxed for another 3 hours. Subsequently, the mixture was cooled to 0 °C, and aq. 3 M HCI (125
mL) was added dropwise over 45 minutes with vigorous stirring. The mixture warmed to room
temperature over an hour and was stirred for 2 hours at this temperature to ensure adequate
hydrolysis. The mixture was then transferred to a separatory funnel, and the mixture was extracted
with Et20 (3 x 180 mL). The combined organic extracts were washed with water (1 x 350 mL) and
brine (1 x 100 mL), dried over Na2SOa, filtered and concentrated. The crude material was loaded
onto a silica gel column (270 g silica), and was eluted with a gradient from 0-1-2-3-4-5% EtOAc
in hexanes to afford 5-173 as a yellow oil (33.90 g, 67%). Spectral data are in accord with those
reported in the literature. Compound exhibits 7% of the enol tautomer.

'TH NMR (500 MHz, CDCl3) 8 7.36 — 7.32 (m, 2H), 7.32 — 7.27 (m, 2H), 7.22 - 7.19 (m, 1H), 4.18
(q,/=7.2 Hz, 2H), 3.42 (s, 2H), 3.16 (t, J= 7.3 Hz, 2H), 2.87 (t, /= 7.3 Hz, 2H), 1.26 (t, J="7.2

Hz, 3H).

/\ﬁ\)

5-107 (0]

o
Pd,DBAL+CHCl,
/\j’\/ﬁ\ (5,5)-5-113 PhS o
PhS OFt CHyCly, 1t; :
5173 then DBU |

49%, 96% ee 5-174

(45)-4-methyl-3-(3-(phenylthio)propanoyl)-4-vinyldihydrofuran-2(3H)-one (5-174): A dry

1L 3-neck round bottom flask was charged with Pd2DBA3*CHCIl3 (0.180 g, 0.174 mmol) and (S,S)-
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5-113 (0.413 g, 0.522 mmol). The flask was evacuated and backfilled with argon five times.
CH2CL2* (350 mL) was added via cannula under a positive pressure of argon and the solution was
stirred at room temperature, during which time the color went from deep purple to orange/burnt
orange. 5-173 (17.56 g, 69.59 mmol) was added, followed by 2-methyl-2-vinyloxirane (8.9 mL,
91 mmol), and the solution turned pale yellow/green immediately. The mixture was stirred at room
temperature until the orange color of the palladium complex returned (20 h). At this time a 0.5 mL
aliquot of the reaction mixture was removed and was subsequently dehydrated to the dihydrofuran
to assay the enantioselectivity of the reaction. The reaction mixture was cooled to 0 °C, and DBU
(11.4 mL, 76.6 mmol) was added dropwise over the course of an hour, and the reaction was stirred
for another hour while warming to room temperature after the addition was complete.
Subsequently, the solution was transferred to a separatory funnel, and the organics were washed
with aq. 1 M HCl (2 x 100 mL). The combined aqueous phase was back-extracted with CH2Cl2 (2
x 50 mL), and the combined organic extracts were dried over Na>SOs, filtered, and concentrated.
The crude material was purified by flash chromatography on silica gel eluting with 20% EtOAc in
hexanes to afford 5-174 as a red oil (9.86 g, 49%). The material is a 1.3:1 mixture of diastereomers
and exists 24% as the enol tautomer. Signals were deconvoluted as appropriate, but several of the
peaks in the proton did not resolve, and are integrated together.

*The reaction was found to be very sensitive to oxygen. Prior to reaction, the solvent was degassed
(sparging) with argon for 45 minutes to ensure the solvent was oxygen free.

Note: If the rate of addition of the DBU is fast, or if the reaction is directly quenched with dilute
HCI and then extracted, a portion of the product will eliminate thiophenol to give an enone
byproduct. Working up the reaction in this way has been the most effective at reducing this

elimination.
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'H NMR (500 MHz, CDCLs) & 11.57 (s, 0.48H), 7.37 — 7.27 (m, 8H), 7.23 — 7.19 (m, 2H), 5.88
(dd, J=17.3, 10.7 Hz, 1H), 5.83 (dd, J = 17.1, 10.5, 1H), 5.81 (dd, J = 17.5, 10.5 Hz, 1H), 5.21
(d, J=10.8 Hz, 1H), 5.17 (d, J= 9.7 Hz, 1H), 5.16 (d, J= 9.9 Hz, 1H), 5.06 — 4.98 (m, 1H), 4.41
(d, J= 8.8 Hz, 1H), 4.10 (d, J = 8.9 Hz, 1H), 4.08 (d, J = 8.9 Hz, 1H), 4.05 (d, J = 8.9 Hz, 1H),
3.98 (d,J= 8.9 Hz, 1H), 3.97 (d, J= 8.7 Hz, 1H), 3.51 (s, 1H), 3.35 (s, 1H), 3.19 — 3.09 (m, 4H),
2.99 —2.86 (m, 3H), 2.66 — 2.49 (m, 1H), 1.37 (s, 2H), 1.29 (s, 1H), 1.22 (s, 3H).

13C {1H} NMR (126 MHz, CDCl3) § 202.2, 201.5, 176.4, 172.5, 172.0, 170.9, 141.7, 140.2, 136.7,
135.52, 135.48, 129.9, 129.8, 129.7, 129.23, 129.21, 129.17, 126.64, 126.62, 126.60, 117.4, 116.0,
114.8, 104.1, 79.0, 77.4, 76.61, 76.58, 64.1, 61.1, 46.7, 46.6, 44.7, 43.5, 32.0, 29.9, 27.0, 26.8,
23.9,23.8, 18.6.

HRMS (ESI/TOF) m/z: [M+Na]" Caled for Ci6H1sO3SNa 313.0874; Found 313.0870.

0} O
O Quinidine, oH?
PhS CumylOOH PhS :
0O ——— O
f PhMe, rt f
| = 72%, 4:1 dr | =
5-174 5-175

(3R,4R)-3-hydroxy-4-methyl-3-(3-(phenylthio)propanoyl)-4-vinyldihydrofuran-2(3H)-one

(5-175): Lactone 5-174 (9.26 g, 31.9 mmol) was dissolved in toluene (320 mL) in a non-dried
round bottomed flask open to air. Quinidine (2.61 g, 7.97 mmol) was added, and the solution was
stirred for 10 minutes at ambient temperature. After this time, the solution was cooled to —30 °C,
and cumeme hydroperoxide (80% assay) (7.1 mL, 38 mmol) was added. The mixture was allowed
to warm to room temperature overnight (~14 h). After the reaction was complete (TLC) the solvent
was evaporated in vacuo. To remove the cumyl alcohol side product which co-elutes with the
product, the side product can be distilled away under vacuum (0.5 Torr) at 100 °C on a Kugelrohr
distillation apparatus. Crude NMR of this material revealed a 4:1 dr. The material after distillation

was purified by flash chromatography on silica gel eluting with 20% EtOAc in hexanes to afford
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a single diastereomer of 5-175 (2.81 g, 29%) as a colorless oil, as well as a fraction containing an
11:1 mixture of alcohol diastereomers (1.28 g, 13%), and another fraction containing a further
mixture of diastereomers (2.91 g, 30%) totaling a 72% yield. The mixed fractions could be re-
purified to isolate additional 5-175. Note: The distillation can be done before or after
chromatography. The side product does not seem to affect the separation.

TH NMR (600 MHz, CDCl3)  7.35 — 7.29 (m, 4H), 7.24 — 7.20 (m, 1H), 5.70 (dd, J= 17.5, 10.9
Hz, 1H), 5.20 (d, J=10.9 Hz, 1H), 5.16 (d, /= 17.5 Hz, 1H), 4.53 (d, /= 8.8 Hz, 1H), 4.07 (d, J
= 8.8 Hz, 1H), 3.35 (s, 1H), 3.15 - 3.01 (m, 3H), 2.93 — 2.86 (m, 1H), 1.26 (s, 3H).

13C {TH} NMR (151 MHz, CDCl3) 8 207.1, 174.7, 135.5, 135.2, 129.7, 129.2, 126.6, 118.6, 86.9,
74.7,49.8, 39.7, 27.0, 19.7.

HRMS (ESI/TOF) m/z: [M+Na]" Calecd for Ci6H1sO4SNa 329.0823; Found 329.0823.

[a]?2p +79.5 (¢ 1.67, CHCL3)

Phs“/l;:/( 1. NaBH(OAC), Phs%
o —— o
g 2.2,2-DMP, TsOH :
| = 82% (2 steps) | =
5-175 5-176
(4R,5R,9R)-2,2,9-trimethyl-4-(2-(phenylthio)ethyl)-9-vinyl-1,3,7-trioxaspiro[4.4|nonan-6-
one (5-176): To a stirred solution of 5-175 (2.99 g, 9.76 mmol) in CH2Cl2 (93 mL) and glacial
AcOH (4.6 mL) was added NaBH(OAc¢)3 (6.21 g, 29.3 mmol) at room temperature. The solution
was stirred at room temperature overnight (~18 h) and was quenched by the addition of aq. 2 M
HCI1 (100 mL). The mixture was stirred vigorously for 1 hour at room temperature, and was
subsequently transferred to a separatory funnel. The organic layer was separated, and the aqueous
layer was extracted with CH2Clz2 (3 x 50 mL). The combined organic extracts were washed with

water (2 x 50 mL) and brine (1 x 50 mL), dried over NaxSOu, filtered, and concentrated in vacuo.
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The crude diol was used directly without further purification.

The crude diol was dissolved in 2,2-dimethoxypropane (98 mL) in a 250 mL round bottom
flask equipped with a reflux condenser. TSOH*H20 (58.1 mg, 0.305 mmol) was added, and the
solution was heated to reflux for 20 h. The solution was cooled, and the solvent was evaporated.
The crude material was chromatographed by MPLC (ISCO) on silica gel eluting with a gradient
from 0-40% EtOAc in hexanes to afford 5-176 as a yellow oil (2.78 g, 82% over 2 steps).

'"H NMR (500 MHz, CDCl3) 4 7.33 — 7.26 (m, 4H), 7.21 — 7.15 (m, 1H), 5.67 (dd, J=17.5, 10.9
Hz, 1H), 5.16 (d, J=11.0 Hz, 1H), 5.06 (d, J = 17.6 Hz, 1H), 4.35 (d, J = 13.7 Hz, 2H), 4.03 —
3.94 (m, 2H), 3.26 — 3.19 (m, 1H), 3.03 —2.94 (m, 1H), 2.19 - 2.10 (m, 1H), 1.72 — 1.64 (m, 1H),
1.56 (s, 3H), 1.34 (s, 3H), 1.23 (d, /= 1.5 Hz, 3H).

13C {TH} NMR (126 MHz, CDCl3) & 174.2, 136.6, 135.9, 129.3, 129.1, 126.2, 117.1, 110.6, 86.7,
76.0, 73.9,45.8, 30.7,29.9, 27.5, 26.9, 19.5.

HRMS (ESI/TOF) m/z: [M+Na]" Calcd for C19H2404SNa 371.1293; Found 371.1287.

[a]*'p +70.6 (¢ 1.22, CDCI3)

o

opP 0P
PhS 5 1.H,0,, HFIP 07 :
o ———— o
g 2. TFAA, EtzN g
/\/;Elf CH,Cly; then /\JKVQ
MeOH
5-176 96% (2 steps) 5-177
2-((4R,5R,9R)-2,2,9-trimethyl-6-0x0-9-vinyl-1,3,7-trioxaspiro[4.4]nonan-4-yl)acetaldehyde
(5-177): A solution of 5-176 (2.50 g, 7.17 mmol) in HFIP (48 mL) was cooled to 0 °C, and H202
(30%, 0.88 mL, 8.6 mmol) was added dropwise. The solution was stirred at 0 °C for 20 minutes,
and was then warmed to room temperature and stirred for another 25 minutes. The reaction was

quenched by the addition of saturated aq. NaS203 (25 mL) and saturated aq. NaHCO3 (25 mL),

and the mixture was extracted with EtOAc (3 x 50 mL). The combined organic extracts were dried
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over NaxSOy, filtered, and concentrated. The crude sulfoxide was used in the next step without
purification.

The crude sulfoxide was azeotroped with PhMe (5x), and was then dissolved in anhydrous
CH2Cl2 (48 mL). The solution was sparged with Ar for 15 minutes, during which time Et3N (5.0
mL, 36 mmol) was added. The solution was cooled to 0 °C, and freshly distilled TFAA (2.0 mL,
14 mmol) was added dropwise. The solution was stirred at 0 °C for 5 minutes, and was then
warmed to room temperature and stirred for an hour. Anhydrous methanol (3 mL) was added, and
the solution was stirred for 5 minutes before being transferred to a separatory funnel. The material
was washed with aq. 1 M HCI (40 mL), and the aqueous phase was back-extracted with CH2Cl2
(3 x 30 mL). The combined organic layer was dried over NaxSQu, filtered, and concentrated. The
crude material was purified by MPLC (ISCO) eluting with a gradient from 20-70% EtOAc in
hexanes to afford 5-177 as an orange oil (1.74 g, 96% over 2 steps).

'TH NMR (600 MHz, CDCl3) § 9.76 (s, 1H), 5.77 (dd, J = 17.6, 10.9 Hz, 1H), 5.32 (d, J=10.9 Hz,
1H), 5.23 (d, J=17.6 Hz, 1H), 4.65 (dd, J=9.0, 3.1 Hz, 1H), 4.20 (d, /= 8.9 Hz, 1H), 4.12 (d, J
=8.9 Hz, 1H), 3.16 (dd, J=17.6, 9.1 Hz, 1H), 2.62 (dd, /= 17.7, 3.0 Hz, 1H), 1.54 (s, 3H), 1.42
(s, 3H), 1.28 (s, 3H).

3C {'H} NMR (151 MHz, CDCl3) & 198.9, 173.8, 136.5, 117.6, 111.5, 86.0, 74.4, 71.8, 46.3,
45.1,27.5,27.1, 18.0.

HRMS (ESI/TOF) m/z: [M+Na]" Caled for Ci13H1sOsNa 277.1052; Found 277.1055.

[a]*'p +25.1 (¢ 1.23, CDCl3)
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o Q N
o~ : (MeO),P__N>
L _° komu, THF, 78°C
" 84%

5-177 5-178
(4R,S5R,9R)-2,2,9-trimethyl-4-(prop-2-yn-1-yl)-9-vinyl-1,3,7-trioxaspiro[4.4|nonan-6-one (5-
178): Performed according to the procedure of Gilbert. Potassium tert-butoxide (0.410 g, 3.65
mmol) was dissolved in THF (20 mL) in a flame-dried 200 mL Schlenk flask. The solution was
cooled to —78 °C (maintained by a Cryocool) and dimethyl (diazomethyl)phosphonate (0.548 g,
3.65 mmol) was added dropwise, and the solution was stirred for 30 minutes. Subsequently a
solution of 5-177 (0.830 g, 3.26 mmol) in THF (10 mL) was added, and the solution was stirred at
—78 °C overnight (20 h). The reaction was then warmed to room temperature and stirred for 1 hour.
The reaction was quenched by addition of saturated aq. NH4Cl (50 mL), and the mixture was
transferred to a separatory funnel and was excracted with EtOAc (3 x 50 mL). The combined
organic extracts were dried over Na2SOs, filtered, and concentrated. The crude material was
purified by flash chromatography on silica gel eluting with 20% EtOAc in hexanes to afford 5-178
as a yellow oil (0.682 g, 84%)).

TH NMR (600 MHz, CDCl3) & 5.87 (dd, J = 17.6, 10.9 Hz, 1H), 5.36 (d, /= 10.9 Hz, 1H), 5.23
(d, J=17.6 Hz, 1H), 4.37 — 4.30 (m, 2H), 4.07 (d, /= 9.0 Hz, 1H), 2.82 (ddd, /= 17.1, 7.7, 2.7
Hz, 1H), 2.47 (ddd, J=17.2, 5.3, 2.7 Hz, 1H), 2.09 (t, /= 2.7 Hz, 1H), 1.58 (s, 3H), 1.41 (s, 3H),
1.28 (s, 3H).

3C {'TH} NMR (151 MHz, CDCl3) & 173.8, 136.6, 117.7, 111.3, 87.0, 80.1, 77.1, 74.1, 70.8, 46.3,
27.7,27.2,21.8,19.1.

HRMS (ESI/TOF) m/z: [M+Na]" Calecd for Ci14H1s04Na 273.1103; Found 273.1097.

[a]®p+51.1 (c 1.28, CDCl3)
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1. LIHMDS, Mel

2. 6M HCI, 1,4-Dioxane
83% (2 steps)

5-178 5-156
(3R,4R)-3-hydroxy-3-((R)-1-hydroxypent-3-yn-1-yl)-4-methyl-4-vinyldihydrofuran-2 (3 H)-
one (5-156): A solution of 5-178 (0.925 g, 3.70 mmol) in THF (12.5 mL) was cooled to —78 °C,
and a solution of LIHMDS (0.53 M, 12.5 mL, 6.63 mmol) was added dropwise. The mixture was
stirred for 1 hour at —78 °C, then Mel (2.30 mL, 37.0 mmol) was added, and the solution was
allowed to warm to room temperature overnight (16 h). The reaction was quenched by the addition
of saturated aq. NH4Cl, and the mixture was extracted with EtOAc (3 x 25 mL). The combined
organic extracts were dried over Na>SOys, filtered, and concentrated. The crude material was used
in the next step without further purification.

The crude material was dissolved in 1,4-dioxane (12.5 mL) and aq. 6 M HCI (12.5 mL)
was added. The solution was heated to 60 °C and was stirred vigorously for 5 hours. The solution
was cooled to room temperature, diluted with water (50 mL) and was transferred to a separatory
funnel. The mixture was extracted with EtOAc (3 x 25 mL), and the organic extracts were washed
with water (2 x 20 mL). The combined organic layer was dried over Na>SOs, filtered, and
concentrated. The crude material was purified by MPLC (ISCO) eluting with a gradient from 20-
60% EtOAc in hexanes to afford 5-156 as an orange oil (0.692 g, 83% over 2 steps).

TH NMR (600 MHz, CDCl3) § 6.05 (dd, J = 17.5, 11.0 Hz, 1H), 5.26 (d, J = 10.9 Hz, 1H), 5.16
(d, J=17.6 Hz, 1H), 4.29 (d, /=9.0 Hz, 1H), 4.07 (d, /=9.0 Hz, 1H), 3.91 (dd, J=11.9, 6.0 Hz,
1H), 3.36 (s, 1H), 2.66 — 2.62 (m, 2H), 1.81 (t,J = 2.6 Hz, 3H), 1.28 (s, 3H).

3C {'H} NMR (151 MHz, CDCl3) 6 175.9, 137.7, 115.9, 80.5, 80.0, 74.3, 74.3, 69.1, 49.1, 23.1,

19.1, 3.7.
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HRMS (ESI/TOF) m/z: [M+Na]" Calcd for C12H1604Na 247.0946; Found 249.0953.
[a]*3p+30.6 (c 1.20, CDCI3)

OH?
TBSOTH, Pyr. :

CHyCly, 0°Ctort :
89% | =

5-156 $5-6

(BR,4R)-3-((R)-1-((tert-butyldimethylsilyl)oxy)pent-3-yn-1-yl)-3-hydroxy-4-methyl-4-
vinyldihydrofuran-2(3H)-one (S5-6): A solution of 5-156 (0.692 g, 3.09 mmol) in CH2Cl2 (21
mL) was cooled to 0 °C, and pyridine (1.25 mL, 15.5 mmol) was added. The solution was stirred
for 5 minutes, then TBSOT{ (1.80 mL, 7.73 mmol) was added dropwise. The solution was stirred
at 0 °C for 15 minutes, and was then warmed to room temperature and stirred for 6 hours. The
reaction was quenched by the addition of saturated aq. NH4Cl (20 mL), and the mixture was
transferred to a separatory funnel. The layers were partitioned, and the aqueous phase was
extracted with CH2Cl2 (3 x 20 mL). The combined organic extracts were dried over Na2SOs,
filtered, and concentrated. The crude material was purified by flash chromatography on silica gel,
eluting with 15% EtOAc in hexanes to afford S5-6 as a colorless oil (0.932 g, 89%). The spectral
data match those reported by Zhai.

TH NMR (600 MHz, CDCl3) 8 6.10 (dd, J = 17.7, 10.9 Hz, 1H), 5.25 (d, J = 10.9 Hz, 1H), 5.18
(d, J=17.7 Hz, 1H), 4.38 (d, J = 8.4 Hz, 1H), 4.07 (t, /= 5.6 Hz, 1H), 3.92 (d, J = 8.3 Hz, 1H),
3.13 (s, 1H), 2.77 (ddq, J=17.2, 5.3, 2.6 Hz, 1H), 2.44 (ddq, J=17.2, 5.4, 2.6 Hz, 1H), 1.77 (t, J
=2.6 Hz, 3H), 1.25 (s, 3H), 0.91 (s, 9H), 0.17 (s, 3H), 0.11 (s, 3H).

13C {'H} NMR (151 MHz, CDCl3) 8 178.4, 137.9, 116.4, 80.9, 79.2, 76.6, 76.1, 75.4, 48.4, 26.0

(30),24.1,20.2,18.2,3.7,-4.3, -4.7.
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OHP
g C0,(CO)g; PhSMe OTBS
o —— O WOH
g DCE, 75 °C . o
61% H ¢ d

$5-6 5-34
(3aR,4R,8aR,8bR)-4-((tert-butyldimethylsilyl)oxy)-3a-hydroxy-6,8b-dimethyl-
3a,4,5,8,8a,8b-hexahydro-1H-indeno[4,5-c]furan-3,7-dione (5-34): A solution of Co2(CO)s
(1.184 g, 3.29 mmol) in DCE (10 mL) was added to a solution of S5-6 (0.928 g, 2.74 mmol) in
DCE (10 mL) and the mixture was stirred at room temperature for 3 hours. If incomplete
complexation occurs during this period, the mixture can be gently heated to 30 °C to facilitate
complex formation. Thioanisole (1.16 mL, 9.86 mmol) was added, and the solution was stirred at
room temperature for 15 minutes, and then at 75 °C overnight (18 h). The reaction mixture was
cooled to room temperature, and the solvent was evaporated. The crude residue was purified by
MPLC (ISCO) on silica gel eluting with a gradient from 20-85% EtOAc in hexanes to afford 5-34
as a white solid (0.617 g, 61%). The spectral data are in accord with those reported by Zhai,
however in the 13C in CDCl; there was some unexpected line-broadening which largely eliminated
3 carbon signals. Expansions of the relevant areas show the presence of the broadened peaks in
the expected locations. Both sets of data are reported for clarity.

'TH NMR (500 MHz, CD30D) & 4.34 (dd, J=3.9, 2.6 Hz, 1H), 4.27 (d, J = 8.5 Hz, 1H), 4.18 (d,
J=8.6 Hz, 1H), 3.54 (app. s, 1H), 3.03 (dd, J=19.2, 3.2 Hz, 1H), 2.64 (d, J=19.2 Hz, 1H), 2.42
—2.39 (m, 2H), 1.68 (s, 3H), 0.89 (overlapping s, 12H), 0.13 (s, 3H), 0.12 (s, 3H).

'TH NMR (600 MHz, Chloroform-d) 6 4.20 (d, J= 8.4 Hz, 1H), 4.16 (d, J= 8.4 Hz, 1H), 4.09 (app.
t,J=5.0 Hz, 1H), 3.24 (s, 1H), 3.06 (dd, J = 17.2, 4.4 Hz, 1H), 2.70 (s, 1H), 2.54 (dd, J = 17.3,
5.3 Hz, 1H), 2.41 (dd, J = 18.7, 6.4 Hz, 1H), 2.35 (dd, J=18.8, 2.6 Hz, 1H), 1.72 (t, J= 1.7 Hz,

3H), 0.92 (s, 3H), 0.90 (s, 9H), 0.14 (s, 3H), 0.12 (s, 3H).
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3C {'H} NMR (151 MHz, CDCls) § 207.6, 167.2, 137.0, 77.6, 72.0, 45.1, 42.5, 35.5, 32.0, 25.8,

OTBS TBAF OH
° O Tocen O (o
,—10°C tort
H oo o] B8%% H 2 o
(o] (6]

5-34 5-155

18.0, 8.2, -4.3, -5.0.

(3aR,4R,8aR,8bR)-3a,4-dihydroxy-6,8b-dimethyl-3a,4,5,8,8a,8b-hexahydro-1H-indeno[4,5-
c|furan-3,7-dione (5-155): A solution of 5-34 (0.606 g, 1.65 mmol) in THF (18 mL) was cooled
to —10 °C, and TBAF (1.0 M, 5.4 mL, 5.4 mmol) was added dropwise. The solution was stirred at
—10 °C for 15 minutes, and was then warmed to room temperature and stirred for another 2 hours.
The reaction was quenched by the addition of saturated aq. NH4Cl (20 mL), and the mixture was
extracted with EtOAc (3 x 15 mL). The combined organic extracts were dried over NaxSOs,
filtered, and concentrated. The crude material was purified by MPLC (ISCO) on silica gel eluting
with a gradient from 20-85% EtOAc in. hexanes to afford 5-155 as a white solid (0.417 g, 88%).
A portion of the material was crystallized using vapor diffusion with EtOAc as the solvent and
hexanes as the anti-solvent to generate x-ray quality crystals. See section 5.6.4 for details.

TH NMR (600 MHz, CDCl3) & 4.38 (d, J = 8.5 Hz, 1H), 4.04 (d, J = 8.5 Hz, 1H), 3.83 (s, 1H),
3.79 (dt,J=11.4,6.3 Hz, 1H), 3.62 (d,/=11.4 Hz, 1H), 3.38 (dd, /= 13.8, 5.8 Hz, 1H), 2.82 (dq,
J=17.1,19 Hz, 1H), 2.50 (dd, /= 18.8, 6.9 Hz, 1H), 2.41 — 2.33 (m, 2H), 1.82 (t, /= 1.7 Hz, 3H),
0.94 (s, 3H).

3C {TH} NMR (151 MHz, CDCl3) 8 207.4, 177.4,164.1,137.8,76.1, 75.3,71.1,47.3, 43.0, 35.4,
34.4, 8.1, 8.0.

HRMS (ESI/TOF) m/z: [M+H]" Caled for Ci1aH1sO4DH 269.1374; Found 269.1368. Observed
partial deuterium exchange of presumably one of the alcohols in the MS sample.

[a]®p +66.8 (¢ 0.49, CDCl3)
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Et3Al (3 equiv.) =~ CN
TMSCN (4 equiv.) 1M Hel / OTMS
. —_—> 0 WOH
THF, reflux, 24h THF, -10°C to rt . 0
44% H o
(0]
5-155 S5-7

(3aR,4R,5aS,6R,8aR,8bR)-3a-hydroxy-6,8b-dimethyl-3,7-dioxo-4-
((trimethylsilyl)oxy)decahydro-5aH-indeno[4,5-c]furan-5a-carbonitrile (5-189): A flame
dried 2-dram vial was charged with Et3Al (1.0 M, 0.59 mL, 0.59 mmol) and TMSCN (0.10 mL,
0.79 mmol) at room temperature, and the mixture was stirred for 5 minutes. 5-155 (50.1 mg, 0.198
mmol) was added as a solution in THF (2.0 mL), and the mixture was heated to 66 °C in an oil
bath for 24 hours. The solution was subsequently cooled to 0 °C, and water was added dropwise
until ethane evolution ceased. The solution was then filtered through a short plug of MgSO4 and
the solution was concentrated. The material was used directly in the next step.

Crude 5-184 was re-dissolved in THF (2.0 mL), and the solution was cooled to —10 °C.
Aqueous 1 M HCI (1.0 mL) was added, and the mixture was warmed to room temperature and was
stirred vigorously for 30 minutes. The solution was diluted with water (3 mL), and the mixture
was extracted with EtOAc (3 x 3 mL). The combined extracts were dried over Na>SOs, filtered,
and concentrated. The crude material was purified by MPLC (ISCO) eluting with a gradient from
60-85% EtOAc in hexanes to afford S5-7 as a colorless oil (30.3 mg, 44% over 2 steps). The
material contains unknown peaks at 3.17 and 1.37 ppm respectively, and the carbon has two
additional carbons because of it.

'TH NMR (600 MHz, CDC13) 6 5.13 (d, J = 8.3 Hz, 1H), 4.05 (t, J= 2.7 Hz, 1H), 3.92 (d, J = 8.2
Hz, 1H), 3.12 (s, 1H), 2.79 (q, /= 7.0 Hz, 1H), 2.66 (dd, J=11.7, 8.7 Hz, 1H), 2.52 (dd, J= 19.5,
8.7 Hz, 1H), 2.43 (dd, J=19.5, 11.8 Hz, 1H), 1.90 (dd, J = 14.6, 3.3 Hz, 1H), 1.53 (dd, J = 14.5,

2.3 Hz, 1H), 1.19 (d, J= 7.1 Hz, 3H), 1.18 (s, 3H), 0.17 (s, 9H).
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3C {'H} NMR (126 MHz, CDCl3) 8 211.1, 178.3, 123.9, 77.6, 74.1, 71.8, 57.1, 43.0, 41.0, 37.6,
36.9,27.6,22.0,7.5,-0.2.

HRMS (ESI/TOF) m/z: [M+Na]" Caled for Ci17H25sNOsSiNa 374.1400; Found 374.1395.

(0]

< CN RhCI(PPhy);

/ OTMS  gcetaldoxime /
0 OH — O WOH
i o) PhMe, 110 °C S fo)

S 419 <
K o %o R o
S5-7 5-189

(3aR,4R,6a8,7R,9a5,9bR)-3a-hydroxy-7,9b-dimethylhexahydro-3 H,6 H-4,6a-
methanocyclopenta[c]furo[3,4-¢]oxepine-3,6,8(7H)-trione (5-189): To a solution of S5-7 (25
mg, 0.071 mmol) in PhMe (0.7 mL) was added RhCI(PPhs)3 (13 mg, 0.014 mmol). The solution
was sparged with argon for 10 minutes, during which time acetaldoxime (86 uL, 1.4 mmol) was
added. The solution was then heated to 110 °C in a preheated oil bath overnight (18 h). The mixture
was cooled to room temperature, and MeOH (0.7 mL) was added. The solution was stirred for 5
minutes, and was subsequently concentrated in vacuo. The crude material was purified by flash
chromatography on silica gel eluting with a gradient from 40-50-60% EtOAc in hexanes to afford
5-189 as a colorless oil (8.1 mg, 41%).

'TH NMR (600 MHz, CDCl; 6 4.71 (d, J = 5.9 Hz, 1H), 4.10 (d, J = 9.4 Hz, 1H), 4.05 (d, J=9.4
Hz, 1H), 2.99 (s, 1H), 2.79 (q, J = 7.1 Hz, 1H), 2.56 (ddd, J=17.1, 6.5, 1.1 Hz, 1H), 2.37 - 2.27
(m, 3H), 2.20 (d, /= 12.8 Hz, 1H), 1.21 (s, 3H), 1.07 (d, /= 7.0 Hz, 3H).

3C {'H} NMR (151 MHz, CDCl3) § 212.3, 177.3, 176.7, 78.4, 77.9, 73.8, 50.5, 49.0, 42.1, 41.2,
38.8,26.0, 21.1, 8.8.

HRMS (ESI/TOF) m/z: [M-H]™ Calcd for Ci14H1506 279.0869; Found 279.0860.

[a]*'p—79.5 (¢ 0.80, CDCl3)
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RhCI(PPhj)s
OTMS|  acetaldoxime

wOH

EtsAl (3 equiv.)
TMSCN (3 equiv.)

PhMe, reflux,
22% (2 steps)

THF, reflux, 24h

(3aR,4R,6aS,7R,9aS5,9bR)-3a-hydroxy-7,9b-dimethylhexahydro-3H,6 H-4,6a-
methanocyclopenta|c]furo[3,4-¢]oxepine-3,6,8(7H)-trione (5-189): A flame dried 2-dram vial
was charged with EtzAl (1.0 M, 0.28 mL, 0.28 mmol) and TMSCN (30. pL, 0.28 mmol) at room
temperature, and the mixture was stirred for 5 minutes. 5-155 (23.4 mg, 0.093 mmol) was added
as a solution in THF (0.93 mL), and the mixture was heated to 66 °C in an oil bath for 24 hours.
The solution was subsequently cooled to 0 °C, and water was added dropwise until ethane
evolution ceased. The solution was then filtered through a short plug of MgSO4 and the solution
was concentrated. The material was used directly in the next step.

To a solution of crude 5-184 in PhMe (0.93 mL) was added RhCI(PPhs)3 (17.2 mg, 0.0186
mmol). The solution was sparged with argon for 10 minutes, during which time acetaldoxime (0.14
mL, 2.33 mmol) was added. The solution was then heated to 110 °C in a preheated oil bath
overnight (18 h). The mixture was cooled to room temperature, and MeOH (0.7 mL) was added.
The solution was stirred for 5 minutes and was subsequently concentrated in vacuo. The crude
material was purified by MPLC (ISCO) on silica gel eluting with a gradient from 20-90% EtOAc
in hexanes to afford 5-189 as a colorless oil (5.7 mg, 22% over 2 steps). Spectral data are consistent

with those reported above.
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1. EtzN, TMSCI,
LDA, THF
0] WOH
O 2.Pd(OAc),, DMSO
3 90% (2 steps) R
o 1:3.4
5-189 5-191 5-192

Compounds 5-191 and 5-192: Triethylamine (30. uL, 0.21 mmol) was added to a solution of 5-
189 (azeotroped 3x with PhMe, 12 mg, 0.043 mmol) in THF (0.86 mL). Freshly distilled TMSCI
(30. mL, 0.21 mmol) was added at room temperature, and the solution was stirred for 5 minutes
before being cooled to —78 °C. A 1.0 M stock solution of LDA (0.17 mL, 0.17 mmol) was added
dropwise, and the solution was stirred at —78 °C for 1.5 hours. The mixture was then warmed to 0
°C for 5 minutes, and was then quenched with saturated aq. NaHCOs3 (1.5 mL). The mixture was
extracted with EtOAc (3 x 1 mL), and the combined extracts were dried over MgSQa, filtered, and
concentrated. The crude silyl enol ether was used directly in the next step.

The silyl enol ether was dissolved in dry DMSO (0.43 mL), and Pd(OAc)2 (19 mg, 0.086
mmol) was added. The solution was evacuated and backfilled with Oz 5 times, and the mixture
was then heated to 75 °C in a preheated oil bath for 18 h. The solution was then cooled to room
temperature and was diluted with H2O (0.5 mL). The mixture was extracted with EtOAc (5 x 1
mL), and the combined organic extracts were washed with brine (4 x 1 mL). The organic phase
was dried over MgSOu, filtered, and concentrated. The crude material was purified by flash
chromatography on silica gel eluting with 50% EtOAc in hexanes to afford 5-191 and 5-192 as an
inseparable mixture of products in a 1:3.4 ratio respectively (10.7 mg, 90% combined over 2 steps).
'TH NMR (500 MHz, CDCl3) § 6.44 (s, 1H), 6.43 (s, 1H), 6.19 (s, 3H), 5.64 (s, 1H), 4.87 (d, J =
5.9 Hz, 1H), 4.85 (d, /= 5.9 Hz, 4H), 4.15 — 4.07 (m, 9H), 3.33 (s, 1H), 3.30 (s, 3H), 3.03 (q, J =
7.7 Hz, 3H), 2.87 (dd, J=12.5, 5.6 Hz, 1H), 2.67 — 2.61 (m, 5H), 2.45 (d, J=12.5 Hz, 3H), 1.54
(s, 3H), 1.50 (s, 11H), 1.17 (d, J=7.7 Hz, 12H).

HRMS 5-191 (ESI/TOF) m/z: [M-H]™ Calcd for Ci14H1106 275.0556; Found 275.0557.
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HRMS 5-192 (ESI/TOF) m/z: [M-H]™ Calcd for C14H1306 277.0712; Found 277.0723.

1. TMSOTf, EtzN
2. Pd(OAc),

3.1 atm Hy,
RhCI(PPhs)s K
34% (3 steps)
5-192 6:1dr 5-193b

(3aR,4R,6aR,75,9bR)-7,9b-dimethyl-3a-((trimethylsilyl)oxy)-1,3a,4,9b-tetrahydro-3H,6 H-
4,6a-methanocyclopenta|c]furo[3,4-¢]oxepine-3,6,8(7H)-trione (5-193b): Compound 5-192
(3.4:1 mix with 5-191, 4.3 mg, 0.015 mmol) was dissolved in CH2Cl2 (0.3 mL) and EtsN (0.01
mL, 0.09 mmol) was added. The solution was cooled to 0 °C, and TMSOTT (0.01 mL, 0.06 mmol)
was added dropwise. The solution was warmed to room temperature and was stirred for 1 hour.
The reaction was quenched by the addition of saturated aq. NaHCO3, and the mixture was extracted
with CH2Cl2 (3 x 1 mL). The combined extracts were dried over MgSOQeu, filtered, and concentrated.
The crude material was used directly in the next step.

Crude TMS-enol ether was dissolved in MeCN (0.3 mL) under argon, and Pd(OAc)2 (4.4
mg, 0.020 mmol) was added. The solution was stirred under argon for 22 h at room temperature,
and was subsequently concentrated in vacuo. The crude material was filtered through a plug of
silica gel eluting with 60% EtOAc in hexanes to afford crude dienone. This material was used
crude in the next step without intensive purification.

The crude material was re-dissolved in THF (0.3 mL) under argon, and RhCI(PPhs3)3 (0.7
mg, 0.0008 mmol) was added. The solution was sparged with hydrogen gas for 5 minutes, and the
mixture was then allowed to stir under hydrogen atmosphere for 18 h. The reaction mixture was
filtered over silica gel with EtOAc, and the filtrate was concentrated. The crude material was
purified by silica gel chromatography eluting with a gradient from 20-30-40-50% EtOAc in

pentanes to afford 5-193b as a 5.6:1 mixture of diastereomers (1.8 mg, 34% over 3 steps). ***Itis
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now clear that this final reaction was not truly catalyzed by Wilkinson’s catalyst, but the protocol
is reported for completeness. NMR data is tabulated for the major diastereomer.

TH NMR (600 MHz, CDCl3) § 6.25 (s, 1H), 4.80 (d, J = 5.7 Hz, 1H), 4.09 (d, J = 9.8 Hz, 1H),
3.98(d,J=9.8 Hz, 1H), 2.68 (dd, J=12.3,5.8 Hz, 1H), 2.53 (q, /= 7.5 Hz, 1H), 2.50 (d, /=123
Hz, 1H), 1.44 (d, /= 0.9 Hz, 3H), 1.40 (d, J= 7.4 Hz, 3H), 0.25 (s, 9H).

3C {H} NMR (151 MHz, CDCIl3) 6 205.4, 174.3, 172.5, 171.2, 130.6, 78.5, 76.0, 53.9, 46.0,

45.4,34.7,29.9,22.0,9.0, 1.9.

EtsAl (3 equiv.) 1 atm O,
OH  TMSCN (3 equiv.) Pd(OAc),
O ,‘\OH —_— —_—
\ O  THF, reflux, 20h DMSO, 55 °C
H d 34% (2 steps)

5-155

(3aR,4R,5a8,8bR)-3a-hydroxy-8b-methyl-6-methylene-3,7-dioxo-4-((trimethylsilyl)oxy)-
1,3,3a2,4,5,6,7,8b-octahydro-5aH-indeno[4,5-c|furan-5a-carbonitrile (5-200): A flame dried 2-
dram vial was charged with Et3Al (1.0 M, 0.16 mL, 0.16 mmol) and TMSCN (30. pL, 0.28 mmol)
at room temperature, and the mixture was stirred for 5 minutes. 5-155 (20. mg, 0.079 mmol) was
added as a solution in THF (0.80 mL), and the mixture was heated to 66 °C in an oil bath for 22
hours. The solution was subsequently cooled to 0 °C, and saturated aq. NH4Cl (2.0 mL) was added.
The mixture was extracted with EtOAc (3 x 1.5 mL), and the combined organic extracts were
dried over MgSO4, filtered, and concentrated. The material was used directly in the next step.
Crude 5-184 was re-dissolved in dry DMSO (0.8 mL) under an argon atmosphere, and
Pd(OAc)2 (24.8 mg, 0.110 mmol) was added. The solution was evacuated and backfilled with
oxygen (5x), and the solution was heated to 55 °C in a preheated oil bath for 27 hours. The solution
was the cooled to room temperature and diluted with H20 (0.8 mL). The mixture was extracted

with EtOAc (3 x 1.5 mL) and the combined organic layers were washed with brine (3 x 1 mL).
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The organic phase was dried over MgSOu, filtered, and concentrated. The crude material was
purified by MPLC (ISCO) eluting with a gradient from 0-40% EtOAc in hexanes to afford 5-200
as a white solid (9.4 mg, 34 % over 2 steps).

'TH NMR (600 MHz, CDCl3) 8 6.57 (s, 1H), 6.38 (d, J = 1.0 Hz, 1H), 5.83 (d, /= 0.9 Hz, 1H),
5.30(d,/J=8.6 Hz, 1H), 4.12 (dd, /= 3.2, 2.1 Hz, 1H), 4.09 (d, /= 8.7 Hz, 1H), 2.95 (s, 1H), 2.54
(dd, J=14.1, 3.1 Hz, 1H), 2.00 (dd, J= 14.1, 2.1 Hz, 1H), 1.47 (s, 3H), 0.23 (s, 9H).

3C {H} NMR (151 MHz, CDCls) 4 190.2, 176.9, 166.7, 145.2, 136.1, 120.9, 120.1, 81.6, 73.0,
72.1,47.2,39.5, 38.7,20.8, -0.2.

HRMS (ESI/'TOF) m/z: [M-H] Calcd for Ci17H20NOsSi 346.1111; Found 346.1120.

[a]?'p—54.1 (¢ 1.00, CDCls)

EtsAl (6 equiv) CN 1atmO
OH  TMSCN (6.1 equiv) OTMS|  pg(0Ac)
o WOH ————— [TMSO WOH | ———— 0O
_ O  THF reflux, 20h _ o | bmso, 110°C
H ¢ g H - d 38% (2 steps)

5-155 5-184

(3aR.,4R,6a5,9bR)-3a-hydroxy-9b-methyl-7-methylene-1,3a,4,9b-tetrahydro-3H,6 H-4,6a-

methanocyclopenta[c]furo[3,4-¢]oxepine-3,6,8(7H)-trione (5-191): A flame dried Schlenk
flask was charged with EtsAl (1.0 M, 0.12 mL, 0.12 mmol), TMSCN (15.0 pL, 0.122 mmol), and
THF (0.5 mL) at room temperature, and the mixture was stirred for 10 minutes. 5-155 (5.0 mg,
0.020 mmol) was added neat under heavy argon counterflow. The flask was sealed, and the mixture
was heated to reflux in an oil bath (75 °C oil temp.) for 22 hours. The solution was subsequently
cooled to 0 °C and quenched with half saturated aq. Rochelle’s salt (1.0 mL). The mixture was
warmed to room temperature and was vigorously stirred for 1.5 h. The mixture was extracted with
EtOAc (3 x 1.0 mL), and the combined organic extracts were dried over MgSOu, filtered, and

concentrated. The material was used directly in the next step without purification.
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Crude 5-184 was re-dissolved in dry DMSO (0.5 mL) under an argon atmosphere, and
Pd(OAc)2 (11.2 mg, 0.0499 mmol) was added. The solution was evacuated and backfilled with
oxygen (5x), and the solution was heated to 110 °C in a preheated oil bath for 24 hours. The
solution was the cooled to room temperature and diluted with H2O (0.8 mL). The mixture was
extracted with EtOAc (3 x 1.0 mL) and the combined organic layers were washed with brine (3 x
I mL). The organic phase was dried over MgSOu, filtered, and concentrated. The crude material
was purified by flash chromatography on silica gel eluting with a gradient from 40-50% EtOAc in
hexanes to afford 5-191 as a pale yellow oil (2.2 mg, 38 % over 2 steps).

TH NMR (600 MHz, CDCls) & 6.44 (s, 2H), 5.64 (s, 1H), 4.85 (d, J= 5.6 Hz, 1H), 4.13 — 4.12
(m, 2H), 3.02 (s, 1H), 2.86 (ddd, J=12.5, 5.6, 0.7 Hz, 1H), 2.65 (d, /= 12.5 Hz, 1H), 1.53 (s,
3H).

3C {TH} NMR (151 MHz, CDCl3) 6 192.2, 175.9, 172.7, 166.6, 139.9, 131.8, 121.8, 78.2, 75.8,
75.7,53.7,44.7, 36.8, 20.7.

HRMS (ESI/TOF) m/z: [M-H]™ Calcd for C14H1106 275.0556; Found 275.0557.

[a]*2p +10.1 (¢ 0.30, CDCl5)

1 atm H,
Pd/C (10 mol%)

EtOAc, rt
68%, >20:1 dr

5-;91 5-;93a
(3aR,4R,6aR,75,9bR)-3a-hydroxy-7,9b-dimethyl-1,3a,4,9b-tetrahydro-3H,6 H-4,6a-
methanocyclopenta[c]furo[3,4-e]oxepine-3,6,8(7H)-trione (5-193a): To a solution of 5-191
(1.9 mg, 0.0069 mmol) in EtOAc (0.5 mL) was added Pd/C (10% w/w, 0.7 mg, 0.00069 mmol).
The solution was sparged with hydrogen for 5 minutes and was allowed to stir under hydrogen
atmosphere overnight. The reaction mixture was subsequently filtered over celite, and the solvent

was evaporated giving 5-193a (1.3 mg, 68%) as a white solid. The crude material was
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spectroscopically pure and was not purified further.

TH NMR (600 MHz, CDCls) § 6.29 (s, 1H), 4.79 (d, J = 5.7 Hz, 1H), 4.13 (d, /= 9.7 Hz, 1H),
4.06 (dd, J=9.7, 0.9 Hz, 1H), 2.92 (s, 1H), 2.74 (ddd, /= 12.5, 5.8, 0.9 Hz, 1H), 2.57 (d, J =
12.4 Hz, 1H), 2.57 (q,J= 7.4 Hz, 1H), 1.51 (d, /= 0.9 Hz, 3H), 1.41 (d, /= 7.4 Hz, 3H). The
signals at 2.57 are overlapping but can be deconvoluted.

13C {TH} NMR (151 MHz, CDCl3) § 205.2, 176.1, 172.4, 170.2, 130.7, 78.2, 76.8, 75.3, 53.9,
46.1,44.5,34.8,21.2, 8.9.

HRMS (ESI/TOF) m/z: [M-H] Calcd for Ci14aH1306 277.0712; Found 277.0699.

[a]*>p+34.4 (c 0.44, CDCI3)

K-selectride
_—

THF
-78t00°C

) 67% X
5-193a 5-201

(3aR,4R,6aR,7S,8R,9bR)-3a,8-dihydroxy-7,9b-dimethyl-1,3a,4,7,8,9b-hexahydro-3H,6 H-

4,6a-methanocyclopenta|c]furo[3,4-e]oxepine-3,6-dione (5-201): Enone 5-193a (1.5 mg,

0.0054 mmol) was azeotroped 5x with dry PhMe, and was subsequently dissolved in THF (0.3

mL). The solution was cooled to —78 °C, and K-selectride (1.0 M, 22 pL, 0.022 mmol) was added

in one portion. The solution was stirred at —78 °C for 3 hours, and was subsequently warmed to 0

°C and stirred for an additional hour. The reaction was quenched by the addition of 2 M HCI (1.0

mL) and the mixture was stirred at room temperature for 15 min. The mixture was then extracted

with EtOAc (3 x 1.0 mL), dried over MgSOu4, and concentrated. The crude material was purified

by flash chromatography on silica gel eluting with 60% EtOAc in hexanes to afford 5-201 (1.0

mg, 67%) as a white solid.
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TH NMR (600 MHz, CDCls) 8 6.14 (d, J= 2.8 Hz, 1H), 4.77 (d, J= 5.9 Hz, 1H), 4.46 (ddd, J =
11.8,5.9,2.9 Hz, 1H), 4.10 (d, J=9.6 Hz, 1H), 3.93 (dd, /=9.5, 0.9 Hz, 1H), 2.77 (s, 1H), 2.61
(ddd, J=12.2,5.9,1.0 Hz, 1H), 2.32 (dq, J= 7.4, 6.1 Hz, 1H), 2.23 (d, /= 12.2 Hz, 1H), 2.07
(d,J=12.0 Hz, 1H), 1.38 (d, /= 0.9 Hz, 3H), 1.24 (d, /= 7.4 Hz, 3H).

13C {TH} NMR (151 MHz, CDCl3) 6 177.6, 177.1, 145.9, 132.6, 80.0, 78.2, 76.1, 74.0, 57.2,
43.1,41.0,32.3,21.3, 7.8.

HRMS (ESI/TOF) m/z: [M-H] Calcd for Ci14H1506 279.0869; Found 279.0864.

[a]**p+12.0 (¢ 0.10, CDCI3)

Key NOE correlations: NOESY was performed on a less-pure sample of 5-201, but key
correlations are still apparent.s
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(0] 1 atm O,
Mn(dpmjs

Ph(Oi-Pr)SiH,

HO WOH ————

o I-PrOH,-15°C
64%

(2R)-hydroxynorneomajucin (5-8): To a solution of 5-201 (1.0 mg, 0.0036 mmol) in HPLC
grade i-PrOH (0.1 mL) was added a stock solution of Mn(dpm)3 (2.0 mg/mL, 0.1 mL, 0.00036
mmol). The solution was then sparged with Oz for 5 minutes, and was then cooled to —15 °C while
still sparging. Ph(Oi-Pr)SiH2 (1.3 pL, 0.0071 mmol) was then added while still actively sparging,
and then the solution was allowed to stir at —15 °C under an oxygen atmosphere for 1 h. The
solution was warmed to room temperature, and the solvent was removed in vacuo. The crude
residue was purified by column chromatography on silica gel eluting with CH2Cl2 (2 column
volumes) followed by 5% MeOH in CH2Clz to afford 5-8 (0.7 mg, 64%) as a white solid.

TH NMR (600 MHz, CD30D) 6 4.67 (d, J= 5.7 Hz, 1H), 4.32 (td, J= 7.9, 4.9 Hz, 1H), 4.10 (dd,
J=10.0, 1.2 Hz, 1H), 3.93 (d, /J=9.9 Hz, 1H), 2.76 (d, /= 12.3 Hz, 1H), 2.61 (p, J= 7.6 Hz,
1H), 2.46 (ddd, J=14.7,7.6, 1.0 Hz, 1H), 2.30 (ddd, /= 12.3, 5.7, 1.0 Hz, 1H), 1.89 (s, 1H),
1.46 (dd, J=14.7,49 Hz, 1H), 1.23 (d, /= 1.1 Hz, 3H), 1.05 (d, /= 7.5 Hz, 3H).

13C {IH} NMR (151 MHz, CD30D) & 181.0, 178.8, 82.0, 80.2, 76.2, 75.4, 73.0, 60.6, 49.6, 43.7,
38.8,30.2,19.9,7.7.

HRMS (ESI/TOF) m/z: [M-H] Calcd for Ci14H1707 297.0974; Found 297.0971.

[a]?p—-27.1 (¢ 0.30, CH30H); Isolated [a]**p—24.0 (¢ 0.003, CH30H).??
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Table 5-5 Comparison of '"H NMR spectra of isolated and synthetic 5-8.3

H Shifts (CDz0D, ppm; J (Hz) in parenthesis)

Position Natural 5-8 Synthetic 5-8
1 2.60 (dg, 7.8,7.6) 2.61(p, 7.6)
2 4.31 (dt, 7.8, 4.9) 4.32(td, 7.9, 4.9)
3a 2.44 (dd, 14.7,7.8) 2.46 (ddd, 14.7, 7.6, 1.0)
3 1.45(dd, 14.7,4.9) 1.46 (dd, 14.7, 4.9)
7 4.66 (d, 5.6) 4.67 (d, 5.7)
8a 2.75(d, 12.2) 2.76 (d, 12.3)
8p 2.28 (dd, 12.2,5.6) 2.30 (ddd, 12.3, 5.7, 1.0)
12 1.22 (s) 1.23 (d, 1.1)
13a 3.92 (d, 10.0) 3.93(d, 9.9)
13p 4.09 (d, 10.0) 4.10 (dd, 10.0, 1.1)
14 1.04 (d, 7.6) 1.05 (d, 7.5)
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Table 5-6 Comparison of *C NMR spectra of isolated and synthetic 5-8.3

3C Shifts (CD30D, ppm)

Position Natural 5-8 Synthetic 5-8

1 38.8 38.8
2 73.0 73.0
3 43.7 43.7
4 80.2 80.2
5 49.6” 49.6
6 76.2 76.2
7 82.0 82.0
8 30.2 30.2
9 60.7 60.6
10 181.1 181.0
11 178.8 178.8
12 19.9 19.9
13 75.4 75.4
14 7.7 7.7

*Listed as 47.5 in publication, but appears at 49.6
in 13C spectrum in supporting information

228



_J ‘ Lt JL Jﬂuu

T T L A A R T T T 7
8 8 g8 3 g 3 8 8 ® 3 e 8
- - - € & & o - ]
50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10

1 (ppm)

Figure 5-10 Overlaid '"H NMR Spectra of 5-8. Top: Isolated.?? Bottom: Synthetic.

229



J - M/Upu

_J

L
T T L | A R T T T T
8 8 g 2 g & 8 § & 2 e 3
= = == c e & o = R
50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 |

1 (ppm)

Figure 5-11 Overlaid '"H NMR of the F1 domain from the COSY reported in the isolation paper
and synthetic 5-8.
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5.6.4 X-ray Crystallography Data

X-ray data for 5-155:

A colorless crystal of approximate dimensions 0.091 x 0.117 x 0.175 mm was mounted on a glass
fiber and transferred to a Bruker SMART APEX II diffractometer system. The APEX3% program
package was used to determine the unit-cell parameters and for data collection (10 sec/frame scan
time). The raw frame data was processed using SAINT?® and SADABS® to yield the reflection
data file. Subsequent calculations were carried out using the SHELXTL®® program package. The
diffraction symmetry was mmm and the systematic absences were consistent with the

orthorhombic space group P2:212; that was later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®! for neutral atoms were used throughout the analysis.
Hydrogen atoms H3, H4, and disordered hydrogen atoms HI3A-HI13F were located from a
difference-Fourier map and refined (x,y,z and Uiso). All other hydrogen atoms were included using

a riding model.
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Least squares analysis yielded wR2 = 0.0648 and Goof = 1.083 for 191 variables refined against

2208 data (0.83A), R1 = 0.0254 for those 2171 data with I > 2.05(I). The absolute structure was

assigned by refinement of the Flack parameter.®?

Definitions:

WR2 = [Z[W(Fo?-F?)?] / Z[w(Fo?)?] 12

R1= Z||F0|-|Fc|| /2|F0|

Goof = S = [Z[w(Fo*>-Fc?)?] / (n-p)]'?> where n is the number of reflections and p is the total

number of parameters refined.

Table 5-7 Crystal data and structure refinement for 5-155 (sdr60).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

sdr60 [Charles Dooley]

C13 Hi6 Os

252.26

93(2) K

1.54178 A

Orthorhombic

P212121

a=63157(4) A o =90°.
b=12.3291(8) A B =90°.
c=15.3236(10) A v =90°.
1193.20(13) A3

4

1.404 Mg/m3

0.905 mm-1

536
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Crystal color

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I) = 2171 data]

R indices (all data, 0.83 A)
Absolute structure parameter

Largest diff. peak and hole

colorless

0.175x 0.117 x 0.091 mm3
4.603 to 69.060°
-T<h<7,-13<k<14,-18</<18
46956

2208 [R(int) = 0.0473]

100.0 %

Semi-empirical from equivalents
0.7532 and 0.7032

Full-matrix least-squares on F2
2208 /0/ 191

1.083

R1=0.0254, wR2 = 0.0645
R1=0.0259, wR2 = 0.0648
0.02(5)

0.150 and -0.185 e¢.A-3
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